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Foreword to the First Edition
The Handbook of Industrial Drying fills an important

need and is of immeasurable value in the field of

drying. Academics, students, and industry people—

from sales to research—can learn much from the

combination of principles and practices used through-

out. The presentation of principles does not over-

whelm the coverage of equipment and systems. More

appropriate theories will develop as a result of the

description of equipment and systems. For example, a

description of dryers, particularly industrial dryers, is

lacking in many research articles; this handbook pro-

vides such information.

The authors have distilled much information from

extensive literature to provide generic information as

contrasted with details of a specific drying system of a

particular manufacturer. The users can extrapolate

the use of drying systems, by design and management,

to a variety of products. As a special feature, a com-

plete listing of books written on the subject of drying

is included.

The authors, a blend of students, faculty, and those

in industry, represent experience with different kinds
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of drying systems, different applications of principles,

and different products. The book provides excellent

coverage of the cross-disciplinary nature of drying by

utilizing well-known authors from many countries of

the world. Dr. Mujumdar and his associates have as-

sembled an excellent up-to-date handbook.

The common thread throughout the book is the

movement of heat and moisture as well as the move-

ment and handling of products. Also included are

instrumentation, sensors, and controls that are im-

portant for quality control of products and efficiency

of operation. The emphasis on the design of equip-

ment to expedite these processes in an economical

manner is appropriate and useful.

The word handbook is sometimes used dispara-

gingly to describe a reference for quick answers to

limited questions or problems. In that sense this book

is more than a handbook—the knowledge base pro-

vided permits the user to build different systems for

products other than those covered.

Carl W. Hall



Foreword to the Second Edition
The second edition of the Handbook of Industrial

Drying continues the tradition of the editor and the

publisher as international leaders in providing infor-

mation in the field of industrial drying. The authors are

knowledgeable of the subjects and have been chosen

from among the world’s authorities in industry, aca-

demia, government, and consulting. Some 50 authors

from 15 countries have written 43 chapters plus 3 ap-

pendices. There are 21 new chapters, plus 2 new appen-

dices. All chapters have been updated or revised. There

is over 60% new material, making this edition practic-

ally a new volume.

The mark of an outstanding handbook is that it

provides current information on a subject—in this

case multidisciplinary in nature—understandable to

a broad audience. A balanced approach of covering

principles and practices provides a sound basis for the

presentations. Students, academics, consultants, and

industry people can find information to meet their

needs. Researchers, designers, manufacturers, and

sales people can benefit from the book as they con-

sider elements or components related to drying as well

as the system itself.
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New material has been added to provide the latest

information on minimizing environmental impacts,

increasing energy efficiency, maintaining quality con-

trol, improving safety of operation, and improving

the control of drying systems. New sections or chap-

ters have been added to cover in detail microwave

drying; infrared drying; impinging stream dryers;

use of superheated steam and osmotic dehydration;

and drying of biotechnological materials, tissue and

towels, peat, coal, and fibrous materials.

The information in this book can be categorized

as product related, equipment related, and the rela-

tionship between the two—the system of drying. For

products not specifically covered, or for the design

of dryers not detailed, users can select closely related

applicable information to meet many needs. The user

may want to pursue a subject in considerably more

detail. Pertinent references, but not voluminous over-

whelming bibliographies, are included at the end of

each chapter. An appendix devoted to an annotated

bibliography is also included.

Carl W. Hall



Foreword to the Third Edition
The Handbook of Industrial Drying, as a result of the

great success of its first and second editions, has

gained high reputation among readers interested in

the process of drying. In the last three decades we

have observed a growing interest in the multidisciplin-

ary subject of drying which had resulted in a major

increase of research activity, publication of several

monographs, book series, technical papers, inter-

national journals, several drying conference series in

almost all continents, etc. Today drying R&D con-

tinues worldwide at a pace unmatched in any earlier

period. To keep abreast with all these scattered

sources of information in a broad area like drying is

extremely difficult for most readers in academia and

industry alike.

So, the third edition of the Handbook, nearly a

decade after the second edition, will play a very im-

portant role in providing comprehensive, updated

information and a view of the current state of the

art in industrial drying as a more cohesive whole.

This third edition continues the style of the two

previous ones; the authors are international leaders

and generally recognized world authorities from aca-

demia, industry, and R&D laboratories from many

countries. It maintains the essential interdisciplinary

character addressing a broad academic and industrial

readership. This book gives the possibility for self-

study and of finding a clear overview of the funda-

mentals and practical information in broad aspects

and problems of drying technology. It is like having

one’s own private ‘‘consultant on the desk.’’

The topics chosen are constructed to give a quick

and clear overview of the fundamental principles and
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many practical data referring to the selection of in-

dustrial dryers, description of drying equipment, in-

dustrial drying technologies, recent developments in

R&D in drying as well as future trends. Over 60% of

the chapters are new and some 40% revised. A few

chapters have been deleted from the second edition

due to space limitations. New sections have been

added to encompass the latest data on drying of

several materials (foods, wood, herbal medicines,

sludge, grain, nano size products, fish and seafood,

etc.); some dryer types (rotary, indirect, drum, fluid-

ized, flush and pneumatic, etc.) with a strong general

approach to energy, environmental safety, control

and quality aspects. So practically, this edition can

be treated as a truly new Handbook of Industrial

Drying based on the latest achievements in the drying

area.

Finally, having in mind the international charac-

ter of the authors, this Handbook gives readers a

chance to get acquainted in considerable detail with

the literature sources published not only in English

but also in other languages. Key relevant references

are included at the end of each chapter.

I am confident that this third edition of the Hand-

book will be of great help to the broad audience from

academia and in the application, progress and future

trends in drying R&D on a global scale.

Czesław Strumiłło

Lodz Technical University

Lodz, Poland



Preface to the First Edition
Drying of solids is one of the oldest and most com-

mon unit operations found in diverse processes such

as those used in the agricultural, ceramic, chemical,

food, pharmaceutical, pulp and paper, mineral, poly-

mer, and textile industries. It is also one of the most

complex and least understood operations because of

the difficulties and deficiencies in mathematical de-

scriptions of the phenomena of simultaneous—and

often coupled and multiphase—transport of heat,

mass, and momentum in solid media. Drying is there-

fore an amalgam of science, technology, and art (or

know-how based on extensive experimental observa-

tions and operating experience) and is likely to remain

so, at least for the foreseeable future.

Industrial as well as academic interest in solids

drying has been on the rise for over a decade, as

evidenced by the continuing success of the Biennial

Industrial Drying Symposia (IDS) series. The emer-

gence of several book series and an international

journal devoted exclusively to drying and related

areas also demonstrates the growing interest in this

field. The significant growth in research and develop-

ment activity in the western world related to drying

and dewatering was no doubt triggered by the energy

crunch of the early 1970s, which increased the cost of

drying several-fold within only a few years. However,

it is worth noting that continued efforts in this area

will be driven not only by the need to conserve energy,

but also by needs related to increased productivity,

better product quality, quality control, new products

and new processes, safer and environmentally superior

operation, etc.

This book is intended to serve both the practicing

engineer involved in the selection or design of drying

systems and the researcher as a reference work that

covers the wide field of drying principles, various

commonly used drying equipment, and aspects of

drying in important industries. Since industrial dryers

can be finely categorized into over 200 variants and,

furthermore, since they are found in practically all

major industrial sectors, it is impossible within limited

space to cover all aspects of drying and dryers. We

have had to make choices. In view of the availability

of such publications as Advances in Drying and the

Proceedings of the International Drying Symposia,

which emphasize research and development in solids

drying, we decided to concentrate on various practical

aspects of commonly used industrial dryers following

a brief introduction to the basic principles, classifica-
� 2006 by Taylor & Francis Group, LLC.
tion and selection of dryers, process calculation

schemes, and basic experimental techniques in drying.

For detailed information on the fundamentals of dry-

ing, the reader is referred to various textbooks in this

area.

The volume is divided into four major parts. Part I

covers the basic principles, definitions, and process cal-

culation methods in a general but concise fashion. The

second part is devoted to a series of chapters that de-

scribe and discuss the more commonly used industrial

dryers. Novel and less prevalent dryers have been ex-

cluded from coverage; the reader will find the necessary

references in Appendix B, which lists books devoted to

drying and related areas in English as well as other

languages. Part III is devoted to the discussion of cur-

rent drying practices in key industrial sectors in which

drying is a significant if not necessarily dominant

operation. Some degree of repetition was unavoidable

since various dryers are discussed under two possible

categories. Most readers will, however, find such infor-

mation complementary as it is derived from different

sources and generally presented in different contexts.

Because of the importance of gas humidity meas-

urement techniques, which can be used to monitor

and control the convective drying operation, Part IV

includes a chapter that discusses such techniques.

Energy savings in drying via the application of energy

recovery techniques, and process and design modifica-

tions, optimization and control, and new drying tech-

niques and nonconventional energy sources are also

covered in some depth in the final part of the book.

Finally, it is my pleasant duty to express my sin-

cerest gratitude to the contributors from industry and

academia, from various parts of the world, for their

continued enthusiasm and interest in completing

this major project. The comments and criticisms re-

ceived from over 25 reviewers were very valuable

in improving the contents within the limitations of

space. Many dryer manufacturers assisted me and

the contributors directly or indirectly, by providing

nonproprietary information about their equipment.

Dr. Maurits Dekker, Chairman of the Board, Marcel

Dekker, Inc., was instrumental in elevating the

level of my interest in drying so that I was able to

undertake the major task of compiling and editing a

handbook in a truly multidisciplinary area whose

advancement depends on closer industry–academia

interaction and cooperation. My heartfelt thanks

go to Chairman Mau for his kindness, continuous



encouragement, and contagious enthusiasm through-

out this project.

Over the past four years, many of my graduate

students provided me with enthusiastic assistance in

connection with this project. In particular, I wish to

thank Mainul Hasan and Victor Jariwala for their

help and support. In addition, Purnima and Anita

Mujumdar kindly word-processed countless drafts
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of numerous chapters. Without the assistance of my

coauthors, it would have been impossible to achieve

the degree of coverage attained in this book. I wish to

record my appreciation of their efforts. Indeed, this

book is a result of the combined and sustained efforts

of everyone involved.

Arun S. Mujumdar



Preface to the Second Edition
The second edition of the Handbook of Industrial

Drying is a testimonial to the success of the first

edition published in 1987. Interest in the drying oper-

ation has continued to increase on a truly global scale

over the past decade. For example, over 1500 papers

have been presented at the biennial International

Drying Symposia (IDS) since its inception in 1978.

Drying Technology—An International Journal pub-

lished some 2000 pages in seven issues in 1993

compared with just over 300, only a decade earlier.

The growth in drying R&D is stimulated by the need

to design and operate dryers more efficiently and

produce products of higher quality.

A handbook is expected to provide the reader

with critical information and advice on appropriate

use of such information compiled in a readily access-

ible form. It is intended to bring together widely

scattered information and know-how in a coherent

format. Since drying of solids is a multidisciplinary

field—indeed, a discipline by itself—it is necessary to

call on the expertise of individuals from different

disciplines, different industrial sectors, and several

countries. A quick perusal of the list of contributors

will indicate a balanced blend of authorship from

industry as well as academia. An attempt has been

made to provide the key elements of fundamentals

along with details of industrial dryers and special

aspects of drying in specific industries, e.g., foods,

pulp and paper, and pharmaceuticals.

The first edition contained 29 chapters and 2 appen-

dixes; this one contains 43 chapters and 3 appendixes.

Aside from the addition of new chapters to cover topics

missing from the first one, a majority of earlier chapters

have been updated—some fully rewritten with new

authorship. This edition contains over 60% new up-

dated material. Thus, this book will be a valuable addi-

tion even to the bookshelves that already hold the first

edition.

This revised and expanded edition follows the

same general organization as the first with additions
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made to each of the four parts to eliminate some of

the weaknesses of the first edition. For example, an

extensive chapter is added in Part I on transport

properties needed for dryer calculations. Chapters

on infrared drying and the novel impinging stream

dryers are added to Part II. Part III contains the

largest enhancement with ten new chapters while

Part IV is completely new except for the chapter on

humidity measurements.

A two-volume set of this magnitude must depend

on the direct and indirect contributions of a large

number of individuals and organizations. Clearly it

is impossible to name them all. I am grateful to all the

contributors for the valuable time and effort they

devoted to this project. The companies and publishers

who have permitted us to reproduce some of their

copyrighted artwork are acknowledged for their sup-

port. Appropriate credits are given in the text where

applicable. Exergex Corporation, Brossard, Quebec,

Canada provided all the secretarial and related assist-

ance over a three-year period. Without it this revision

would have been nearly impossible.

Over the past two years most of my graduate stu-

dents and postdoctoral fellows of McGill University

have provided me with very enthusiastic assistance in

various forms in connection with this project. In par-

ticular, I wish to express my thanks to Dr. T. Kudra for

his continued help in various ways. Purnima, Anita,

and Amit Mujumdar kindly word-processed numer-

ous chapters and letters, and helped me keep track of

the incredible paperwork involved. The encourage-

ment I received from Dr. Carl W. Hall was singularly

valuable in keeping me going on this project while

handling concurrently the editorial responsibilities

for Drying Technology—An International Journal and

a host of other books. Finally, the staff at Marcel

Dekker, Inc., have been marvellous; I sincerely appre-

ciate their patience and faith in this project.

Arun S. Mujumdar



Preface to the Third Edition
From the success of the second edition of the Hand-

book of Industrial Drying the need for an updated and

enhanced edition is realized at this time. Interest in

industrial drying operations has been growing con-

tinuously over the last three decades and still shows

no signs of abatement. This unit operation is central

to almost all industrial sectors while exposure to its

fundamentals and applications is minimal in most

engineering and applied science curricula around the

world. The escalating interest in drying is evidenced

by the large number of international, regional, and

national conferences being held regularly around the

world, which are devoted exclusively to thermal and

nonthermal dehydration and drying. Although decep-

tively simple, the processes involved are still too com-

plex to be described confidently in mathematical

terms. This means that the design and analyses of

industrial dryers remain a combination of science,

engineering, and art. It is necessary to have both

know-how and know-why of the processes involved

to improve the design and operation of dryers. This

book represents a comprehensive compendium of col-

lected knowledge of experts from around the world.

We are grateful to them for contributing to this effort.

As in the earlier editions, we have a blend of

academic and industry-based authors. The academics

were carefully selected to ensure they also have indus-

trial background so that readers can reliably utilize

the knowledge embedded in this book. Nevertheless,

we need to include information and resources avail-

able in the public domain; despite our best intentions

and high degree of selectivity, we cannot assume re-

sponsibility for validity of all the data and informa-

tion given in this book. Readers must exercise due

diligence before using the data in an industrial design

or operation.

About two thirds of this book contains newmaterial

written by new authors using recent literature. A few

topics from the second chapter are deleted. Numerous

chapters are totally rewritten with new authorship. At

least ten new chapters have been added to make the

coverage encyclopedic. I believe that individuals and

libraries who have the second edition in their collection

should keep that as an independent reference. The ma-

terial in it is still relevant since the shelf-life of drying

technologies is rather long—several decades!

As some 50,000 materials are estimated to require

drying on varying scales, it is obvious that it is im-

possible to pretend to cover all possible dryer types
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and products in any single resource. However, I be-

lieve we have covered most of the commonly used

drying equipment and ancillaries, as well as addressed

industrial sectors where drying is a key operation. In

this edition for the first time we have covered several

new topics relevant to drying, e.g., risk analysis, crys-

tallization, and frying. We have also covered new and

emerging drying technologies in adequate detail.

This book is organized in much the same way as

the earlier editions. The main difference is the wider

coverage of topics. Once again, a deliberate attempt is

made to cover most industrial sectors and make the

content useful to industry as well as academia. Stu-

dents and instructors in many disciplines will find the

content useful for teaching, design, and research. It is

particularly useful for researchers who wish to make

their findings relevant to real-world needs.

As energy costs escalate and environmental

impact becomes a serious issue in the coming decade,

it is clear that the significance of drying for industry

will rise. It is hoped that industry will encourage

academia to include the study of drying, both as a

basic and as an applied subject, as an essential part of

engineering and technical curricula. Industry–univer-

sity cooperation and active collaboration is essential

to gaining in-depth knowledge of drying and dryers.

I believe that the rising energy costs and demand for

enhanced product quality will drive drying R&D.

Although no truly disruptive drying technology ap-

pears on the horizon today, it is likely to happen

within the next decade. This book addresses some

of the new technologies that have the potential to

be disruptive.

Production of a massive handbook such as this

one is a collective effort of scores of dedicated and

enthusiastic individuals from around the globe. In-

deed, this book embodies a result of globalization.

Aside from the authors and referees, numerous staff

members initially at Marcel Dekker, New York, and

then at Taylor & Francis, Philadelphia, have helped

move this project along over a period of nearly five

years. Purnima Mujumdar, as usual, played a pivotal

part in bringing this project to a successful closure.

Without her enthusiastic volunteer effort it is highly

unlikely this book would have seen the proverbial end

of the tunnel. A number of my postgraduate students

at McGill, National University of Singapore, and

indeed many overseas institutions also assisted in

various ways for which I want express my gratitude.



The encouragement I received regularly from Dr. Carl

Hall was instrumental in keeping the project alive

and kicking over very long periods, especially since

it competed for my leisure time used to edit Drying

Technology—An International Journal and several

other books, as well as organizational effort for

many drying-related conferences such as IDS, ADC,
� 2006 by Taylor & Francis Group, LLC.
NDC, IWSID, etc. I thank the authors for their

patience and effort in making this third edition a

valuable reference work.

Arun S. Mujumdar

Singapore



Editor
Arun S. Mujumdar is currently professor of mechan-

ical engineering at the National University of Singa-

pore, Singapore, and adjunct professor of chemical as

well as agricultural and biosystems engineering at

McGill University, Montreal, Canada. Until 2000, he

was professor of chemical engineering at McGill. He

earned his B.Chem.Eng. with distinction from UDCT,

University of Mumbai, India, and his M.Eng. and

Ph.D., both in chemical engineering, from McGill.

He has published over 300 refereed publications in

heat/mass transfer and drying. He has worked on

experimental and modeling projects involving almost

all physical forms of wet products to be dried in at

least 20 different drying configurations, many of

which were his original ideas that were later carried

forward by others. He has supervised over 40 Ph.D.

students and over 30 postdoctoral researchers at

McGill, National University of Singapore, as well as

in several other countries. Dr. Mujumdar has won

numerous international awards and honors for his

distinguished contributions to chemical engineering

in general, and to drying as well as heat and mass

transfer in particular. Founder/program chairman

of the International Drying Symposium (IDS) and

cofounder of the sister symposia ADC, IADC, NDC

series, he is a frequent keynote speaker at major

international conferences and a consultant in drying

technology for numerous multinational companies.

He serves as the editor-in-chief of the premier archival
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journal Drying Technology—An International Journal.

He is also the editor of over 50 books including

the widely acclaimed Handbook of Industrial Drying

(Marcel Dekker, New York) now undergoing third

enhanced edition. His recent book, Mujumdar’s Prac-

tical Guide to Industrial Drying, has already been trans-

lated into several languages including Chinese,

Indonesian, French, Vietnamese, and Hungarian.

Dr. Mujumdar has lectured in 38 countries across

4 continents. He has also given professional develop-

ment courses to industrial and academic audiences in

the United States, Canada, Japan, China, and India.

Details of his research activities and interests in drying

can be found at www.geocities.com/AS_Mujumdar.

He has been instrumental in developing the

then-neglected field of drying into a major multi-

and interdisciplinary field on a truly global scale.

Thanks to his missionary efforts, often carried out

single-handedly before the field received worldwide

recognition, engineers and scientists around the

world have been able to pursue their interests in

this exciting field, which provides a kaleidoscope

of challenging research opportunities for innov-

ation. He is aptly called the Drying Guru—a label

he was first given during the presentation of the

esteemed Joseph Janus Medal of the Czech Acad-

emy of Sciences in Prague in 1990 to honor his

countless contributions to chemical engineering

and drying technologies.
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1.1 INTRODUCTION

Drying commonly describes the process of thermally

removing volatile substances (moisture) to yield a

solid product. Moisture held in loose chemical com-

bination, present as a liquid solution within the solid

or even trapped in the microstructure of the solid,

which exerts a vapor pressure less than that of pure

liquid, is called bound moisture. Moisture in excess of

bound moisture is called unbound moisture.

When a wet solid is subjected to thermal drying,

two processes occur simultaneously:
� 20
1. Transfer of energy (mostly as heat) from the

surrounding environment to evaporate the sur-

face moisture

2. Transfer of internal moisture to the surface of

the solid and its subsequent evaporation due to

process 1
The rate at which drying is accomplished is gov-

erned by the rate at which the two processes proceed.

Energy transfer as heat from the surrounding envir-

onment to the wet solid can occur as a result of

convection, conduction, or radiation and in some

cases as a result of a combination of these effects.

Industrial dryers differ in type and design, depending

on the principal method of heat transfer employed. In

most cases heat is transferred to the surface of the wet

solid and then to the interior. However, in dielectric,

radio frequency (RF), or microwave freeze drying,

energy is supplied to generate heat internally within

the solid and flows to the exterior surfaces.

Process 1, the removal of water as vapor from the

material surface, depends on the external conditions

of temperature, air humidity and flow, area of ex-

posed surface, and pressure.

Process 2, the movement of moisture internally

within the solid, is a function of the physical nature

of the solid, the temperature, and its moisture con-

tent. In a drying operation any one of these processes

may be the limiting factor governing the rate of dry-

ing, although they both proceed simultaneously

throughout the drying cycle. In the following sections

we shall discuss the terminology and some of the basic

concepts behind the two processes involved in drying.

The separation operation of drying converts a

solid, semisolid, or liquid feedstock into a solid prod-

uct by evaporation of the liquid into a vapor phase

through application of heat. In the special case of

freeze drying, which takes place below the triple

point of the liquid that is removed, drying occurs

by sublimation of the solid phase directly into the

vapor phase. This definition thus excludes conversion

of a liquid phase into a concentrated liquid phase
06 by Taylor & Francis Group, LLC.
(evaporation), mechanical dewatering operations

such as filtration, centrifugation, sedimentation, super-

critical extraction of water from gels to produce ex-

tremely high porosity aerogels (extraction) or so-called

drying of liquids and gases by the use of molecular

sieves (adsorption). Phase change and production of a

solid phase as end product are essential features of the

drying process. Drying is an essential operation in the

chemical, agricultural, biotechnology, food, polymer,

ceramics, pharmaceutical, pulp and paper, mineral

processing, and wood processing industries.

Drying is perhaps the oldest, most common and

most diverse of chemical engineering unit operations.

Over 400 types of dryers have been reported whereas

over 100 distinct types are commonly available. It

competes with distillation as the most energy-intensive

unit operation due to the high latent heat of vapor-

ization and the inherent inefficiency of using hot air as

the (most common) drying medium. Several studies

report national energy consumption for industrial dry-

ing operations ranging from 10–15% for United

States, Canada, France, and U.K. to 20–25% for

Denmark and Germany. The latter figures have been

obtained recently based on mandatory energy audit

data supplied by industry and hence are more reliable.

Energy consumption in drying ranges from a low

value of under 5% for the chemical process industries

to 35% for the papermaking operations. In the United

States, for example, capital expenditures for dryers

are estimated to be in the order of only $800 million

per annum. Thus, the major costs for dryers are in their

operation rather than in their initial investment costs.

Drying of various feedstocks is needed for one or

several of the following reasons: need for easy-to-

handle free-flowing solids, preservation and storage,

reduction in cost of transportation, achieving desired

quality of product, etc. In many processes, improper

drying may lead to irreversible damage to product

quality and hence a nonsalable product.

Before proceeding to the basic principles, it is

useful to note the following unique features of drying,

which make it a fascinating and challenging area for

research and development (R&D):

. Product size may range from microns to tens of

centimeters (in thickness or depth)
. Product porosity may range from 0 to 99.9%
. Drying times range from 0.25 s (drying of tissue

paper) to 5 months (for certain hardwood species)
. Production capacities may range from 0.10 kg/h

to 100 tons/h
. Product speeds range from 0 (stationary) to

2000 m/min (tissue paper)
. Drying temperatures range from below the triple

point to above the critical point of the liquid



. Operating pressure may range from fraction of a

millibar to 25 atm
. Heat may be transferred continuously or inter-

mittently by convection, conduction, radiation,

or electromagnetic fields

Clearly, no single design procedure that can

apply to all or even several of the dryer variants is

possible. It is therefore essential to revert to the

fundamentals of heat, mass and momentum transfer

coupled with knowledge of the material properties

(quality) when attempting design of a dryer or an-

alysis of an existing dryer. Mathematically speaking,

all processes involved, even in the simplest dryer, are

highly nonlinear and hence scale-up of dryers is gen-

erally very difficult. Experimentation at laboratory

and pilot scales coupled with field experience and

know how for it is essential to the development of a

new dryer application. Dryer vendors are necessarily

specialized and normally offer only a narrow range

of drying equipment. The buyer must therefore be

reasonably conversant with the basic knowledge of

the wide assortment of dryers and be able to come up

with an informal preliminary selection before going

to the vendors with notable exceptions. In general,

several different dryers may be able to handle a given

application.

Drying is a complex operation involving transient

transfer of heat and mass along with several rate

processes, such as physical or chemical transform-

ations, which, in turn, may cause changes in product

quality as well as the mechanisms of heat and mass

transfer. Physical changes that may occur include

shrinkage, puffing, crystallization, and glass transi-

tions. In some cases, desirable or undesirable chem-

ical or biochemical reactions may occur, leading to

changes in color, texture, odor, or other properties of

the solid product. In the manufacture of catalysts, for

example, drying conditions can yield significant dif-

ferences in the activity of the catalyst by changing the

internal surface area.

Drying occurs by effecting vaporization of the

liquid by supplying heat to the wet feedstock. As

noted earlier, heat may be supplied by convection

(direct dryers), by conduction (contact or indirect

dryers), radiation or volumetrically by placing the

wet material in a microwave or RF electromagnetic

field. Over 85% of industrial dryers are of the con-

vective type with hot air or direct combustion gases as

the drying medium. Over 99% of the applications

involve removal of water. All modes except the di-

electric (microwave and RF) supply heat at the

boundaries of the drying object so that the heat

must diffuse into the solid primarily by conduction.

The liquid must travel to the boundary of the material
� 2006 by Taylor & Francis Group, LLC.
before it is transported away by the carrier gas (or by

application of vacuum for nonconvective dryers).

Transport of moisture within the solid may occur

by any one or more of the following mechanisms of

mass transfer:

. Liquid diffusion, if the wet solid is at a tempera-

ture below the boiling point of the liquid
. Vapor diffusion, if the liquid vaporizes within

material
. Knudsen diffusion, if drying takes place at very

low temperatures and pressures, e.g., in freeze

drying
. Surface diffusion (possible although not proven)
. Hydrostatic pressure differences, when internal

vaporization rates exceed the rate of vapor

transport through the solid to the surroundings
. Combinations of the above mechanisms

Note that since the physical structure of the dry-

ing solid is subject to change during drying, the mech-

anisms of moisture transfer may also change with

elapsed time of drying.

1.2 EXTERNAL CONDITIONS (PROCESS 1)

Here the essential external variables are temperature,

humidity, rate and direction of airflow, the physical

form of the solid, the desirability of agitation, and the

method of supporting the solid during the drying

operation [1]. External drying conditions are espe-

cially important during the initial stages of drying

when unbound surface moisture is removed. In cer-

tain cases, for example, in materials like ceramics and

timber in which considerable shrinkage occurs, exces-

sive surface evaporation after the initial free moisture

has been removed sets up high moisture gradients from

the interior to the surface. This is liable to cause over-

drying and excessive shrinkage and consequently high

tension within the material, resulting in cracking and

warping. In these cases surface evaporation should be

retarded through the employment of high air relative

humidities while maintaining the highest safe rate of

internal moisture movement by heat transfer.

Surface evaporation is controlled by the diffusion

of vapor from the surface of the solid to the surround-

ing atmosphere through a thin film of air in contact

with the surface. Since drying involves the interphase

transfer of mass when a gas is brought in contact with

a liquid in which it is essentially insoluble, it is neces-

sary to be familiar with the equilibrium characteristics

of the wet solid. Also, since the mass transfer is usu-

ally accompanied by the simultaneous transfer of

heat, due consideration must be given to the enthalpy

characteristics.



1.2.1 VAPOR–LIQUID EQUILIBRIUM AND

ENTHALPY FOR A PURE SUBSTANCE

VAPOR–PRESSURE CURVE

When a liquid is exposed to a dry gas, the liquid

evaporates, that is, forms vapor and passes into the

gaseous phase. If mW is the mass of vapor in the

gaseous phase, then this vapor exerts a pressure over

the liquid, the partial pressure, which, assuming ideal

gas behavior for the vapor, is given by

PWV ¼ mW

MW

RT or PWVW ¼ RT (1:1)

The maximum value of PW that can be reached at any

temperature is the saturated vapor pressure PW
0 . If the

vapor pressure of a substance is plotted against tem-

perature, a curve such as TC of Figure 1.1 is obtained.

Also plotted in the figure are the solid–liquid equilib-

rium curve (melting curve) and the solid–vapor (sub-

limation) curve. The point T in the graph at which all

three phases can coexist is called the triple point. For

all conditions along the curve TC, liquid and vapor

may coexist, and these points correspond with the

saturated liquid and the saturated vapor state. Point

C is the critical point at which distinction between the

liquid and vapor phases disappears, and all properties

of the liquid, such as density, viscosity, and refractive

index, are identical with those of the vapor. The

substance above the critical temperature is called a

gas, the temperature corresponding to a pressure at

each point on the curve TC is the boiling point, and

that corresponding to a pressure of 101.3 kPa is the

normal boiling point.
Vapor

LiquidSolid

T

L C

tcrit

pcrit

Temperature

P
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e

FIGURE 1.1 Vapor pressure of a pure liquid.
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1.2.1.1 The Clausius–Clapeyron Equation

Comprehensive tables of vapor-pressure data of com-

mon liquids, such as water, common refrigerants, and

others, may be found in Refs. [2,3]. For most liquids,

the vapor–pressure data are obtained at a few discrete

temperatures, and it might frequently be necessary to

interpolate between or extrapolate beyond these

measurement points. At a constant pressure, the

Clausius–Clapeyron equation relates the slope of the

vapor pressure–temperature curve to the latent heat

of vaporization through the relation

dP0
W

dT
¼ DHW

T(VW � VL)
(1:2)

where VW and VL are the specific molar volumes of

saturated vapor and saturated liquid, respectively,

and DHW is the molar latent heat of vaporization.

Since the molar volume of the liquid is very small

compared with that of the vapor, we neglect VL and

substitute for VW from Equation 1.1 to obtain

d ln P0
W ¼

DHW

RT2
dT (1:3)

Since DHW could be assumed to be a constant over

short temperature ranges, Equation 1.3 can be inte-

grated to

ln P0
W ¼ �

DHW

RT
þ constant (1:4)

and this equation can be used for interpolation. Al-

ternatively, reference-substance plots [6] may be con-

structed. For the reference substance,

d ln P0
R ¼

DHR

RT2
dT (1:5)

Dividing Equation 1.3 by Equation 1.5 and integrat-

ing provides

ln P0
W ¼

MWDHW

MRDHR

ln P0
R þ constant (1:6)

The reference substance chosen is one whose vapor

pressure data are known.

1.2.1.2 Enthalpy

All substances have an internal energy due to the

motion and relative position of the constituent

atoms and molecules. Absolute values of the internal



energy, u, are unknown, but numerical values relative

to an arbitrarily defined baseline at a particular tem-

perature can be computed. In any steady flow system

there is an additional energy associated with forcing

streams into a system against a pressure and in for-

cing streams out of the system. This flow work per

unit mass is PV, where P is the pressure and V is the

specific volume. The internal energy and the flow

work per unit mass have been conveniently grouped

together into a composite energy called the enthalpyH.

The enthalpy is defined by the expression

H ¼ uþ PV (1:7)

and has the units of energy per unit mass (J/kg or N

m/kg).

Absolute values of enthalpy of a substance like the

internal energy are not known. Relative values of

enthalpy at other conditions may be calculated by

arbitrarily setting the enthalpy to zero at a convenient

reference state. One convenient reference state for

zero enthalpy is liquid water under its own vapor

pressure of 611.2 Pa at the triple-point temperature

of 273.16 K (0.018C).

The isobaric variation of enthalpy with tempera-

ture is shown in Figure 1.2. At low pressures in the

gaseous state, when the gas behavior is essentially

ideal, the enthalpy is almost independent of the pres-

sure, so the isobars nearly superimpose on each other.

The curves marked ‘‘saturated liquid’’ and ‘‘saturated
Temperatu

Satura

Saturated vapor Vapo

Low
pressur

R
el

at
iv

e 
en

th
al

py

T

L

V

FIGURE 1.2 Typical enthalpy–temperature diagram for a pure
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vapor,’’ however, cut across the constant pressure

lines and show the enthalpies for these conditions at

temperatures and pressures corresponding to the

equilibrium vapor pressure relationship for the sub-

stance. The distance between the saturated vapor and

saturated liquid curves, such as the distance V�L

corresponds to the latent heat of vaporization at a

temperature T. Both T and V�L are dependent on

pressure, the distance V�L decreases and becomes

zero at the critical temperature TC. Except near the

critical temperature, the enthalpy of the liquid is al-

most independent of pressure until exceedingly high

pressures are reached.

1.2.1.3 Heat Capacity

The heat capacity is defined as the heat required to

raise the temperature of a unit mass of substance by a

unit temperature. For a constant pressure process, the

heat capacity CP is given by

CP ¼
@Q

@T

� �
P

(1:8)

where the heat flow Q is the sum of the internal energy

change @u and the work done against pressure P @V.

Equation 1.8 may be expanded as follows:

CP ¼
@u

@T

� �
P

þ P
@V

@T

� �
P

¼ @H

@T

� �
P

(1:9)
re

ted liquid

r

Critical point

High pressure

Lines of
constant
pressure

e

TC

substance.



The slope of the isobars of Figure 1.2 yields the heat

capacities.

In drying calculation, it is more convenient to use

the mean values of heat capacity over a finite tem-

perature step:

CP ¼
D Q

DT

� �
P

¼ 1

( T2 � T1)

ðT2

T1 

CP d T (1 :10)

Second-order polynomials in temperature have been

found to adequately describe the variation of CP with

temperature in the temperature range 300–1500 K [4],

but for the temperature changes normally occurring

in drying the quadratic term can be neglected.

Thus if

CP ¼ aþ bT (1:11)

then from Equation 1.10,

CP ¼ aþ 1

2 
b(T1 þ T2) ¼ CP(Tav) (1:12)

The mean heat capacity is the heat capacity evaluated

at the arithmetic mean temperature Tav.

From Equation 1.9 and Equation 1.10, the en-

thalpy of the pure substance can be estimated from

its heat capacity by

H ¼ CP u (1:13)

where u denotes the temperature difference or excess

over the zero enthalpy reference state. Heat capacity

data for a large number of liquids and vapors are

found in Ref. [5].
1.2.2 VAPOR–GAS MIXTURES

When a gas or gaseous mixture remains in contact

with a liquid surface, it will acquire vapor from the

liquid until the partial pressure of the vapor in the gas

mixture equals the vapor pressure of the liquid at the

existing temperature. In drying applications, the gas

frequently used is air and the liquid used is water.

Although common concentration units (partial pres-

sure, mole fraction, and others) based on total quan-

tity of gas and vapor are useful, for operations that

involve changes in vapor content of a vapor–gas mix-

ture without changes in the amount of gas, it is more

convenient to use a unit based on the unchanging

amount of gas.

Humid air is a mixture of water vapor and gas,

composed of a mass mW of water vapor and a mass

mG of gas (air). The moisture content or absolute

humidity can be expressed as
� 2006 by Taylor & Francis Group, LLC.
Y ¼ mW

mG

(1:14)

The total mass can be written in terms of Y and mG as

mG þmW ¼ mG(1þ Y ) (1:15)

Using the gas law for vapor and air fractions at

constant total volume V and temperature T,

mG ¼
PGV

RT
MG and mW ¼

PWV

RT
MW (1:16)

Thus,

Y ¼ PW

PG

MW

MG

(1:17)

Using Dalton’s law of partial pressures,

P ¼ PW þ PG (1:18)

and

Y ¼ PW

P� PW

MW

MG

(1:19)

When the partial pressure of the vapor in the gas

equals the vapor pressure of the liquid, an equilibrium

is reached and the gas is said to be saturated with

vapor. The ideal saturated absolute humidity is then

YS ¼
PW

P� P0
W

MW

MG

(1:20)

The relative humidity c of a vapor–gas mixture is a

measure of its fractional saturation with moisture and

is defined as the ratio of the partial pressure of the

vapor PW to the saturated pressure PW
0 at the same

temperature. Thus c is given by

c ¼ PW

P0
W

(1:21)

Equation 1.19 may now be written as

Y ¼MW

MG

cP0
W

P� cP0
W

(1:22)

For water vapor and air when MW ¼ 18.01 kg/kmol

and MG ¼ 28.96 kg/kmol, respectively, Equation

1.22 becomes

Y ¼ 0:622
cP0

W

P� cP0
W

(1:23)



1.2.3 UNSATURATED VAPOR–GAS MIXTURES:
PSYCHROMETRY IN RELATION TO DRYING

If the partial pressure of the vapor in the vapor–gas

mixture is for any reason less than the vapor pressure

of the liquid at the same temperature, the vapor–gas

mixture is said to be unsaturated. As mentioned earl-

ier, two processes occur simultaneously during the

thermal process of drying a wet solid, namely, heat

transfer to change the temperature of the wet solid

and to evaporate its surface moisture and the mass

transfer of moisture to the surface of the solid and its

subsequent evaporation from the surface to the sur-

rounding atmosphere. Frequently, the surrounding

medium is the drying medium, usually heated air or

combustion gases. Consideration of the actual quan-

tities of air required to remove the moisture liberated

by evaporation is based on psychrometry and the use

of humidity charts. The following are definitions of

expressions used in psychrometry [6].

1.2.3.1 Dry Bulb Temperature

This is the temperature of a vapor–gas mixture as

ordinarily determined by the immersion of a therm-

ometer in the mixture.

1.2.3.2 Dew Point

This is the temperature at which a vapor–gas mixture

becomes saturated when cooled at a constant total

pressure out of contact with a liquid (i.e., at constant

absolute humidity). The concept of the dew point is

best illustrated by referring to Figure 1.3, a plot of the

absolute humidity versus temperature for a fixed pres-

sure and the same gas. If an unsaturated mixture

initially at point F is cooled at constant pressure out

of contact of liquid, the gas saturation increases until

the point G is reached, when the gas is fully saturated.

The temperature at which the gas is fully saturated

is called the dew point TD. If the temperature is
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FIGURE 1.3 Two forms of psychrometric charts.
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reduced to an infinitesimal amount below TD, the

vapor will condense and the process follows the sat-

uration curve.

While condensation occurs the gas always remains

saturated. Except under specially controlled circum-

stances, supersaturation will not occur and no vapor–

gas mixture whose coordinates lie to the left of the

saturation curve will result.
1.2.3.3 Humid Volume

The humid volume VH of a vapor–gas mixture is the

volume in cubic meters of 1 kg of dry gas and its

accompanying vapor at the prevailing temperature

and pressure. The volume of an ideal gas or vapor

at 273 K and 1 atm (101.3 kPa) is 22.4 m3/kg mol. For

a mixture with an absolute humidity Y at TG (K) and

P (atm), the ideal gas law gives the humid volume as

VH ¼
1

MG

þ Y

MW

� �
22:4

T

273:14

1

P

VH ¼ 0:082
1

MG

þ Y

MW

� �
T

P (1:24)

When the mass of dry gas in the vapor–gas mixture is

multiplied by the humid volume, the volume of the

vapor–gas mixture is obtained. The humid volume at

saturation is computed with Y ¼ YS, and the specific

volume of the dry gas can be obtained by substi-

tuting Y ¼ 0. For partially saturated mixtures, VH

may be interpolated between values for 0 and 100%

saturation at the same temperature and pressure.
1.2.3.4 Enthalpy

Since the enthalpy is an extensive property, it could be

expected that the enthalpy of a humid gas is the sum

of the partial enthalpies of the constituents and a term

to take into account the heat of mixing and other

effects. The humid enthalpy IG is defined as the en-

thalpy of a unit mass of dry gas and its associated

moisture. With this definition of enthalpy,

IG ¼ HGG þ YHGW þ DHGM (1:25)

where HGG is the enthalpy of dry gas, HGW is the

enthalpy of moisture, and DHGM is the residual en-

thalpy of mixing and other effects. In air saturated

with water vapor, this residual enthalpy is only

�0.63 kJ/kg at 608C (333.14 K) [3] and is only 1% of

HGG; thus it is customary to neglect the influences of

this residual enthalpy.
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It is sometimes convenient to express the enthalpy

in terms of specific heat. Analogous to Equation 1.13,

we could express the enthalpy of the vapor–gas mix-

ture by

IG ¼ CPY uþ DHV0 Y (1 :26)

CPY is called the humi d heat, defined as the heat

required to raise the temperature of 1 kg of gas and

its associated moisture by 1K at constant pressure.

For a mixture with absolute humidity Y,

CPY ¼ CPG þ CPW Y (1 :27)

where CPG and CPW are the mean heat capacities of

the dry gas and moisture, respectively.

The path followed from the liquid to the vapor

state is described as follows. The liquid is heated up to

the dew point TD, vaporized at this temperature, and

superheated to the dry bulb temperature TG. Thus

HGW ¼ CLW( TD � T0) þ D HVD

þ CPW( TG � TD) 
(1 :28)

However, since the isothermal pressure gradient ( DH/

DP)T is negligibly small, it could be assumed that the

final enthalpy is independent of the vaporization path

followed. For the sake of convenience it could be

assumed that vaporization occurs at 08C (273.14 K),

at which the enthalpy is zero, and then directly super-

heated to the final temperature TG. The enthalpy of

the vapor can now be written as

HGW ¼ CPW( TG � T0) þ DHV0 (1 :29)

and the humid enthalpy given by

IG ¼ CPG( TG � T0)

þ Y (CPW(TG � T0) þ DHV0)
(1 :30)

Using the definition for the humid heat capacity,

Equation 1.30 reduces to

IG ¼ CPY(TG � T0) þ DHV0 Y (1 :31)

In Equation 1.31 the humid heat is evaluated at ( TG þ
T0)/2 and DHV0, the latent heat of vaporization at 08C
(273.14 K). Despite its handiness, the use of Equation

1.31 is not recommended above a humidity of 0.05 kg/

kg. For more accurate work, it is necessary to resort

to the use of Equation 1.28 in conjunction with Equa-

tion 1.25. In Equation 1.28 it should be noted that

CLW is the mean capacity of liquid moisture between
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T0 and TD, CPW is the mean capacity of the moisture

vapor evaluated between TD and TG, and D HVD is the

latent heat of vaporization at the dew point TD. The

value of D HVD can be approximately calculated from

a known latent heat value at temperature T0 by

D HVD

D HV0

� TD � TC

T0 � TC

� �1 =3

(1 :32)

where TC is the critical temperature. Better and more

accurate methods of estimating DHVD are available in

Refs. [5,7].
1.2.4 E NTHALPY –HUMIDITY C HARTS

Using Equation 1.23, Equation 1.25, and Equation

1.28, the enthalpy–humidity diagram for unsaturated

air (c < 1) can be constructed using the parameters c

and u. In order to follow the drying process we need

access to enthalpy–humidity values. There seems to be

no better, convenient, and cheaper way to store these

data than in graphic form. The first of these enthalpy–

humidity charts is attributed to Mollier. Mollier’s

original enthalpy–humidity chart was drawn with

standard rectangular coordinates (Figure 1.4), but

in order to extend the area over which it can be

read, art oblique-angle system of coordinates is chosen

for IG ¼ f(Y).

In the unsaturated region, it can be seem from

Equation 1.30 that IG varies linearly with the humid-

ity Y and the temperature TG. If zero temperature

(08C) is taken as the datum for zero enthalpy, then

IG ¼ CPGuþ Y (CPWuþ DHV0) (1:33)

where u is the temperature in degree Celsius.



The isotherms ( u ¼ constant) cut the ordinate

( Y ¼ 0) at a value CPGu (the dry gas enthalpy). If

the isenthalpic lines ( IG ¼ constant) are so inclined

that they fall with a slope �DHV0, and if only D HV0 Y

were taken into account in the contribution of vapor

to the vapor–gas enthalpy, then the isotherms would

run horizontally, but because of the contribution of

CPW u Y, they increase with Y for u < 08C and de-

crease with Y for u < 08C. Contours of relative hu-

midity c are also plotted. The region above the curve

c ¼ 1 at which air is saturated corresponds to an

unsaturated moist gas; the region below the curve

corresponds to fogging conditions. At a fixed tem-

perature air cannot take up more than a certain

amount of vapor. Liquid droplets then precipitate

due to oversaturation, and this is called the cloud or

fog state. Detailed enthalpy–humidity diagrams are

available elsewhere in this handbook and in Ref. [10].

A humidity chart is not only limited to a specific

system of gas and vapor but is also limited to a

particular total pressure. The thermophysical proper-

ties of air may be generally used with reasonable

accuracy for diatomic gases [3], so that charts devel-

oped for mixtures in air can be used to describe the

properties of the same moisture vapor in a gas such as

nitrogen. Charts other than those of moist air are

often required in the drying of fine chemicals and

pharmaceutical products. These are available in

Refs. [3,8,9].
1.2.4.1 Adiab atic Saturati on Curves

Also plotted on the psychrometric chart are a family

of adiabatic saturation curves. The operation of adia-

batic saturation is indicated schematically in Figure

1.5. The entering gas is contacted with a liquid and as

a result of mass and heat transfer between the gas and

liquid the gas leaves at conditions of humidity and
Y

Bulk air
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B
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Wet bulb Dry bulb

Temperature T

y = I

FIGURE 1.5 A temperature–humidity diagram for moist air.
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temperature different from those at the entrance. The

operation is adiabatic as no heat is gained or lost by

the surroundings. Doing a mass balance on the vapor

results in

GV ¼ GG( Yout � Yin) (1:34)

The enthalpy balance yields

IGin
þ (Yout � Yin) ILW ¼ IGout 

(1 :35)

Substituting for IG from Equation 1.31, we have

CPYin 
(Tin � T0) þDHV0 Yin þ ( Yout � Yin)CLW(TL � T0)

¼CPYout 
( Tout � T0) þD HV0 Yout (1 :36)

Now, if a further restriction is made that the gas and

the liquid phases reach equilibrium when they leave

the system (i.e., the gas–vapor mixture leaving the

system is saturated with liquid), then Tout ¼ TGS,

IGout
¼ IGS, and Yout ¼ YGS where TGS is the adiabatic

saturation temperature and YGS is the absolute hu-

midity saturated at TGS. Still further, if the liquid

enters at the adiabatic saturation temperature TGS,

that is, TL ¼ TGS, Equation 1.36 becomes

CPYln 
( Tln � T0) þ D HV0 Yln

þ (YGS � Yln)CLW(TGS � T0)

¼ CPYGS
( TGS � T0) þ DHV0 YGS (1 :37)

or substituting for CPG from Equation 1.27

CPYln 
(Tln � T0) þ YlnCPWln 

(Tln � T0) þ DHV0 Yln

þ ( YGS � Yln)CLW( TGS � T0)

¼ CPGGS
( TGS � T0) þ CPWGS 

YGS( TGS � T0)

þ DHV0 YGS (1 :38)

Assuming that the heat capacities are essentially con-

stant over the temperature range involved, CPGin
¼

CPGGS
¼ CPG and CPWin

¼ CPWGS
¼ CPW. Further

subtracting Yin CPW TGS from both sides of Equation

1.38 and simplifying, we have

CPY( Tin � TGS)

¼ ( YGS � Yin)

� [(CPW(TGS � T0) þ D HV0 � CLW(TGS � T0)]

(1 :39)

From Figure 1.2 the quantity in square brackets is

equal to D HVS, and thus,



CPY(Tin � TGS) ¼ (YGS � Yin)DHVS (1:40)

or

Tin � TGS ¼ (YGS � Yin)
DHVS

CPY

(1:41)

Equation 1.41 represents the ‘‘adiabatic saturation

curve’’ on the psychrometric chart, which passes

through the points A(YGS, TGS) on the 100% satur-

ation curve (c ¼ 1) and B(Yin, Tin), the initial condi-

tion. Since the humid heat contains the term Yin, the

curve is not straight but is curved slightly concave

upward. Knowing the adiabatic saturation tempera-

ture and the actual gas temperature, the actual gas

humidity can be easily obtained as the absolute humid-

ity from the saturation locus. Equation 1.40 indicates

that the sensible heat given up by the gas in cooling

equals the latent heat required to evaporate the added

vapor. It is important to note that, since Equation

1.41 is derived from the overall mass and energy

balances between the initial gas conditions and the

adiabatic saturation conditions, it is applicable only

at these points and may not describe the path fol-

lowed by the gas as it becomes saturated. A family

of these adiabatic saturation curves for the air–water

system are contained in the psychrometric charts [10].
1.2.4.2 Wet Bulb Temperature

One of the oldest and best-known methods of deter-

mining the humidity of a gas is to measure its ‘‘wet

bulb temperature’’ and its dry bulb temperature. The

wet bulb temperature is the steady temperature

reached by a small amount of liquid evaporating

into a large amount of rapidly moving unsaturated

vapor–gas mixture. It is measured by passing the gas

rapidly past a thermometer bulb kept wet by a satur-

ated wick and shielded from the effects of radiation. If

the gas is unsaturated, some liquid is evaporated from

the wick into the gas stream, carrying with it the

associated latent heat. This latent heat is taken from

within the liquid in the wick, and the wick is cooled.

As the temperature of the wick is lowered, sensible

heat is transferred by convection from the gas stream

and by radiation from the surroundings. At steady

state, the net heat flow to the wick is zero and the

temperature is constant.

The heat transfer to the wick can be written as

q ¼ (hC þ hR)A(TG � TW) (1:42)

where hC and hR are the convective and radiative heat

transfer coefficients, respectively, TG is the gas
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temperature, TW is the temperature indicated by

thermometer. By using hR, it is assumed that radiant

heat transfer can be approximated:

qR ¼ hgA(TG � TW) (1:43)

The rate of mass transfer from the wick is

NG ¼ KA(YW � YG) (1:44)

An amount of heat given by

q ¼ NGDHVW (1:45)

is associated with this mass transfer. Since under

steady conditions all the heat transferred to the wick

is utilized in mass transfer, from Equation 1.42,

Equation 1.44, and Equation 1.45 we have

TG � TW ¼
KDHVW

hC þ hR

(YW � YG) (1:46)

The quantity TG�TW is called the wet bulb depres-

sion. In order to determine the humidity YG from

Equation 1.46, predictable values of KDHVW/(hC þ
hR) must be obtained. This ratio of coefficients de-

pends upon the flow, boundary, and temperature

conditions encountered. In measuring the wet bulb

temperature, several precautions are taken to ensure

reproducible values of KDHV/(hC þ hR). The contri-

bution by radiation is minimized by shielding the

wick. The convective heat transfer can be enhanced

by making the gas movement past the bulb rapid,

often by swinging the thermometer through the gas,

as in the sling psychrometer, or by inserting the wet

bulb thermometer in a constriction in the gas flow

path. Under these conditions Equation 1.46 reduces

to

TG � TW ¼
KDHVW

hC

(YW � YG) (1:47)

For turbulent flow past a wet cylinder, such as a wet

bulb thermometer, the accumulated experimental

data give

hC

K
¼ 35:53 � m

rD

� �0:56

J=mol �C (1:48)

when air is the noncondensable gas and

hC

K
¼ CPY

Sc

Pr

� �0:56

(1:49)



for other gases. Equation 1.49 is based on heat and

mass transfer experiments with various gases flowing

normal to cylinders. For pure air, Sc ffi Pr ffi 0.70 and

hC/K ¼ 29.08 J/mol 8C from Equation 1.48 and

Equation 1.49. Experimental data for the air–water

system yield values of hC/ K ranging between 32.68

and 28.54 J/mol 8C. The latter figure is recommended

[11]. For the air–water system, the hC/K value can be

replaced by CPY within moderate ranges of tem-

perature and humidity, provided flow is turbulent.

Under these conditions, Equation 1.47 becomes iden-

tical to the adiabatic saturation curve Equation 1.41

and thus the adiabatic saturation temperature is the

same as the wet bulb temperature for the air–water

system. For systems other than air–water, they are

not the same, as can be seen from the psychrometric

charts given by Perry [7].

It is worthwhile pointing out here that, although

the adiabatic saturation curve equation does not re-

veal anything of the enthalpy–humidity path of either

the liquid phase or gas phase at various points in the

contacting device (except for the air–water vapor sys-

tem), each point within the system must conform with

the wet bulb relation, which requires that the heat

transferred be exactly consumed as latent heat of

vaporization of the mass of liquid evaporated. The

identity of hC/K with CPY was first found empirically

by Lewis and hence is called the Lewis relation. The

treatment given here on the wet bulb temperature

applies only in the limit of very mild drying condi-

tions when the vapor flux becomes directly propor-

tional to the humidity potential D Y. This is the case in

most drying operations.

A more detailed treatment using a logarithmic

driving force for vapor flux and the concept of the

humidity potential coefficient f while accounting for

the influence of the moisture vapor flux on the trans-

fer of heat to the surface, namely, the Ackermann

correction fE, has been given in Ref. [3]. The concept

of Luikov number Lu, which is essentially the ratio of

the Prandtl number Pr to the Schmidt number Sc, has

also been introduced.

1.2.5 T YPES OF P SYCHROMETRIC R EPRESENTATION

As stated previously, two processes occur simultan-

eously during the thermal process of drying a wet

solid: heat transfer, to change the temperature of the

wet solid, and mass transfer of moisture to the surface

of a solid accompanied by its evaporation from the

surface to the surrounding atmosphere, which in con-

vection or direct dryers is the drying medium. Consid-

eration of the actual quantities of air required to remove

the moisture liberated by evaporation is based on

psychrometry and the use of humidity charts. This
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procedure is extremely important in the design of

forced convection, pneumatic, and rotary dryers.

The definitions of terms and expressions involved in

psychrometry have been discussed in Section 1.2.3.

There are different ways of plotting humidity

charts. One procedure involves plotting the absolute

humidity against the dry bulb temperature. A series of

curves is obtained for different percentage humidity

values from saturation downward (Figure 1.3). On

this chart, the saturation humidities are plotted from

vapor pressure data with the help of Equation 1.23 to

give curve GD. The curve for humidities at 50% sat-

uration is plotted at half the ordinate of curve GD. All

curves at constant percentage saturation reach infin-

ity at the boiling point of the liquid at the prevailing

pressure.

Another alternative is the graphic representation

of conditions of constant relative saturation on a

vapor pressure–temperature chart (Figure 1.3). The

curve for 50% relative saturation shows a partial

pressure equal to one-half of the equilibrium vapor

pressure at any temperature. A common method of

portraying humidity charts is by using the enthalpy–

humidity chart indicated earlier [10].
1.3 INTERNAL CONDITIONS (PROCESS 2)

After having discussed the factors and definitions

related to the external conditions of air temperature

and humidity, attention will now be paid to the solid

characteristics.

As a result of heat transfer to a wet solid, a tem-

perature gradient develops within the solid while

moisture evaporation occurs from the surface. This

produces a migration of moisture from within the

solid to the surface, which occurs through one or

more mechanisms, namely, diffusion, capillary flow,

internal pressures set up by shrinkage during drying,

and, in the case of indirect (conduction) dryers,

through a repeated and progressive occurring vapor-

ization and recondensation of moisture to the

exposed surface. An appreciation of this internal

movement of moisture is important when it is the

controlling factor, as it occurs after the critical mois-

ture content, in a drying operation carried to low final

moisture contents. Variables such as air velocity and

temperature, which normally enhance the rate of sur-

face evaporation, are of decreasing importance except

to promote the heat transfer rates. Longer residence

times, and, where permissible, higher temperatures

become necessary. In the case of such materials as

ceramics and timber, in which considerable shrinkage

occurs, excessive surface evaporation sets up high

moisture gradients from the interior toward the



surface, which is liable to cause overdrying, excessive

shrinkage, and, consequently, high tension, resulting

in cracking or warping. In such cases, it is essential

not to incur too high moisture gradients by retarding

surface evaporation through the employment of high

air relative humidities while maintaining the highest

safe rate of internal moisture movement by virtue of

heat transfer. The temperature gradient set up in the

solid will also create a vapor–pressure gradient, which

will in turn result in moisture vapor diffusion to the

surface; this will occur simultaneously with liquid

moisture movement.

1.3.1 MOISTURE CONTENT OF SOLIDS

The moisture contained in a wet solid or liquid solu-

tion exerts a vapor pressure to an extent depending

upon the nature of moisture, the nature of solid, and

the temperature. A wet solid exposed to a continuous

supply of fresh gas continues to lose moisture until

the vapor pressure of the moisture in the solid is equal

to the partial pressure of the vapor in the gas. The

solid and gas are then said to be in equilibrium, and

the moisture content of the solid is called the equilib-

rium moisture content under the prevailing conditions.

Further exposure to this air for indefinitely long

periods will not bring about any additional loss of

moisture. The moisture content in the solid could be

reduced further by exposing it to air of lower relative

humidity. Solids can best be classified as follows [12]:
� 20
Nonhygroscopic capillary-porous media, such as

sand, crushed minerals, nonhygroscopic crystals,

polymer particles, and some ceramics. The defin-

ing criteria are as follows. (1) There is a clearly

recognizable pore space; the pore space is filled

with liquid if the capillary-porous medium is

completely saturated and is filled with air when

the medium is completely dry. (2) The amount of

physically bound moisture is negligible; that is,

the material is nonhygroscopic. (3) The medium

does not shrink during drying.

Hygroscopic-porous media, such as clay, molecular

sieves, wood, and textiles. The defining criteria are

as follows. (1) There is a clearly recognizable pore

space. (2) There is a large amount of physically

bound liquid. (3) Shrinkage often occurs in the

initial stages of drying. This category was further

classified into (a) hygroscopic capillary-porous

media (micropores and macropores, including bi-

disperse media, such as wood, clays, and textiles)

and (b) strictly hygroscopic media (only micro-

pores, such as silica gel, alumina, and zeolites).

Colloidal (nonporous) media, such as soap, glue,

some polymers (e.g., nylons), and various food
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products. The defining criteria are as follows:

(1) there is no pore space (evaporation can take

place only at the surface); (2) all liquid is phys-

ically bound.
It should be noted that such classifications are

applicable only to homogeneous media that could be

considered as continua for transport.

As a wet solid is usually swollen compared with its

condition when free of moisture and its volume

changes during the drying process, it is not convenient

to express moisture content in terms of volume. The

moisture content of a solid is usually expressed as the

moisture content by weight of bone-dry material in

the solid, X. Sometimes a wet basis moisture content

W, which is the moisture–solid ratio based on the

total mass of wet material, is used. The two moisture

contents are related by the expression

X ¼ W

1�W
(1:50)

Water may become bound in a solid by retention in

capillaries, solution in cellular structures, solution

with the solid, or chemical or physical adsorption on

the surface of the solid. Unbound moisture in a

hygroscopic material is the moisture in excess of the

equilibrium moisture content corresponding to satur-

ation humidity. All the moisture content of a nonhy-

groscopic material is unbound moisture. Free

moisture content is the moisture content removable

at a given temperature and may include both bound

and unbound moisture.

In the immediate vicinity of the interface between

free water and vapor, the vapor pressure at equilib-

rium is the saturated vapor pressure. Very moist prod-

ucts have a vapor pressure at the interface almost

equal to the saturation vapor pressure. If the concen-

tration of solids is increased by the removal of water,

then the dissolved hygroscopic solids produce a fall in

the vapor pressure due to osmotic forces. Further

removal of water finally results in the surface of the

product dried. Water now exists only in the interior in

very small capillaries, between small particles, between

large molecules, and bound to the molecules them-

selves. This binding produces a considerable lowering

of vapor pressure. Such a product can therefore be in

equilibrium only with an external atmosphere in which

the vapor pressure is considerably decreased.

1.3.2 MOISTURE ISOTHERMS [10]

A dry product is called hygroscopic if it is able to bind

water with a simultaneous lowering of vapor pressure.

Different products vary widely in their hygroscopic
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properties. The reason for this is their molecular

structure, their solubility, and the extent of reactive

surface.

Sorption isotherms measured experimentally

under isothermal conditions are used to describe the

hygroscopic properties of a product. A graph is con-

structed in which the moisture bound by sorption per

unit weight is plotted against relative humidity, and

vice versa. Such isotherms are shown in Figure 1.6

and Figure 1.7. From Figure 1.7 it is seen that mo-

lecular sieves are highly hygroscopic but polyvinyl

chloride (PVC) powder is mildly hygroscopic. Pota-

toes and milk exhibit intermediate hygroscopicity.

Figure 1.8 shows the shape of the sorption iso-

therm characteristic of many dry food products. If the

partial pressure of the external atmosphere PW is

nearly zero, then the equilibrium moisture inside the

dry product will also be almost zero. Section A of the

curve represents a region in which the monomolecular

layers are formed, although there may be multimole-

cular layers in some places toward the end of A.
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Section B is a transitional region in which double

and multiple layers are mainly formed. Capillary con-

densation could also have taken place. In section C

the slope of the curve increases again, which is attrib-

uted mainly to increasing capillary condensation and

swelling. The maximum hygroscopicity Xmax is

achieved when the solid is in equilibrium with air

saturated with moisture ( c ¼ 1).

1.3.2.1 Sorp tion–Des orption Hys teresis

The equilibrium moisture content of a product may

be different depending on whether the product is

wetted (sorption or absorption) or dried (desorption)

(Figure 1.9). These differences are observed to vary-

ing degrees in almost all hygroscopic products.

One of the hypotheses used to explain hysteresis is

to consider a pore connected to its surroundings by a

small capillary [10]. During absorption, as the relative

humidity rises, the capillary begins to fill while the

pore is empty. Only when the partial pressure of

the vapor in air is greater than the vapor pressure

of the liquid in the capillary will the moisture move

into the pore. Starting from saturation the pore is full

of liquid. This fluid can only escape when the partial
Xmax

C
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X

0

0 1.0
y = Pw 

/Pw
0

FIGURE 1.8 A typical isotherm (see text for explanation of

areas within dashed lines).
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pressureof the surroundingair falls below thevaporpres-

sure of the liquid in the capillary. Since the system of

pores has generally a large range of capillary diameters,

it follows that differences between adsorption and de-

sorption will be observed. This theory assumes that the

pore is a rigid structure. This is not true for foods or

synthetic materials, although these show hysteresis.

The explanation is that contraction and swelling are

superimposed on the drying and wetting processes, pro-

ducing states of tension in the interior of the products

and leading to varying equilibrium moisture contents

depending on whether desorption or absorption is in

progress.

1.3.2.2 Temper ature Variations and Enthal py

of Bindi ng

Moisture isotherms pertain to a particular tempera-

ture. However, the variation in equilibrium moisture

content for small changes of temperature (<10 8C) is

neglected [3]. To a first approximation, the tempera-

ture coefficient of the equilibrium moisture content is

proportional to the moisture content at a given rela-

tive humidity:

@ X �

@ T

� �
c

¼ �AX � (1 :51)

The coefficient A lies between 0.005 and 0.01 per

kelvin for relative humidities between 0.1 and 0.9 for

such materials as natural and synthetic fibers, wood,

and potatoes. A could be taken to increase linearly

with c. So for c ¼ 0.5 there is a 0.75% fall in

moisture content for each degree kelvin rise in tem-

perature. The extent of absorption–desorption hyster-

esis becomes smaller with increasing temperature.
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Figure 1.10 shows moisture isotherms at var-

ious temperatures. The binding forces decrease with

increasing temperature; that is, less moisture is

absorbed at higher temperatures at the same relative

humidity. Kessler [10] has shown that the slope

of a plot of ln( PW/PW
0 ) versus 1/ T at constant X

(Figure 1.11) gives the enthalpy of binding. The vari-

ation of enthalpy of binding versus moisture content

is shown in Figure 1.12. From the figure it is seen that

in the region where monomolecular layers are

formed, enthalpies of binding are very high.

1.3.3 DETERMINATION OF SORPTION I SOTHERMS [10]

The sorption isotherms are established experimentally

starting mostly with dry products. The initial humid-

ity of the air with which the product is in equilibrium

should be brought to extremely low values using

either concentrated sulfuric acid or phosphorus pent-

oxide, so that the moisture content of the product is

close to zero at the beginning. The product is then

exposed to successively greater humidities in a

thermostatically controlled atmosphere. Sufficient

time must be allowed for equilibrium between the air

and solid to be attained. Using thin slices of the
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product, moving air and especially vacuum help to

establish equilibrium quickly. This is especially im-

portant for foodstuffs: there is always the danger of

spoilage. There are severe problems associated with

the maintenance of constant humidity and tempera-

ture. These problems could be alleviated by using

sulfuric acid–water mixtures and saturated salt solu-

tions to obtain different relative humidities [10,13].

Figure 1.13 depicts the absorption isotherms of a

range of food products. Further information on

solid moisture characteristics, enthalpy of wetting,

and sorption isotherms are available in Refs. [3,10].
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1.4 MECHANISM OF DRYING

As mentioned above, moisture in a solid may be

either unbound or bound. There are two methods of

removing unbound moisture: evaporation and vapor-

ization. Evaporation occurs when the vapor pressure

of the moisture on the solid surface is equal to the

atmospheric pressure. This is done by raising the

temperature of the moisture to the boiling point.

This kind of phenomenon occurs in roller dryers.

If the material dried is heat sensitive, then the

temperature at which evaporation occurs, that is,

the boiling point, could be lowered by lowering the

pressure (vacuum evaporation). If the pressure is low-

ered below the triple point, then no liquid phase can

exist and the moisture in the product is frozen. The

addition of heat causes sublimation of ice directly to

water vapor as in the case of freeze drying.

Second, in vaporization, drying is carried out by

convection, that is, by passing warm air over the

product. The air is cooled by the product, and mois-

ture is transferred to the air by the product and

carried away. In this case the saturation vapor pres-

sure of the moisture over the solid is less than the

atmospheric pressure.

A preliminary necessity to the selection of a suit-

able type of dryer and design and sizing there of is the

determination of the drying characteristics. Infor-

mation also required are the solid-handling chara-

cteristics, solid moisture equilibrium, and material

sensitivity to temperature, together with the limits of

temperature attainable with the particular heat source.

These will be considered later and in other sections of

this book.

The drying behavior of solids can be characterized

by measuring the moisture content loss as a function

of time. The methods used are humidity difference,

continuous weighing, and intermittent weighing.

Descriptions of these methods are available in

Refs. [3,13].

Figure 1.14 qualitatively depicts a typical drying

rate curve of a hygroscopic product. Products that

contain water behave differently on drying according

to their moisture content. During the first stage of

drying the drying rate is constant. The surface con-

tains free moisture. Vaporization takes place from

there, and some shrinkage might occur as the mois-

ture surface is drawn back toward the solid surface.

In this stage of drying the rate-controlling step is the

diffusion of the water vapor across the air–moisture

interface and the rate at which the surface for

diffusion is removed. Toward the end of the constant

rate period, moisture has to be transported from the

inside of the solid to the surface by capillary forces

and the drying rate may still be constant. When the
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average moisture content has reached the critical

moisture content Xcr, the surface film of moisture

has been so reduced by evaporation that further dry-

ing causes dry spots to appear upon the surface.

Since, however, the rate is computed with respect to

the overall solid surface area, the drying rate falls

even though the rate per unit wet solid surface area

remains constant. This gives rise to the second drying

stage or the first part of the falling rate period, the

period of unsaturated surface drying. This stage pro-

ceeds until the surface film of liquid is entirely evap-

orated. This part of the curve may be missing entirely,

or it may constitute the whole falling rate period.

On further drying (the second falling rate period

or the third drying stage), the rate at which moisture

may move through the solid as a result of concentra-

tion gradients between the deeper parts and the sur-

face is the controlling step. The heat transmission

now consists of heat transfer to the surface and heat

conduction in the product. Since the average depth of

the moisture level increases progressively and the heat

conductivity of the dry external zones is very small,

the drying rate is increasingly influenced by the heat

conduction. However, if the dry product has a rela-

tively high bulk density and a small cavity volume

with very small pores, drying is determined not so

much by heat conduction but by a rather high resist-

ance to diffusion within the product. The drying rate

is controlled by diffusion of moisture from the inside

to the surface and then mass transfer from the sur-

face. During this stage some of the moisture bound by

sorption is removed. As the moisture concentration is

lowered by drying, the rate of internal movement of
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moisture decreases. The rate of drying falls even more

rapidly than before and continues until the moisture

content falls down to the equilibrium value X* for

the prevailing air humidity and then drying stops. The

transition from one drying stage to another is not

sharp, as indicated in Figure 1.14.

In actual practice, the original feedstock may have

a high moisture content and the product may be

required to have a high residual moisture content so

that all the drying may occur in the constant rate

period. In most cases however both phenomena

exist, and for slow-drying materials most of the dry-

ing may occur in the falling rate period. As mentioned

earlier, in the constant rate period the rate of drying is

determined by the rate of evaporation. When all the

exposed surface of the solid ceases to be wetted, vapor

movement by diffusion and capillarity from within

the solid to the surface are the rate-controlling steps.

Whenever considerable shrinkage occurs, as in the

drying of timber, pressure gradients are set up within

the solid and these may assume importance. In this

case, as in the case of materials that ‘‘caseharden,’’

that is, form a hard impermeable skin, it is essential to

retard evaporation and bring it in step with the rate of

moisture movement from the interior. This could be

achieved by increasing the relative humidity of the

drying air. With solids, in which the initial moisture

content is relatively low and the final moisture con-

tent required is extremely low, the falling rate period

becomes important. Dryness times are long. Air vel-

ocities will be important only to the extent to which

they enhance heat transfer rates. Air temperature,

humidity, material thickness, and bed depth all be-

come important. When the rate of diffusion is the

controlling factor, particularly when long drying

periods are required to attain low moisture contents,

the rate of drying during the falling rate period varies

as the square of the material thickness, which indi-

cates the desirability of granulating the feedstock

using agitation or using thin layers in case of cross-

flow tray dryers. Thus the drying characteristics of the

solid are extremely important in dryer design.

1.4.1 CHARACTERISTIC DRYING RATE CURVE [14]

When the drying rate curves are determined over a

range of conditions for a given solid, the curves ap-

pear to be geometrically similar and are simply a

function of the extent to which drying has occurred.

If these curves were normalized with respect to the

initial drying rate and average moisture content, then

all the curves could often be approximated to a

single curve, ‘‘characteristic’’ of a particular sub-

stance. This is the characteristic drying curve. The

normalized variables, the characteristic drying rate



f and the characteristic moisture content f, are

defined as follows:

f ¼ Nv

NW

and

f ¼ X � X�

Xs � X�

where Nv is the rate of drying for a unit surface,

NW is the rate when the body is fully saturated or

the initial drying rate, �XX is the average moisture

content in the body, �XX cr is the corresponding crit-

ical point value, and X* is the equilibrium moisture

content.
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If a solid’s drying behavior is to be described by

the characteristic curve, then its properties must sat-

isfy the following two criteria:
Dry

FIG
for

pul

cer

wo

rice

gar

low
1. The critical moisture content �XX cr is invariant

and independent of initial moisture content

and external conditions

2. All drying curves for a specific substance are

geometrically similar so that the shape of the

curve is unique and independent of external

conditions
These criteria are restrictive, and it is quite un-

likely that any solid will satisfy them over an exhaust-

ive range of conditions; however, the concept is

widely used and often utilized for interpolation and

prediction of dryer performance [3,17]. The use of the

mean moisture content as an index of the degree of

drying contains the implicit assumption that the ex-

tent of drying at a mean moisture content will also

depend on the relative extensiveness of the exposed

surface per unit volume of material. Thus, similar

drying behavior may be expected only in the case of

materials that are unchanged in form. A typical char-

acteristic drying curve is shown in Figure 1.15.

Further information on the characteristic drying

curve, extrapolation procedures used, and the theor-

etical developments in examining the range of validity

of the characteristic drying rate model are available

[3,13,25]. The various types of characteristic drying

curves have been depicted schematically in Figure 1.16.
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1.5 CLASSIFICATION AND SELECTION
OF DRYERS

With a very few exceptions, most products from

today’s industry undergo drying at some stage

or another. A product must be suitable for either sub-

sequent processing or sale. Materials need to have a

particular moisture content for processing, molding,

or pelleting. Powders must be dried to suitable low

moisture contents for satisfactory packaging. When-

ever products are heated to high temperatures, as in

ceramic and metallurgical processes, predrying at

lower temperatures ahead of firing kilns is advanta-

geous for energy savings. Cost of transport (as in the

case of coal) depends on the moisture content of

the product, and a balance must be struck between

the cost of conveying and the cost of drying. Excessive

drying is wasteful; not only is more heat, that is, ex-

pense, involved than is necessary, but often overdrying

results in a degraded product, as in the case of paper

and timber. Consideration must be given to methods

involved in energy savings in dryers [15]. Examples of

products and the types of precautions that need to be

taken during drying are highlighted. Thermal drying is

an essential stage in the manufacture of colors and

dyes. Many inorganic colors and most organic dyes

are heat sensitive; the time–temperature effect in dry-

ing may be critical in arriving at a correct shade of

color or in the elimination of thermal degradation.

Drying is normally accomplished at low temperatures

and in the absence of air. The most widely used dryer is

the recirculation type truck and tray compartment

dryer. Most pharmaceuticals and fine chemicals re-

quire drying before packaging. Large turbo-tray and

through circulation dryers are employed. Excessively

heat-sensitive products, such as antibiotics and blood

plasma, call for special treatment, like freeze drying or

high vacuum tray drying. Continuous rotary dryers

are usually used to handle large tonnages of natural

ores, minerals, and heavy chemicals.

The largest demand for drying equipment is for

the continuous drying of paper, which is done on

cylinder or ‘‘can’’ dryers. The temperature and hu-

midity conditions are important to the consistency of

the paper. Thermal drying is essential in the food-

stuffs and agricultural fields. Spray drying and freeze

drying are also widely used. In the ceramic industry,

drying is a vital operation. Great care must be exer-

cised because of the considerable shrinkage that oc-

curs in drying. Thus control of humidity is important.

Drying is also widely used in the textile industry. The

need for product quality puts grave constraints on the

dryer chosen and dryer operation [13]. Quality de-

pends on the end use of the product. For many bulk

chemicals, handling considerations determine moisture
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content requirements. For foodstuffs, flavor retention,

palatability, and rehydration properties are important.

Timber must retain its strength and decorative proper-

ties after drying.

The choice of end moisture content is largely dic-

tated by storage and stability requirements. The end

moisture content determines the drying time and con-

ditions required for drying. Overdrying should be

avoided. Internal moisture gradients within particles

and interparticle moisture content variation are im-

portant. Temperature restrictions may arise because

of degradation, phase changes, discoloration and stain-

ing, flammability of dust, and other factors. Thermal

sensitivity fixes the maximum temperature to which

the substance can be exposed for the drying time. In

spray and pneumatic dryers, the retention time of a

few seconds permits drying heat-sensitive materials at

higher temperatures. Many hygroscopic materials

shrink on drying. The extent of shrinkage is linearly

related to the moisture content change below the

hygroscopic limit. Case hardening and tensile crack-

ing pose problems. Details on how some of these

problems are overcome by a compromise between

energy efficiency and drying time are available [13].

The first subdivision is based on methods of heat

transfer, namely, (a) conduction heating, (b) convec-

tion heating, (c) radiant heating, and (d) dielectric

heating. Freeze drying is classified as a special case

of conduction heating. The next subdivision is the

type of drying vessel: tray, rotating drum, fluidized

bed, pneumatic, or spray. Dryer classification based

on physical form of the feed has also been done.

These are indicated in Ref. [16].

Sloan [18] has identified some 20 types of dryers

and classified them according to whether they are

batch or continuous, conduct heat exchange through

direct contact with gases or by heat exchange through

vessel walls, and according to the motion of the

equipment. Such a classification, though helpful in

distinguishing and describing discrete systems, does

not go far in relating the discrete systems to the

process problems they are supposed to handle.

McCormick [19] has tried to tackle the problem

from the user’s point of view. A total of 19 types of

dryers were classified according to how well they

handle different materials.

Schlünder [23] has given a classification of dryers

that encompasses the physical state of the product as

well as the dwell time of the product in the dryer. For

very short drying times (<1 min), flash, spray, or

drum dryers are used. For very long drying times

(>1 h), only tunnel, truck, or conveyor dryers are

appropriate. Most dryers operate in the intermediate

range, for which a very wide assortment of dryers is

available [21].



TABLE 1.1
Dryer Selection versus Feedstock Form

Nature of Feed
Liquids Cakes Free-Flowing Solids

Formed

Solids

Solution Slurry Pastes Centrifuge Filter Powder Granule Fragile

Crystal

Pellet Fiber

Convection Dryers

Belt conveyer dryer � � � � �
Flash dryer � � � � �
Fluid bed dryer � � � � � � �
Rotary dryer � � � � � �
Spray dryer � � �
Tray dryer (batch) � � � � � � � �
Tray dryer (continuous) � � � � � � �
Conduction Dryers

Drum dryer � � �
Steam jacket rotary dryer � � � � � �
Steam tube rotary dryer � � � � � �
Tray dryer (batch) � � � � � � � �
Tray dryer (continuous) � � � � � � �
Table 1.1 gives a summary of the type of dryer

versus the type of feedstock, which may be a slurry,

paste, filter cake, powder, granules, crystal, pellet, or

fibrous or shaped material. Since thermal sensitivity

as well as efficiency and dryer size depend to a major

extent on the thermal conditions the product is ex-

posed to within the dryer, Table 1.2 is presented to

classify convection and conduction dryers on this

basis. Such information is often helpful in narrowing

down the choice of dryers.
TABLE 1.2
Solids’ Exposures to Heat Conditions

Dryers Typical Residence Time Within Dryer

0–10

(s)

10–30

(s)

5–10

(min)

10–60

(min)

1–6

(h)

Convection

Belt conveyor dryer �
Flash dryer �
Fluid bed dryer �
Rotary dryer �
Spray dryer �
Tray dryer (batch) �
Tray dryer (continuous) �
Conduction

Drum dryer �
Steam jacket rotary dryer �
Steam tube rotary dryer �
Tray dryer (batch) �
Tray dryer (continuous) �
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Keey [3,25] has noted three principal factors that

could be utilized in classifying dryers:
1. Manner in which heat is supplied to the material

2. Temperature and pressure of operation (high,

medium, or low temperature; atmospheric or

vacuum drying)

3. Manner in which the material is handled within

the dryer
Further subclassification is of course possible but

generally unnecessary. For example, a given dryer

may be operated in batchwise or continuous mode.
1.5.1 HEATING METHODS

1.5.1.1 Convection

Convection is possibly the most common mode of

drying particulate or sheet-form or pasty solids. Heat

is supplied by heated air or gas flowing over the surface

of the solid. Heat for evaporation is supplied by con-

vection to the exposed surface of the material and the

evaporated moisture carried away by the drying med-

ium. Air (most common), inert gas (such as N2 for

drying solids wet with organic solvent), direct com-

bustion gases, or superheated steam (or solvent

vapor) can be used in convective drying systems.

Such dryers are also called direct dryers. In the

initial constant rate drying period (drying in which

surface moisture is removed), the solid surface takes

on the wet bulb temperature corresponding to the air



temperature and humidity conditions at the same

location. In the falling rate period the solids’ tempera-

ture approaches the dry bulb temperature of the med-

ium. These factors must be considered when drying

heat-sensitive solids.

When drying with superheated vapors, the solids’

temperature corresponds to the saturation tempera-

ture at the operating pressure, for example, 100 8C for

steam at 1 atm. For solids susceptible to oxidation or

denaturation, for example, in the presence of oxygen,

the heat sensitivity can be quite different in a steam

environment. Product quality may differ as well. This

can only be ascertained through laboratory tests.

Examples of convective (direct) dryers are air

suspension dryers, such as fluid bed, flash, rotary,

or spray dryers; air impingement dryers for paper or

pulp; packed bed or through dryers; and conveyor-

truck-tunnel dryers.

1.5.1.2 Conduct ion

Conduction or indirect dryers are more appropriate for

thin products or for very wet solids. Heat for evapor-

ation is supplied through heated surfaces (stationary or

moving) placed within the dryer to support, convey, or

confine the solids. The evaporated moisture is carried

away by vacuum operation or by a stream of gas that is

mainly a carrier of moisture. Vacuum operation is

recommended for heat-sensitive solids. Because the

enthalpy lost with the drying air in convective dryers

is large, their thermal efficiency tends to be low. For

conduction dryers the thermal efficiency is higher.

Paddle dryers for drying of pastes, rotary dryers

with internal steam tubes, and drum dryers for drying

thin slurries are examples of indirect dryers.

A more efficient dryer can be designed for some

operations that combines advantages of both direct

and indirect heating, for example, a fluid bed dryer

with immersed heating tubes or coils for drying of

heat-sensitive polymer or resin pellets. Such a dryer

can be only one third the size of a purely convective

fluid bed dryer for the same duty.

It is noteworthy that sometimes one can operate

the same apparatus in direct, indirect, or combined

modes. For example, a vibrated fluid bed dryer can be

purely convective (e.g., drying of tea), purely conduct-

ive (e.g., vacuum drying of pharmaceutical granules),

or combined direct–indirect (e.g., drying of pulverized

coal with immersed heating tubes). The drying med-

ium could be steam for such products as coal.

1.5.1.3 Rad iation

Various sources of electromagnetic radiation with

wavelengths ranging from the solar spectrum to
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microwave (0.2 m–0.2 mm). Solar radiation barely

penetrates beyond the skin of the material, which

absorbs only a part of the incident radiation depend-

ing on its wavelength. Infrared radiation is often used

in drying coatings, thin sheets, and films, for example

(4–8 mm band). Although most moist materials are

poor conductors of 50–60 Hz current, the impedance

falls dramatically at RF; such radiation can be used

to heat the solid volumetrically, thus reducing in-

ternal resistance to heat transfer. Energy is absorbed

selectively by the water molecules: as the product gets

drier less energy is used. The capital as well as oper-

ating costs are high, and so these techniques are useful

for drying high unit value products or for final correc-

tion of moisture profile wherein only small quantities

of hard-to-get moisture are removed, as in moisture

profiling of paper using RF heating. Combined mode

drying with convection (e.g., infrared plus air jets or

microwave with impingement for drying of sheet-

form foodstuffs) is also commercially feasible.

1.5.2 T EMPERATURE AND PRESSUR E OF OPERATION

Most dryers are operated at near atmospheric pres-

sures. A slight positive pressure avoids in-leakage

from outside, which may not be permissible in some

cases. If no leakage is permitted to the outside, then a

slight negative pressure is used.

Vacuum operation is expensive and is recom-

mended only if the product must be dried at low

temperatures or in the absence of oxygen or has fla-

vors that are generated at medium- or high-tempera-

ture operation. High-temperature operation tends to

be more efficient since lower gas flow rates and smal-

ler equipment may be used for a given evaporation

duty. Availability of low-temperature waste heat or

energy from solar collectors may dictate the choice of

a lower temperature operation. These dryers will then

be large in size.

Freeze drying is a special case of drying under

vacuum at a temperature below the triple point of

water; here water (ice) sublimes directly into water

vapor. Although the heat required for sublimation is

severalfold lower than for evaporation, vacuum oper-

ation is expensive. Freeze drying of coffee, for ex-

ample, costs two to three times more than spray

drying. On the other hand, the product quality and

flavor retention are better.

1.5.3 CONVEYING OF MATERIAL IN DRYER

Handling the material to be dried is of course one of

the key considerations in dryer selection. This is best

illustrated in Table 1.3. In some cases the material

may be treated or preformed to make it suitable for



TABLE 1.3
Capacity and Energy Consumption for Selected Dryers

Method Typical Dryer Typical Materials

Material not conveyed Tray dryer Wide range of pastes, granules

Material falls by gravity Rotary dryer Free-flowing granules

Material conveyed mechanically Screw-conveyor, paddle Wet sludges, pastes

Transported on trucks Tunnel dryer Wide range of materials

Sheet-form materials, supported on rolls Cylinder dryers Paper, textiles, pulp

Conveyed on bands Band, conveyor dryer Wide range of solids (pellets, grains)

Material suspended in air Fluid bed, flash Free-flowing granules

Slurries or solutions atomized in air Spray dryer Milk, coffee, etc.

Note: Most dryers may operate continuously, semicontinuously, or batchwise. Labor costs are high for tray and tunnel dryers.
handling in a particular dryer, for example, reslurry-

ing of filter cake to make it pumpable for atomization

and spray drying or pelletizing pasty materials. This,

of course, costs extra and must be considered in an

overall evaluation. The final product characteristics

and quality requirements also govern the choice of

dryer. In some cases a combination of two or more

different types of dryers may be the optimal strategy

if the product-handling properties change signifi-

cantly as it dries or if its heat sensitivity changes

during the process of drying.

It should be pointed out that many new dryers

cannot conveniently fit the classification suggested

earlier. For example, a pulsed combustion dryer

for pasty solids or waste sludge, the Remaflam

process for drying textiles by controlled combus-

tion of solvent (alcohol) on the wet fabric itself,

and vibrated bed drying of pastes cannot be placed

under any one single category of dryers. Such a

‘‘coarse’’ classification is still of interest in that it

allows one to ‘‘home in’’ on a limited number of

possible dryers, which can then be evaluated in

depth. One must look very carefully into some of

the newer and novel dryers although they are not

even mentioned in most textbooks or handbooks

[22]. Many of them have the potential to supplant

some of the age-old drying technologies, at least in

some industrial applications.

Dittman [20] has proposed a structured classifica-

tion of dryers according to two general classes and

five subclasses. The general classes are adiabatic or

nonadiabatic dryers. Adiabatic dryers are further

subclassified according to whether drying gases pass

through the material (for permeable solids or beds of

solids) or across the surface. Nonadiabatic dryers are

categorized according to the mode of heat supply,

such as heat applied through a heat exchange surface

or direct radiation, and according to the mode of
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moisture carryover, for example, moisture removal

by vacuum or by a carrier gas.

Many difficulties are encountered in the selection

of dryers. These mainly arise because there is no

standard set of systematized laboratory tests using

standardized apparatus to provide key data on the

drying characteristics of materials. The real mechanics

of liquid removal from the solid is not really under-

stood, nor is the operation of many dryers. A system-

atic comprehensive classification of existing dryers

has yet to be agreed upon. There is also a lack of a

reliable procedure for scaling up laboratory data and

even pilot-plant data for some types of dryers.

In spite of the above-mentioned lacunae, dryers

have still to be selected and some prior information is

required to facilitate this job. This includes (a) flow

sheet quantities, such as dry solid quantity, total

liquid to be removed, and the source of the wet ma-

terial; (b) batch or continuous feed physical charac-

teristics, such as source of feed, presence of any

previous dewatering stage, like filtration, mechanical

pressing, or centrifuging, method of supplying mater-

ial to the dryer, particle size distribution in the wet

feed, physical characteristics and handleability, and

abrasive properties of wet and dry materials; (c) feed

chemical properties, such as toxicity, odor problems,

whether the material can be dried with hot combus-

tion gases containing carbon dioxide, sulfur dioxide,

some nitrogen oxides, and traces of partially burnt

hydrocarbon, fire and explosion hazards, temperature

limitations, temperatures of relevant phase changes,

and corrosive properties; (d) dry product specification

and properties, such as moisture content, removal of

solvent odor, particle size distribution, bulk density,

maximum percentage of impurities, desired granular

or crystalline form, flow properties, and temperature

to which the dried product must be cooled before

storage; and (e) drying data obtained from a pilot



plant or laboratory as well as previous experience of

the drying performance of similar materials in a full-

scale plant. Information on solvent recovery, product

loss, and site conditions would be an added bonus.

The best method of selection involves using past

experience. One of the preliminary ways of selecting

dryers is based on the nature of the feed [16]. There is

little difficulty in handling liquid feeds, and the choice

of the equipment is normally limited to (a) spray

dryer, (b) drum dryer, atmospheric or vacuum, and

(c) agitated batch vacuum dryer. Other consider-

ations that might influence the final choice are the

need for small product losses and a clean plant, solv-

ent recovery or the need to use an inert atmosphere in

which an agitated vacuum dryer is preferred, and the

temperature sensitivity of the material. The agitated

vacuum dryer has a long residence time, the through

circulation dryer, a moderate temperature and mod-

erate residence time. The drum dryer can have a

high mean temperature with a short contact time;

the spray dryer has a short contact time with a

wide range of operating temperatures. The above-

mentioned selection is applicable to pumpable sus-

pensions of fine solids, excluding pastes.

For the continuous drying of pastes and sludges,

in which the solids are in a finely divided state, dust

problems are a major consideration. However, the

choice between batch and continuous operation is

difficult. The batch dryers normally used are tray

atmospheric or vacuum, agitated batch atmospheric

or vacuum, and rotary atmospheric or vacuum. The

vacuum operation is preferable in cases of solvent

recovery, fire, or toxic hazards or when temperature

limitations are necessary. Dryers used in continuous

operation are (a) spray, where atomization itself poses

a considerable problem; (b) fluidized bed, where dis-

persion of the feed in a deep bed is difficult; (c)

continuous band circulation, suitable if dust-free

product is required; (d) pneumatic, requires mixing

of feed with dry product to facilitate dispersion of wet

solid in the gas entering the dryer; and (e) continuous

rotary, direct or indirect; here too blending of wet

feed with dry product is necessary to facilitate hand-

ling. If the feed contains fine particles, the indirect

mode of heat transfer is normally preferred. In case of

free-blowing wet powders (particle size less than

300 mm) all the dryers used for pastes and sludges

could be used with the inclusion of the vertical rotat-

ing shelf dryer. For granular crystalline solids with

particle sizes greater than 300 mm, the direct rotary

dryer is commonly used. With this type of dryer

crystal breakage is a problem that can be overcome

by proper flight design. For particles larger than

25 mesh, a through circulation dryer using a moving

band or a vibrating screen could be used. Fibrous
� 2006 by Taylor & Francis Group, LLC.
solids hold a considerable amount of water but dry

quite easily. These materials are often temperature

sensitive due to their high specific surface, and care

should be taken to keep the air temperature down.

Through circulation tests at various temperatures

should establish the need, if any, to avoid overheat-

ing. Apart from this, fibrous materials could be

treated in a similar way to any of the solids

mentioned above.

The final selection of the dryer will usually repre-

sent a compromise between the total cost, operating

cost, quality of the product, safety consideration, and

convenience of installation. It is always wise, in case

of uncertainty, to run preliminary tests to ascertain

both design and operating data and also the suitabil-

ity of the dryer for the particular operation. On cer-

tain types of dryers, full-scale tests are the only way of

establishing reliable design and operating data, but in

some cases, such as through circulation dryers, there

are reliable techniques for establishing reliable data

from laboratory tests. Details on test techniques and

as to when tests are needed are available in Refs.

[13,16]. It should be noted that specialized drying

techniques, such as vacuum freeze drying, microwave

freeze drying, and dielectric or infrared heating or

drying, have not been considered here. Details of some

of these specialized techniques are given elsewhere in

this handbook.
1.6 EFFECT OF ENERGY COSTS, SAFETY,
AND ENVIRONMENTAL FACTORS
ON DRYER SELECTION

Escalating energy costs and increasingly stringent le-

gislation on pollution, working conditions, and safety

have a direct bearing on the design as well as selection

of industrial dryers. Lang [27] has discussed the ef-

fects of these factors on design of suspension dryers

for particulates, such as spray, flash, and fluidized bed

dryers. These factors must be considered during the

phase of selection of dryers. In some cases a choice

between competing drying systems exists; in others

one must incorporate these factors at the design stage.

For a given dryer system (including preprocessing,

such as mechanical dewatering, centrifugation, evap-

oration, and pressing, and postprocessing, such as

product collection, cooling, agglomeration, granula-

tion, and scrubbing), in general several energy-saving

flow sheets may be devised, including gas recycle,

closed cycle operation, self-inertization, multistage

drying, and exhaust incineration. Areas of conflict

may exist between legal requirements, hygienic oper-

ation, and energy efficiency. Lang gives the following

possible scenarios of conflict:
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1. Explosion vents could be a hygiene problem.

2. Dust in recycling streams fouls heat exchanger

surfaces or causes difficulties in direct combus-

tion systems.

3. Thermal expansion joints or fire-extinguishing

equipment can cause product buildup and

hence a fire hazard.

4. High product collection efficiency for particu-

late dryers means high pressure drop and in-

creased fan noise.
Note that unnecessarily stringent product specifica-

tions can cause significant increase in dryer costs,

both capital and operating.

In selecting energy-saving drying systems, it is im-

portant to note the following (mainly for particulate

drying, but some factors are of general applicability):
1. When handling a thermally sensitive product,

recycled exhaust must be totally free of product

if the stream is to pass through or near a burner.

2. Recycling increases humidity level in drying,

which may increase the equilibrium moisture

content to unacceptable levels in some cases.

3. To avoid passing dust in recycled gas through

air heaters, if fresh makeup air is heated and

mixed with recycled gas, to obtain high mixture

temperature (say, 4008C), the fresh gas must be

heated to a temperature too high for simple

materials of construction. Exotic metals or re-

fractories are needed, which can cause product

contamination or a source of ignition if it

reaches high enough temperatures.

4. In multiple-stage drying, heat economy re-

quires that the first-stage drying give a partially

dried product, which is sometimes too sticky

to handle.
A drying installation may cause air pollution by

emission of dust and gases. Even plumes of clean water

vapor are unacceptable in some areas. Particulates

below the range 20–50 mg/nm3 of exhaust air are a

common requirement. High-efficiency dust collection

is essential. It is important to operate the dryer under

conditions conducive to production of coarse product.

On the other hand, larger products take longer to dry.

Cyclones, bag filters, scrubbers, and electrostatic pre-

cipitators are commonly used for particle collection

and gas cleaning on particulate material drying of

materials in other forms, such as pulp sheets. For the

removal of noxious gaseous pollutants, one may resort

to absorption, adsorption, or incineration; the last

operation is becoming more common.

Although rare, care must be taken in drying of

airborne materials that can catch fire. Reduction in
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oxygen content (by recycle) can suppress explosion

hazard. Should explosion occur, suitable explosion

vents must be included to avoid buildup of excessive

pressure in the system. Elimination of sources of ig-

nition is not acceptable as adequate assurance against

fire or explosion hazard. When an explosion risk

exists, buildup of product in the dryer or collector

must be avoided. For example, venting doors on

the roof of large-volume spray dryers must be flush

with the interior surface to prevent any buildup of

product. It is often cheaper to design a partially or

fully inertized drying system than to design larger

dryer chambers to withstand high internal pressures

(5–6 psig).

Finally, local legislation about noise levels must

be considered at the selection and design state. De-

pending on the stringency of noise requirements, the

cost of acoustic treatment can be as much as 20% of

the total system cost. For air suspension dryers,

the fan is the main noise generator. Other sources,

such as pumps, gearboxes, compressors, atomization

equipment, burners, and mixers, also contribute to

noise. Low fan noise requires a low-pressure drop in

the system, which is in conflict with the high-pressure

drop required for higher collection efficiency.

A simple direct-fired dryer with once through air-

flow heating, especially with gas, can be achieved with

little noise generation. On the other hand, a more

efficient air recirculation unit often requires high-

noise burners and ancillaries.

The aforementioned discussion is intended to pro-

vide the specifier of drying equipment some practical

factors that should be considered at the stage of se-

lection of the dryer system. Rarely, if ever, is it pos-

sible to select a dryer that meets all criteria. In most

cases, however, one can modify the dryer system de-

sign or operation to meet all the essential specifications

of the user.

Menon and Mujumdar [15] have indicated some

energy-saving measures involved in conditioning of

the feed, dryer design, and heat recovery from the

exhaust stream, including the use of heat pumps.

Some novel techniques, like displacement drying,

steam drying, drying using superheated steam, RF

drying, press drying, and combined impingement

and through drying, have been proposed.

Although prior experience is a guide commonly

used in specifying dryers, it is important to recognize

that earlier dryers were often specified in times when

energy costs were minimal and requirements of prod-

uct quality and production rates were different. There

is also a variation in energy costs from one geo-

graphic location to another and certainly from one

country to another. It is strongly recommended that

the process engineer make a selection of dryer from



TABLE 1.4
Capacity and Energy Consumption for Selected
Dryers

Dryer Type Typical Evaporation

Capacity

(kg H2O/h m2 or

kg H2O/h m3)

Typical Energy

Consumption

(kJ/kg of H2O

Evaporated)

Tunnel dryer — 5,500–6,000

Band dryer — 4,000–6,000

Impingement dryer 50/m2 5,000–7,000

Rotary dryer 30–80/m3 4,600–9,200

Fluid bed dryer 4,000–6,000

Flash dryer 5–100/m3

(depends on particle size)

4,500–9,000

Spray dryer 1–30/m3 4,500–11,500

Drum dryer

(for pastes)

6–20/m2 3,200–6,500

Note: Figures are only approximate and are based on current practice.

Better results can often be obtained by optimizing operating

conditions and using advanced technology to modify the earlier

designs.
current conditions and geographic location while tak-

ing into account future expected trends. In many

instances the most widely used dryers for a specific

product have been found to be poor choices under

prevailing conditions. Table 1.4 gives a summary of

typical drying capacities and energy consumption in

existing common industrial dryers.

1.7 DESIGN OF DRYERS

The engineer concerned with process design has to

choose for a given dryer those conditions that enable

the specified properties of the product to be obtained.

The performance characteristics of alternative sys-

tems should also be assessed before the final choice

of a dryer type. Almost always some small-scale tests

are needed to determine the material’s drying charac-

teristics required to predict the way in which the raw

material would behave in the actual unit. A flowchart

illustrating the various steps needed to design a dryer

is shown in Ref. [3].

For a preliminary estimate of dryer size, Toei [24]

gives a simple method based on data obtained from

operating industrial dryers. For convection dryers,

the rate of heat transfer (kcal/h) is given by

q ¼ (ha)( V )( t � tm), for batch type

and

q ¼ (ha)(V )( t � tm) lm 
, for continuous type
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For conduction dryers,

q ¼ UA( tk � tm)

In this equation, tm is the product temperature (k); t is

the inlet temperature (k); ( t � tm)lm is the logarithmic

mean ( k) of the temperature differences between the

hot air and the product at the inlet and outlet, re-

spectively; ha is the volumetric heat transfer coeffi-

cient (kcal/sec K m3); U is the overall heat transfer

coefficient (kcal/s K m2); A is the heating area in

contact with the product (m2); and tk is the tempera-

ture of the heat source (K).

Table 1.4 is excerpted from Ref. [24]. Here the

volume used to define ha includes void volumes, for

example, above and below a fluid bed dryer. Thus it is

the overall volume and is subject to significant vari-

ation. It is also dependent on the critical moisture of

the solids. Note the units when using this table. An

estimate must be made a priori about the drop in air

temperature across the dryer and rise of product tem-

perature in order to use Table 1.5 for a very rough

sizing of a dryer.

Extensive work has been done in developing the-

ories of drying, such as the theory of simultaneous

transport, theories involving flow through porous

media, and simplified models, like the wetted surface

model and the receding-plane model. The character-

istic drying rate curve has also found use in design.

Details of these theories are available in Refs.

[3,13,17,26].

In designing a dryer, basically one or more of the

following sources of information are used: (a) infor-

mation obtained from customers, (b) previous experi-

ence in the form of files on dryers sold and tended, or

(c) pilot-plant tests and bench-scale tests. For design a

computer is usually used; the input parameters are

based on hard data and partly on experience. Pilot-

plant tests ensure that the material can be processed

in the desired manner. However, the scale-up proced-

ures are by no means straightforward. The theory in

the computer program is restricted to heat and mass

balances. The design is based on drying times guessed

by the designer, who may be guided by drying data

obtained in bench-scale and pilot-plant tests. Design

procedures for various dryers have been outlined

in Refs. [7,16]. Factors affecting product quality

should be borne in mind before deciding on a dryer.

(For discussion of some new drying technologies, see

Ref. [28].)

1.8 GUIDELINES FOR DRYER SELECTION

In view of the enormous choices of dryer types one

could possibly deploy for most products, selection of



TABLE 1.5
Approximate Values of ha (kcal/h 8C m3) for Various Dryer Types

Type ha (t�tm)lm (8C) Inlet Hot Air Temperature (8C)

Convection

Rotary 100–200 Countercurrent: 80–150 200–600

Cocurrent: 100–180 300–600

Flash 2000–6000 Parallel flow only: 100–180 400–600

Fluid bed 2000–6000 50–150 100–600

Spray 20–80 (large five) Counterflow: 80–90 200–300

Cocurrent: 70–170 200–450

Tunnel 200–300 Counterflow: 30–60 100–200

Cocurrent: 50–70 100–200

Jet flow h ¼ 100–150 30–80 60–150

Conduction U (kcal/h�8C�m2) tk–tm (8C)

Drum 100–200 50–80

Agitated through rotary

with steam tubes, etc.

60–130 (smaller for sticky solids) 50–100
the best type is a challenging task that should not be

taken lightly nor should it be left entirely to dryer

vendors who typically specialize in only a few types of

dryers. The user must take a proactive role and em-

ploy vendors’ experience and bench-scale or pilot-

scale facilities to obtain data, which can be assessed

for a comparative evaluation of several options. A

wrong dryer for a given application is still a poor

dryer, regardless of how well it is designed. Note

that minor changes in composition or physical prop-

erties of a given product can influence its drying

characteristics, handling properties, etc., leading to a

different product and in some cases severe blockages

in the dryer itself. Tests should be carried out with the

‘‘real’’ feed material and not a ‘‘simulated’’ one where

feasible.

Although here we will focus only on the selec-

tion of the dryer, it is very important to note that in

practice one must select and specify a drying system

which includes predrying stages (e.g., mechanical

dewatering, evaporation, preconditioning of feed

by solids backmixing, dilution or pelletization, and

feeding) as well as the postdrying stages of exhaust

gas cleaning, product collection, partial recirculation

of exhausts, cooling of product, coating of product,

agglomeration, etc. The optimal cost-effective choice

of dryer will depend, in some cases significantly, on

these stages. For example, a hard pasty feedstock

can be diluted to a pumpable slurry, atomized and

dried in a spray dryer to produce a powder, or it

may be pelletized and dried in a fluid bed or in a

through circulation dryer, or dried as is in a rotary

or fluid bed unit. Also, in some cases, it may be

necessary to examine the entire flow sheet to see if the

drying problem can be simplified or even eliminated.
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Typically, nonthermal dewatering is an order-of-mag-

nitude less expensive than evaporation which, in turn,

is manyfold energy efficient than thermal drying. De-

mands on product quality may not always permit one

to select the least expensive option based solely on heat

and mass transfer considerations, however. Often,

product quality requirements have overriding influ-

ence on the selection process. For high-value products

(e.g., pharmaceuticals and certain high-value food-

stuffs) the selection of dryers depends mainly on the

value of the dried products since cost of drying be-

comes a very small fraction of the sale price of the

product. On the other hand for very low value prod-

ucts or even no value products (e.g., waste sludges) the

choice of drying system depends entirely on the cost of

drying, so the lowest cost system is selected for such

applications.

As a minimum, the following quantitative infor-

mation is necessary to arrive at a suitable dryer:

. Dryer throughput; mode of feedstock produc-

tion (batch/continuous)
. Physical, chemical, and biochemical properties of

the wet feed as well as desired product specifica-

tions; expected variability in feed characteristics
. Upstream and downstream processing oper-

ations
. Moisture content of the feed and product
. Drying kinetics; moist solid sorption isotherms
. Quality parameters (physical, chemical, bio-

chemical)
. Safety aspects, e.g., fire hazard and explosion

hazards, toxicity
. Value of the product
. Need for automatic control



TABLE 1.6
Typical Checklist for Selection of Industrial Dryers

Physical form of feed . Granular, particulate, sludge,

crystalline, liquid, pasty,

suspension, solution,

continuous sheets, planks,

odd-shapes (small/large)
. Sticky, lumpy

Average throughput . kg/h (dry/wet); continuous
. kg per batch (dry/wet)

Expected variation in throughput (turndown ratio)

Fuel choice . Oil
. Gas
. Electricity

Pre- and postdrying operations (if any)

For particulate feed products . Mean particle size
. Size distribution
. Particle density
. Bulk density
. Rehydration properties

Inlet–outlet moisture content . Dry basis
. Wet basis

Chemical/biochemical/microbiological activity

Heat sensitivity . Melting point
. Glass transition temperature

Sorption isotherms (equilibrium moisture content)

Drying time . Drying curves
. Effect of process variables

Special requirements . Material of construction
. Corrosion
. Toxicity
. Nonaqueous solution
. Flammability limits
. Fire hazard
. Color/texture/aroma

requirements (if any)

Footprint of drying system . Space availability for

dryer and ancillaries
. Toxicological properties of the product

. Turndown ratio, flexibility in capacity require-

ments
. Type and cost of fuel, cost of electricity
. Environmental regulations
. Space in plant

For high-value products like pharmaceuticals,

certain foods and advanced materials, quality consid-

erations override other considerations since the cost

of drying is unimportant. Throughputs of such prod-

ucts are also relatively low in general. In some cases,

the feed may be conditioned (e.g., size reduction,

flaking, pelletizing, extrusion, backmixing with dry

product) before drying, which affects the choice of

dryers.

As a rule, in the interest of energy savings and

reduction of dryer size, it is desirable to reduce the

feed liquid content by less expensive operations such

as filtration, centrifugation, and evaporation. It is

also desirable to avoid overdrying, which increases

the energy consumption as well as drying time.

Drying of food and biotechnological products re-

quire adherence to good manufacturing practice

(GMP) and hygienic equipment design and operation.

Such materials are subject to thermal as well as

microbiological degradation during drying as well

as in storage. If the feed rate is low (<100 kg/h), a

batch-type dryer may be suited. Note that there is a

limited choice of dryers that can operate in the batch

mode.

In less than 1% of cases the liquid to be removed is

a nonaqueous (organic) solvent or a mixture of water

with a solvent. This is not uncommon in drying of

pharmaceutical products, however. Special care is

needed to recover the solvent and to avoid potential

danger of fire and explosion. Table 1.6 presents a

typical checklist of most dryer vendors use to select

and quote an industrial dryer.

Drying kinetics play a significant role in the selec-

tion of dryers. Apart from simply deciding the resi-

dence time required, it limits the types of suitable

dryers. Location of the moisture (whether near sur-

face or distributed in the material), nature of moisture

(free or strongly bound to solid), mechanisms of

moisture transfer (rate-limiting step), physical size of

product, conditions of drying medium (e.g., tempera-

ture, humidity, flow rate of hot air for a convective

dryer), pressure in dryer (low for heat-sensitive prod-

ucts), etc., have a bearing on the type of suitable dryer

as well as the operating conditions. Most often, not

more than one dryer type will likely meet the specified

selection criteria.

We will not focus on novel or special drying tech-

niques here for lack of space. However, it is worth
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mentioning that many of the new techniques use

superheated steam as the drying medium or are

simply intelligent combinations of traditional drying

techniques, e.g., combination of heat transfer modes,

multistaging of different dryer types. Superheated

steam as the convective drying medium offers several

advantages, e.g., higher drying rates under certain

conditions, better quality for certain products, lower

net energy consumption if the excess steam produced

in the dryer is used elsewhere in the process, elimin-

ation of fire and explosion hazard. Vacuum steam

drying of timber, for example, can reduce drying



TABLE 1.7
Conventional vs Innovative Drying Techniques

Feed Type Dryer Type New Techniques

Liquid suspension . Drum . Fluid/spouted beds of inert particles
. Spray . Spray/fluid bed combination

. Vacuum belt dryer

. Pulse combustion dryers

Paste/sludge . Spray . Spouted bed of inerts
. Drum . Fluid bed (with solid backmixing)
. Paddle . Superheated steam dryers

Particles . Rotary . Superheated steam FBD
. Flash . Vibrated bed
. Fluidized bed

(hot air or combustion gas)

. Ring dryer

. Pulsated fluid bed

. Jet-zone dryer

. Yamato rotary dryer

Continuous sheets

(coated paper, paper, textiles)

. Multicylinder contact dryers . Combined impingement/radiation dryers

. Impingement (air) . Combined impingement and through dryers

(textiles, low basis weight paper)
. Impingement and MW or RF
times by a factor of up to 4, at the same time enhan-

cing wood quality and reducing net fuel and electri-

city consumption by up to 70%. The overall

economics are also highly favorable.

As the product quality requirements become in-

creasingly stringent and as the environmental legisla-

tion becomes more and more demanding it is often

found that we need to switch from one drying tech-

nology to the other. The rising cost of energy as well

as the differences in the cost of fossil fuels versus

electrical energy can also affect the choice of a

dryer. Since up to 70% of the life cycle cost of a

convective dryer is due to energy it is important to

choose an energy-efficient dryer where possible even

at a higher initial cost. Note that energy costs will

continue to rise in the future so this will become

increasingly important. Fortunately, improved effi-

ciency also translates into better environmental impli-

cations in terms of reduced emissions of the

greenhouse gas (CO2) as well as NOx resulting from

combustion.

New dryers are developed continuously as a result

of industrial demands. Over 250 U.S. patents are

granted each year related to dryers (equipment) and

drying (process); in the European Community about

80 patents are issued annually on dryers. Kudra and

Mujumdar [44] have discussed a wide assortment of

novel drying technologies, which are beyond the

scope of this chapter. Suffice it to note that many of
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the new technologies (e.g., superheated steam, pulse

combustion—newer gas-particle contactors as dryers)

will eventually replace conventional dryers in the next

decade or two. New technologies are inherently more

risky and more difficult to scale-up. Hence there is

natural reluctance to their adoption. Readers are en-

couraged to review the new developments in order to

make sure their selection is the most appropriate one

for the application at hand. Some conventional and

more recent drying techniques are listed in Table 1.7.

As is evident from the brief discussion the process

of dryer selection is rather complex as typically sev-

eral different choices may exist and the final choice

rests on numerous criteria. Indeed, several researchers

have developed expert systems for computer-aided

selection of dryers. It is important to note that selec-

tion of the drying system (e.g., pre- and postdrying

operations as well as the dryer) is the correct goal of

the exercise. Finally, even if the dryer is selected cor-

rectly it is just as important to operate it under opti-

mal conditions to obtain desired product quality and

production rate at minimum total cost.
1.9 CONCLUSIONS

Recent studies have resulted in significant advances in

the understanding of the thermodynamics of drying

hygroscopic materials, kinetics of drying, evaporation



of multicomponent mixtures from porous bodies,

behavior of particulate motion in various dryers,

and so on. In general the empirical knowledge

gained in the past two decades has been of consider-

able value in the design of industrial dryers, including

modeling of dryers and control. On the other hand

the understanding at the microscopic level of the

drying mechanisms remain at a rudimentary level in

the sense that modeling ‘‘drying’’ remains a complex

and challenging task. Numerous textbooks [29–33]

have appeared in recent years that focus on one or

more aspects of drying. The interested reader is

referred to the series Adva nces in Drying [26,34] and

the journal Dryi ng Technolo gy [35] for more recent

developments in the field of drying. In addition,

the series Dryi ng of Solids [36–38] contains valuable

recent information on drying technology. The tech-

nical catalogs published by various manufacturers of

drying and ancillary equipment are also very valu-

able. The proceedings of the biennial international

drying symposia (IDS), published in the Drying

series provide a useful guide to current R&D in dry-

ing [39–41].

It should be stressed that one must think in

terms of the drying system and not just the dryer

when examining an industrial dehydration problem.

The preprocessing steps (feeding, dewatering, etc.)

of the feed as well as the postprocessing steps (e.g.,

cooling, granulation, blending, etc.) and cleaning

of the dryer emissions are often just as important

as the dryer itself. In view of the increasingly strin-

gent environmental regulations coming in force

around the world it is not unusual for the dryer itself

to cost only a small fraction of the total drying

system cost. This edition of the handbook contains

details concerning feeders as well as treatment of

dryer emissions.

The selection of dryers and drying systems is an-

other important area of practical significance. The

cost of a poorly selected drying system is often under-

estimated since the user must pay for it over the entire

life span of the system. If past experience is used as

the sole guide, we automatically eliminate the poten-

tial benefits of specifying some of the newer dryers

marketed recently around the world. Indeed, to cover

the broad spectrum of new and special drying tech-

nologies that have appeared in the marketplace in the

past decade, a new chapter (see Chapter 36) is de-

voted exclusively to this subject. The reader is urged

to go through that chapter in conjunction with any

specific drying application to become familiar with

some of the newly developed technologies that may

afford some advantages over the conventional drying

technologies. Use of superheated steam rather than
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hot air as the drying medium for direct dryers has

attracted considerable attention in recent years. The

topic is covered in some detail in a separate chapter

(see Chapter 35) from the applications viewpoint.

Scale-up of dryers is perhaps the central issue of

most significance in the design of dryers. Information

on this subject is rather limited and widely scattered.

Genskow [42] provides perhaps the only compilation

of papers dealing with the scale-up of several dryer

types. For design, analysis or scale-up of dryers,

Houska et al. [43] have presented the general equa-

tions and methodology as applied to a number of

industrial dryers. Unfortunately, the extreme diversity

of products and dryer types precludes development of

a single design package.

It is difficult to generate rules for both classifica-

tion and selection of dryers because exceptions occur

rather frequently. Often, minor changes in feed or

product characteristics result in different dryer types

as the appropriate choices. It is not uncommon to find

that different dryer types are used to dry apparently

the same material. The choice is dependent on pro-

duction throughput, flexibility requirements, cost of

fuel as well as on the subjective judgment of the

individual who specified the equipment.

We have not considered novel dryers in this chap-

ter. Kudra and Mujumdar [44] have discussed in de-

tail most of the nonconventional and novel drying

technologies. Most of them have yet to mature; a

few have been commercialized successfully for certain

products. It is useful to be aware of such advances so

that the user can make intelligent decisions about

dryer selection. Since dryer life is typically 25–40

years that effect of a poor ‘‘prescription’’ can have

a long-term impact on the economic health of the

plant. It is typically not a desirable option to depend

exclusively on prior experience, reports in the litera-

ture or vendors’ recommendations. Each drying prob-

lem deserves its own independent evaluation and

solution.

This chapter has not considered various math-

ematical models for drying kinetics. The reader is re-

ferred to Turner and Mujumdar [45] as well as

publications in the journal Drying Technology for nu-

merous approaches to mathematical modeling and

numerical techniques applicable in drying technology.

Mathematical models are increasingly used for design,

optimization, and control of industrial dryers.
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NOMENCLATURE

A heat transfer area, m2

CLW heat capacity of liquid moisture, J/(kg K)

CP heat capacity at constant pressure, J/(kg K)

CPG heat capacity of dry gas, J/(kg K)

CPW heat capacity of moisture vapor, J/(kg K)

CPY humid heat, J/(kg K)

D molecular diffusivity, m2/s

E efficiency of the dryer (dimensionless)

f relative drying rate (dimensionless)

GG dry gas flow rate, kg/s

GV evaporation rate, kg/s

ha volumetric heat transfer coefficient, kcal/(m3 K)

hC convective heat transfer coefficient, W/(m2 K)

hR radiative heat transfer coefficient, W/(m2 K)

H enthalpy, J/kg

HGG dry gas enthalpy, J/kg

HGW moisture vapor enthalpy, J/kg

IG humid enthalpy, J/kg

IGS enthalpy of dry gas, J/kg

ILW enthalpy of added moisture, J/kg

K mass transfer coefficient kg/(m2 s)

mG mass of dry air, kg

mW moisture of mass vapor, kg

MG molar mass of dry gas, kg/mol

MW molar mass of moisture, kg/mol

N rate of drying per unit surface area, kg/(m2 s)

NG molar gas flow per unit area, mol/(m2 s)

PG partial pressure of dry gas, Pa

PW partial pressure of moisture vapor, Pa

PW
0 vapor pressure, Pa

P total pressure, Pa

q heat flux, W/m2

Q heat quality, J

R gas constant, J/(mol K)

T temperature, K

Tav average temperature, K

TC critical temperature, K

TD dew point temperature, K

TG gas temperature (dry bulb), K

TGS adiabatic saturation temperature, K

T0 initial or reference temperature, K

TW wet bulb temperature, K

u internal energy, J/kg

U overall heat transfer coefficient, kcal/(s m2)

VH humid volume, m3/kg

VW specific molar volume, m3/mol

VL specific molar volume of liquid moisture,

m3/mol

W moisture content (wet basis) (dimensionless)

X moisture content (dry basis) (dimensionless)

X* equilibrium moisture content (dimensionless)

Xcr critical moisture content (dimensionless)

X0 initial moisture content (dimensionless)
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Y humidity (mass ratio vapor/dry gas)

(dimensionless)

YGS humidity at adiabatic saturation temperature

(dimensionless)

YS saturation humidity (dimensionless)

YW wet bulb humidity (dimensionless)

GREEK SYMBOLS

DHGM residual gas-mixing enthalpy, J/kg

DHR molar latent heat of reference substance,

J/mol

DHVD latent heat of vaporization at TD, J/kg

DHV0 latent heat of vaporization at T0, J/kg

DHVS latent heat of vaporization at TS, J/kg

DHVW latent heat of vaporization at TW, J/kg

DHW molar latent heat of vaporization, J/mol

u temperature difference, K

u* temperature difference on saturation, K

r gas density, kg/m3

f humidity-potential coefficient

(dimensionless)

f characteristic moisture content

(dimensionless)

fE Ackermann correction, (dimensionless)

c relative humidity (dimensionless)

DIMENSIONLESS GROUPS

Lu Luikov number

Nu Nusselt number

Pr Prandtl number

Sc Schmidt number
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2.1 INTRODUCTION

The calculation of drying processes requires a know-

ledge of a number of characteristics of drying tech-

niques, such as the characteristics of the material, the

coefficients of conductivity and transfer, and the

characteristics of shrinkage. In most cases these char-

acteristics cannot be calculated by analysis, and it

is emphasized in the description of mathematical

models of the physical process that the so-called

global conductivity and transfer coefficients, which

reflect the total effect on the partial processes, must

frequently be interpreted as experimental charac-

teristics. Consequently, these characteristics can be

determined only by adequate experiments. With ex-

perimental data it is possible to apply analytical or

numerical solutions of simultaneous heat and mass

transfer to practical calculations.
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The general aim of drying experiments is as

follows [1]:
� 20
1. Choice of adequate drying equipment

2. Establishing the data required for planning

3. Investigation of the efficiency and capacity of

existing drying equipment

4. Investigation of the effect of operational con-

ditions on the shape and quality of the product

5. Study of the mechanism of drying
When the aim of experiments is the choice of ad-

equate drying equipment and the determination of

the data required for planning, the effect of the dif-

ferent variables must be examined. It is practical to

carry out such a series of experiments in small- or

pilot-plant equipment, which operates from both

thermal- and materials-handling aspects as does ac-

tual equipment, and by means of which the effect of

the parameters to be examined can be studied over a

wide range of conditions.

Experiments are frequently carried out in equip-

ment of plant scale, for example, in order to establish

data for certain materials, required for planning, to

select the type of adequate drying equipment, or to test

the efficiency of existing equipment or its suitability for

drying other materials. In general, the efficiency and,

further, the heat and mass balances, can be determined

from data obtained with equipment of plant size.

Owing to the diversity of the aims of experimental

investigations and the large number of drying charac-

teristics, the techniques of experimental determin-

ation are extremely diverse and in many cases very

specific. Therefore, without attempting to be com-

plete, only the methods generally applied are pre-

sented here; some special cases are mentioned with

reference to the sources of the literature.
2.2 DETERMINATION OF MOISTURE
CONTENT

2.2.1 DETERMINATION OF THE MOISTURE CONTENT

OF SOLID MATERIALS

Although determination of the moisture content of

wet materials appears simple, the results obtained are

often not sufficiently accurate, namely, many mater-

ials may suffer not only moisture loss but also chem-

ical changes (oxidation, decomposition, destructive

distillation, and others) on heating, and this may

change the material as well. At the same time the

adsorbed water must be distinguished from the so-

called water of crystallization, which is frequently a

very complex problem.
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On selecting the techniques of moisture determin-

ation one must take into account the desired accur-

acy, the case of the procedure, the length of the

investigation, and the complexity of the required in-

struments and equipment. Possible methods of meas-

uring the distribution of moisture content during

drying are presented separately.

2.2.1.1 Direct Methods

The direct methods consist essentially of determin-

ation of the moisture content of a sample by drying

carried out in a drying oven with or without blow

through of air, or by drying in a vacuum chamber or

in a vacuum desiccator. The sample material must be

prepared in every case in the following way. The

material is disintegrated into pieces of 1–2 mm3, and

a sample of known mass (4–5 g) is placed into a

previously dried and weighed glass container, which

is put into the drying chamber and dried at 102–1058C.

The measurement of mass is carried out at ambient

temperature, previously allowing the sample to be

cooled in a desiccator. The drying process may

be considered complete when the difference between

the values obtained for the moisture content of the

material by two consecutive measurements does not

exceed + 0.05%. The literature indicates that this pro-

cess is faster when drying is carried out at 130–1508C.

However, our investigations proved that results

obtained in this way may deviate by 0.5–1.0%. Thus,

the quick method appears to be suitable only for an

approximate determination of the moisture content of

a material.

The drying period may be significantly shortened

by blowing air through the drying chamber, provided

this air has been previously heated to 102–1058C,

generally by electricity [2].

Drying of foods and other materials sensitive to

heat is carried out at 608C in a vacuum desiccator, in

order to prevent their decomposition. In this case

drying requires several days.

2.2.1.2 Indirect Methods

Under industrial conditions the moisture present in

material must be determined by faster methods, such

as by electrical methods of which three main varieties

have become widespread: moisture determination

based on the change of the ohmic dc resistance, a

measurement of the electrostatic capacitance (dielec-

tric constant of the material), and a measurement of

the loss in an ac field. Other quick methods are the

chemical methods developed mainly for the most

frequently occurring case, when the moisture is

water, such as the Karl–Fischer analysis based on



the chemical reaction of iodine in the presence of

water [3], the distillation method, in which moisture

is determined by distillation with toluene, and the

extraction method, which is carried out with absolute

ethanol.

For the determination of factors required for the

description of the moisture transport mechanism of wet

materials, the distribution of themoisture content of the

dried material and even its change during the drying

process must be known. These measurements are usu-

ally carried out under laboratory conditions. Two main

varieties of these measurements are widespread:
� 20
1. Mechanical disintegration of the material for

the rapid determination of the moisture content

of the individual elements and, on compressing

the specimen, its further drying [4,5]

2. Special adaptation of one of the above-

mentione d electrica l methods (see Sec tion

2.2.1.2) [6]
2.2.2 DETERMINATION OF MOISTURE CONTENT

OF GASES

The following methods have become widespread for

the determination of the moisture content of gases:

determination of the absolute value of moisture con-

tent by gravimetry or barometry (direct method),

measurement of wet gas particles in air by determin-

ation of the dry and wet bulb temperatures and the

dew point temperature (indirect method), and meas-

urement of a property of the wet gas that depends on

the moisture content, such as the absorptivity of the

wet gas to electromagnetic waves.

Most frequently applied is the indirect method—

determining the dry and wet bulb temperatures or

measuring the dew point temperature, which requires

a slightly more expensive instrument. However, on

using these methods, the determination of the mois-

ture content of the wet gas cannot be carried out in

every case with sufficient accuracy. When high accur-

acy is required, one of the absolute methods must be

applied. (In case of air of 508C temperature and 50%

relative moisture content, a change of 18C in the

temperature of the wet bulb results in a 9% change

of the absolute moisture content, or a change of 18C
in the dew point temperature results in a 7% change of

the absolute moisture content, respectively.)

The absolute determination of the moisture con-

tent of gases can be carried out by the absorption

method (allowing gas to flow through a silica-gel

bed or allowing it to be absorbed by methanol and

then determining the water content by Karl–Fischer

titration, for example). A detailed description of these

and other special methods are given in Refs. [3,7].
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2.3 EXPERIMENTAL DETERMINATION
OF THE SORPTION EQUILIBRIUM
CHARACTERISTICS OF MATERIALS

2.3.1 INTERPRETATION OF THE EQUILIBRIUM MOISTURE

CONTENT OF MATERIALS

A significant part of materials contains a multitude of

capillaries, micropores and macropores, and cells and

micelles of various dimensions and shapes. In these

materials the potential sites of moisture are deter-

mined by structural buildup.

The moisture-binding properties of materials are

affected by their interior structural buildup. Thus,

the equilibrium characteristics determined by meas-

urement may be applied only to structural mater-

ials strictly identical with the material used for the

measurement.

Although the materials may approximate the

equilibrium moisture content either by moisture up-

take (adsorption) or by drying (desorption), the value

of equilibrium vapor pressure generally depends, for

capillary-porous materials, upon the direction of the

approximation of the equilibrium moisture content.

This phenomenon is known as sorption hysteresis. For

this reason it is necessary to distinguish adsorption

equilibrium moisture from desorption equilibrium

moisture.

The equilibrium moisture content is developed as

a result of an interaction between the material and the

environment: �XX* ¼ �XX*( pv,T ). Changes in the mois-

ture content of the material are due to conditions

(pv, T ) prevailing on the surface of the material.

After a sufficiently long time—with steady-state

limit conditions—an internal moisture diffusion bal-

ance takes place until the equilibrium moisture con-

tent is attained. In an equilibrium state a steady

internal moisture distribution exists. Although theor-

etically an infinite time is needed for its formation, a

practically acceptable accurate approximation may be

attained by a number of procedures and methods

with a finite time.

2.3.2 INTERPRETATION OF THE EQUILIBRIUM

VAPOR PRESSURE

The vapor pressure at which a material of a given �XX
moisture content is at a given temperature T is a

sorption equilibrium (i.e., it does not lose and does

not take up any moisture) is the equilibrium vapor

pressure pv* ¼ pv*(T )�XX.

Generally, in drying, a knowledge of the equilib-

rium vapor pressure at a constant temperature is

needed. Thus, since when T is constant pv* is con-

stant, the equilibrium relative vapor content was



applie d in dr ying as a ch aracteris tic of the vapo r

pressur e:

c ¼ pv

p�ov

(2 : 1)

2.3.3 C HARACTERISTIC FUNCTIONS OF S ORPTION

E QUILIBRIUM

Since the functi on �XX * ¼ �XX *(T , pv) express es sorption

equilibrium , sorption isotherms �XX * ¼ �XX * (pv) T , sorp-

tion isobar s �XX * ¼ �XX *(T )pv
, an d sorption isost eres

pv ¼ pv( T )X * are ap plied to dr ying. Since so rption

isotherms are mo st frequent ly app lied, the method of

their determ ination is de alt with he re. Sorpti on

isotherms are de termined from poin t to point:

�XX �1 ( C 1 ) T , 
�XX �2 ( C 2 ) T . . . �XX �n ( C n ) T

Each pair of values determini ng a ‘‘poi nt’’ is in ge n-

eral the result of a measur ement .

The elemen ts of this measur ement are as foll ows:
� 20
1. Present ation of the pair of values to be meas-

ured on the co ndition that T is constant

2. Measurem ent of the value of pv and c during the

measuremen t or at the end of the measur ement

3. At the en d of the measur ement the determ in-

ation of e quilibrium mo isture co ntent �XX * of the

sample of material
y = pv
p*ov
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FIGURE 2.1 Partial pressures of water vapor developed

with the use of solutions of sulfuric acid.
W idespre ad methods of measur ement in practice

differ from each other de cisively in the present ation of

pv and c with respect to �XX *. Techniqu es of determ in-

ing the moisture content of wet gases are descri bed in

detail in Secti on 2.2. 2 an d those of the mate rials a re

describ ed in Sectio n 2.2. 1. In general, two main

methods of developing the pair of values to bemeasured

are applied.

2.3.3.1 Measuring Techniques Carried Out

at a Constant Vapor Pressure

During measurement, pv and c are kept at a constant

value until the moisture �XX of the material sample

attains the constant equilibrium value of �XX*. Practic-

ally, the sample is dried to equilibrium by means of a

gas held at a constant state.

2.3.3.2 Measuring Techniques Based on

Developing an Equilibrium Vapor Pressure

Equilibrium vapor pressure is developed by measure-

ment of the material sample itself, and measurement
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is continued until the values of pv and c become

constant in the measuring space. In preparing a dry-

ing (desorption) isotherm, the source of moisture

serves as the sample.

2.3.4 MEASURING TECHNIQUES AT CONSTANT

VAPOR PRESSURE

The gravimetric, the bithermal, and the method based

on the interpolation of weight changes are the best

known, but of these the gravimetric method is the

most widespread. This method is described here in

detail; references are provided for the others

[8–10,29]. Constant vapor pressure is maintained by

means of an acid or salt solution of a specified con-

centration. It is known that the moisture content of

wet air, in equilibrium with an acid or salt solution of

known concentration, is constant at a given tempera-

ture. Partial pressures of water vapor developed with

the use of solutions of sulfuric acid can be deter-

mined, as shown in Figure 2.1. The relative vapor

pressure above an aqueous solution of sulfuric acid

as a function of concentration and temperature can

be calculated by the correlation [2]

log
pv

p�ov

¼ a1 �
a2

T

� �
þ 1

log p*
ov

(2:2)

where values for constants a1 and a2 are given in

Table 2.1. The term pov* in correlation Equation 2.2



TABLE 2.1
Values of a1 and a2 against H2SO4 Concentration C

C (%) a1 a2 C (%) a1 a2

10 8.925 2259 60 8.841 2457

20 8.922 2268 70 9.032 2688

30 8.864 2271 80 9.293 3040

40 8.84 2299 90 9.265 3390

50 8.832 2357 95 9.79 3888

TABLE 2.2
Saturation Vapor Pressure of Water Referred
to the Given Temperature

Temperature (T ) Pressure

(P �10�4)

(Pa)

Temperature (T ) Pressure

(P �10�4)

(Pa)8C K 8C K

0 273.15 0.061076 51 324.15 1.296047

1 274.15 0.065656 52 325.15 1.361163

3 276.15 0.075747 53 326.15 1.429221

4 277.15 0.081287 54 327.15 1.500123

5 278.15 0.008891 55 328.15 1.573967

6 279.15 0.093477 56 329.15 1.650950

7 280.15 0.100126 57 330.15 1.731168

8 281.15 0.107206 58 331.15 1.814623

9 282.15 0.114728 59 332.15 1.901509

10 283.15 0.122711 60 333.15 1.991731

11 284.15 0.131174 61 334.15 2.085874

12 285.15 0.140157 62 335.15 2.183941

13 286.15 0.149669 63 336.16 2.284949

14 287.15 0.159741 64 337.15 2.390861

15 288.15 0.170410 65 338.15 2.500696

16 289.15 0.181698 66 339.15 2.614453

17 290.15 0.193642 67 340.15 2.733113

18 291.15 0.206234 68 341.15 2.855696

19 292.15 0.219571 69 342.15 2.984164

20 293.15 0.233692 70 343.15 3.116553

21 294.15 0.248599 71 344.15 3.252846

22 295.15 0.264289 72 345.15 3.396043

23 296.15 0.280764 73 346.15 3.543134

24 297.15 0.298220 74 347.15 3.696126

25 298.15 0.316657 75 348.15 3.854994

26 299.15 0.335976 76 349.15 4.018765

27 300.15 0.356374 77 350.15 4.189401

28 301.15 0.377850 78 351.15 4.364940

29 302.15 0.400406 79 352.15 4.547344

30 303.15 0.424138 80 353.15 4.735631

31 304.15 0.449145 81 354.15 4.930784

32 305.15 0.375328 82 355.15 5.132801

33 306.15 0.502885 83 356.15 5.341682

34 307.15 0.531815 84 357.15 5.557429

35 308.15 0.562215 85 358.15 5.780040

36 309.15 0.593989 86 359.15 6.010496

37 310.15 0.627429 87 360.15 6.248797

38 311.15 0.662439 88 361.15 6.494944

39 312.15 0.669116 89 362.15 6.748937

40 313.15 0.737460 90 363.15 7.010774

41 314.15 0.777765 91 364.15 7.280457

42 315.15 0.819836 92 365.15 7.560927

43 316.15 0.863868 93 366.15 7.849243

44 317.15 0.909959 94 367.15 8.146384

45 318.15 0.958208 95 368.15 8.452352

46 319.15 1.008516 96 369.15 8.769106

47 320.15 1.061178 97 370.15 9.094687

48 321.15 1.116193 98 371.15 9.430075

49 322.15 1.173562 99 372.15 9.778211

50 323.15 1.233480 100 373.15 10.13223
is the satur ation vap or pressure of water refer red to

the given tempe ratur e (Ta ble 2.2) .

The relative eq uilibrium vap or pressur es devel-

oped abo ve satur ated salt solution s are summ arized

in Tabl e 2 .3 [2,11,12] .

W ith the gravimet ric method a closed measur ing

space must exist in the therm ostat so that a constant

vapor pressur e is formed and maint ained in the man-

ner alrea dy descri bed. The equ ilibrium moisture co n-

tent of the sampl e placed in the equilibrium airspace

serves as a source for one point of the isoth erm.

The static and the dynamic methods have become

widespread; their names indicate a stagnant volume of

air in the measuring space and airflow, respectively. The

static measuring arrangement is shown in Figure 2.2,

and that of a dynamic system is shown in Figure 2.3.

A varia nt of the dy namic method may be, for

exampl e, an air con ditioner of high accuracy that

maintains the con stant state of a sample placed in

the airflow, whi ch is kept at given T and c v alues

[13]. Devel opment of the equilib rium moisture co n-

tent of the mate rial is atta ined when the weight of the

sample be comes constant . Thi s may be c hecked by

gravimet ric measur ement s.

The sorpti on eq uilibrium of the syst em material -

air-solut ion in princi ple is atta ined only after an in-

finite time. Howeve r, the con stant weigh t is observed

after a finite time.

The measur ement period of the static method is,

particu larly with high c values , very long (seve ral

hundre d hours). Thus this method cann ot be ap plied

to perish able materials even when the thickne ss d of

the mate rial sample is small and its specific surface

area is high. The mass of the sampl e canno t be sig-

nificant ly decreas ed be cause of the ha zard of increa s-

ing the relative error of measur ement originati ng in

the inaccu racy of the weight measu rement.

W ith ch ange in the moisture con tent of the sample

during investiga tion the concen tration of the solution

is also altered , as are pv and c. This chan ge is negli gible

when the mass of the solution is higher by at least two

orders of magni tude than the mass of the sampl e.

But even in this case it is advisable to repeatedly
� 2006 by Taylor & Francis Group, LLC.



TABLE 2.3
Relative Equilibrium Vapor Pressures Developed above Saturated Salt Solutions

Salt T (8C) C ¼ pv

p�ov

Salt T (8C) C ¼ pv

p�ov

BaCl2�2H2O 24.5 0.88 KI 100 0.562

CaCl2�6H2O 2 0.398 K2S 100 0.562

10 0.38 KNO2 20 0.45

18.5 0.35 LiCl�H2O 20 0.15

20.0 0.323 73.06 0.112

24.5 0.31 88.96 0.0994

CaHPO4�H2O 22.8 0.952 LiSO4 24.7 0.865

30.1 0.94 MgCl2 41.7 0.33

39.0 0.954 50.8 0.311

Ca(NO3)2�4H2O 18.5 0.56 62.3 0.301

24.5 0.51 79.5 0.287

CaSO4�5H2O 20 0.98 Mg(C2H3O2) 2�4H2O 20 0.65

CdBR2 24 0.896 Mg(NO3)2�6H2O 18.5 0.56

31.6 0.857 24.5 0.52

41.5 0.835 33.9 0.505

CdSO4 23.9 0.906 42.6 0.472

31.4 0.865 54.8 0.428

CuCl2�2H2O 28.9 0.67 76.3 0.3275

36.1 0.669 MgSO4 30 0.942

CuSO4 22.6 0.974 40.8 0.865

29.5 0.97 55.1 0.843

38.7 0.964 95.4 0.776

91.74 0.888 NH4Cl 20.0 0.792

CH4N2O 26.6 0.77 25.0 0.793

34.8 0.719 30.0 0.795

46.1 0.658 NH4Cl þ KNO3 20 0.726

C4H6O6 24.25 0.877 25 0.716

32.43 0.818 30 0.686

43.27 0.760 NH4H2PO4 20 0.931

CrO3 20 0.35 25 0.93

H2C2O4�2H2O 20 0.76 30 0.929

H3PO5�5H2O 24.5 0.09 40 0.9048

KCl 24.5 0.866 (NH4)2SO4 25 0.811

32.3 0.825 30 0.811

41.8 0.833 108.2 0.75

55.4 0.832 NH4Br 95.6 0.772

95.5 0.773 NH4NO3 28 0.706

KBr 20 0.84 42 0.488

10 0.692 52.9 0.469

KC2H3O2 168.0 0.13 76 0.332

20 0.20 0.229

K2CO3�2H2O 18.5 0.44 NaBr 100

24.5 0.43 NaBr�2H2O 20 0.58

KCNS 20 0.47 NaBrO3 20 0.92

K2CrO4 20 0.88 NaC2H3O2�H2O 20 0.76

KF 100 0.229 NaCl 26.82 0.758

K2HPO4 20 0.92 34.2 0.743

KHSO4 20 0.86 96.8 0.738

NaCl þ KClO3 16.4 0.366

NaCl þ KNO3 16.4 0.326 Na4P2O7 22.6 0.973

NaCl þ KNO3 þ NaNO3 16.4 0.305 Na2SO3�7H2 O 20 0.95

23.5 0.9215

NaC2H3O2� 3H2O 20 0.76 30.9 0.894
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TABLE 2.3 (continued)
Relative Equilibrium Vapor Pressures Developed above Saturated Salt Solutions

Salt T (8C) C ¼ pv

p�ov

Salt T (8C) C ¼ pv

p�ov

Na2CO3�10H2O 18.5 0.92 40.8 0.867

24.5 0.87 55.4 0.83

NaClO3 20 0.75 94.9 0.785

100 0.54 Na2S2O3�5H2O 20 0.93

Na2Cr2O7�2H2O 20 0.52 Na2SO4�10H2O 20 0.93

NaF 100 0.966 31.3 0.8746

Na2HPO4�2H2O 20 0.95 Pb(NO3) 2 20 0.98

NaHSO4�2H2O 20 0.52 103.5 0.884

NaI 100 0.504 TICI 100.1 0.997

NaNO2 20 0.66 TI2SO4 104.7 0.848

NaNO3 27.4 0.7295 ZuCl2�12H2O 20 0.10

35.1 0.708 Zu(NO3)2�6H2O 20 0.42

59.0 0.702 ZuSO4� 5 0.947

102.0 0.654 ZuSO4�7H2O 20 0.90
determine the concentration of the solution when

weight constancy is achieved.

With the dynamic method of measurement the

period of measurement is significantly shorter because

over the course of evaporation the material transfer

resistance decreases to a greater extent. According to

the suggestion of Likov [2] the optimum rinsing rate

of the measuring space is 0.2–0.3 � 10�4 (m3/s).

The gravimetric method is simple and yields reli-

able results. There are also fully automated measuring

systems [14] provided with computerized evaluation

possibilities [15].

2.3.5 MEASURING TECHNIQUES BASED ON DEVELOPING

AN EQUILIBRIUM VAPOR PRESSURE

The sample of a wet material placed in a closed meas-

uring space adjusts, and after a sufficiently long
1

3 2

4

FIGURE 2.2 The measuring arrangement of a static

method: (1) sulfuric acid or salt solutions, (2) sample, (3)

measuring place, (4) thermostat.
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period, the vapor pressure of the space reaches equi-

librium with the moist solid. If the change of moisture

content of the solid is to be negligible, the moisture in

the sample must be higher by at least three orders of

magnitude than the amount of water required for

saturation of the space. The saturation of the meas-

uring space practically takes place at a constant moist

solid vapor pressure, and the time required to attain

equilibrium can be fairly long, with knowledge of the

air mass present in the measuring space, the evapor-

ation surface of the material sample, and the aver-

age evaporation coefficient [8]. For this measurement

determination of the partial pressure and of the rela-

tive vapor content of the space are of fundamental

importance.
1

3 2

4

Experimental techniques

FIGURE 2.3 Schematic diagram of gravimetric dynamic

system: (1) bubbling recipient with sulfuric acid or salt

solution, (2) sample, (3) air pump, (4) thermostat.
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FIGURE 2.4 Schematic diagram of the arrangement based

on measuring the wet bulb temperature: (1) sample, (2)

measuring chamber, (3) foil ballon, (4) dashpot, (5) air

pump, (6) paddle wheel with magnetic clutch, (7) motor, (8)

thermometer, (9) wet bulb thermometer, (10) thermostat.
Vapor pressur e can be measur ed by manomet er

on freez ing out the wat er vapor. Aft er inser tion of the

material sampl e, the measur ing space is evacuat ed at

constant tempe ratur e. The pressur e value can be read

on an accurate micromano meter. The measur ing space

is remove d from the therm ostat, water vapo r is frozen

out, and the manomet er is read again. The difference

between the two values read on the mano meter is eq ual

to the e quilibrium vapor pressur e of the material.

If the medium in the measur ing space is allowed to

flow, the measuremen t will be lowered since the coef-

ficient of evap oration increa ses. However, care must

be taken dur ing measur ement to maint ain the mass

flow of the flowin g air at a constant va lue.

The essence of the isot onic method [16] is that

solution s of acids or salts of various co ncentra tion

are placed in the c losed space, where the mass of these

solution s is negligible in co mparison wi th the mass of

the material sampl e, togeth er wi th the mate rial sam-

ple itself. Thes e solutions act as sources of ab sorbent s

of mois ture, respect ivel y, from the material sampl e.

At a g iven tempe ratur e over the course of measur e-

ment their composi tion approach es equilibrium co n-

centra tion of the solut ion, corresp onding to the

equilibrium pressur e.

In a method utilizing the deliques cence of crystal-

line salt s, the salt cryst als de liquesce in a space wi th a

vapor pressur e that exceeds the vapor pressur e of

their satur ated solut ion. In this way it is possibl e to

draw from their state co nclusion s abou t whether the

vapor pressur e of the measur ing space is actually

below or above the lim it value. The dr y bulb tempe ra-

ture and the de w point tempe ratur e of air determ ine

the state of air present in the measur ing space

and also the partial pressur es. The method ba sed on

this co nsists essent ially of measur ing the de w poin t of

the air. The measuremen t of the equ ilibrium vapo r

tension of the air can be carri ed out by means of

hygroscopi c cell.

The state of the air is une quivocal ly determined by

the dry and wet bulb temperatur es of the air.

Methods based on the measur ement of the wet bulb

thermo meter apply this princi ple. Figure 2.4 present s

the pr inciple of the measur ing equipment of a method

of this type.
2.4 TECHNIQUES AND EQUIPMENT OF THE
INVESTIGATION OF DRYING KINETICS

In drying, the heat trans fer coeffici ent h and the mass

transfer co efficien t K between the drying gas and the

wet material, the heat diffusiv ity kh and mois ture

(mass) diffusiv ity km coeffici ents, and the therm al

condu ctivity lh and moisture conductiv ity lm
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coeffici ents are the parame ters of inter est. Alt hough

severa l methods are employ ed for the determ ination

of these parame ters , he re only the techniq ues and

equipment s that a llow their determ ination via a dry-

ing exp eriment will be descri bed.

Fr om the simpler drying exp eriments a fair

amount of data may be obtaine d on the basis of

which—in fractional drying— conclusi ons can be

drawn co ncerning the tim e requ ired for the pre scribed

change in mois ture content an d the trans port charac-

teristics listed above.

W hen the heat an d mass diff usivity pro perties of

the drying mate rial are also need ed, a techni que of

investiga tion and measur ement is ap plied su ch that

the distribut ion of tempe rature and moisture co ntent

can also be measur ed during drying, along with the

thickne ss of the dried mate rial. Wh en, howeve r, dur -

ing investigation, the above-mentioned distributions

are not measured and only the integral-average

moisture content of the dried material and eventually

the temperature of the drying surface (or the average

temperature) are measured, the model used to

analyze the data is the so-called ‘‘lumped parameter’’

type as opposed to the ‘‘distributed parameter’’ model

applied when local values are measured.
2.4.1 DESCRIPTION OF THE MEASURING EQUIPMENT

Experimental measuring equipment developed for

drying by con vection is shown in Figure 2.5. The

equipment is in fact a controlled climate air duct.

The wet material is placed on a balance in the meas-

uring space. The temperature and moisture content of
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Fan

Electric heater
Balance

Meas. orifice

FIGURE 2.5 Drying apparatus.
the drying air is measur ed by wet and dry bulb ther-

momet ers. Othe r online hum idity measur ing devices

may be us ed for conven ience.

The flow rate can be determined by means of an

orifice meter. Pr ior to beginni ng the measur ement , the

fan is started and the de sired airflow adjusted by a

throttle valve; the temperatur e and mois ture co ntent

of the a ir are control led by means of a n electric heater

and a steam valve. In the next section the de velop-

ment of an adequate value of flow rate may be en-

sured by means of screens . The time-va rying mass of

the sample to be dried is measured continuous ly and

recorded.
2.4.2 DRYING EXPERIMENTS (LUMPED A PPROACH )

To de termine the drying rate, the mass of a sample

placed in the airflow (constan t tempe rature, humid-

ity, and veloci ty) must be measured as a functi on of

time. In ord er to obtain resul ts that can be ap plied

for scale -up, the follo wing aspec ts mu st be taken

into acco unt: the sample must not be too smal l and

the conditio ns of drying must if possible be iden-

tical to the con ditions anticipat ed in the indu strial

unit [1,1 7]:
� 20
1. The sample must be placed in a sim ilar way in

the laborat ory unit.

2. The ratios of the drying surface to the nondr y-

ing surfa ce must be identica l.

3. The cond itions of heat trans fer by radiation

must be simila r.
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4. The tempe rature an d the mois ture content of

air (drying gas) and its velocity and direction

must be identical with respect to the sample.
It is practical to carry out several experiments with

material samples of various thicknesses and to deter-

mine in every case the dry matter content of the

sample in the way describ ed in Secti on 2.2.

When the temperature, moisture content, and vel-

ocity of the drying air are constant, drying takes place

under constant drying conditions. This way of drying

is ensured by the equipment sketched in Figure 2.5.

Since the wet mass is

mSW �mW þmS (2:3)

and the moisture content is

X ¼ mW

mS

(2:4)

thus

mSW

mS

¼ 1þ X

That is,

X ¼ mSW �mS

mS

(2:5)

These correlations indicate that, with a knowledge of

the drying wet mass as a function of time [msw ¼
msw(t )] and of the bone-dry mass of the sample, it is
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FIGURE 2.7 Drying rate curve.
possibl e to plot the moisture content of the sampl e as

a function of time (Figur e 2.6) .

This curve can be directly applied for the determin-

ation of time of drying greater masses to a prescribed

lower moisture content, provided the drying is carried

out under identical conditions. However, better infor-

mation is obtained when, on the basis of Figure 2.6,

the drying rate is plotted against the moisture content

of the material. The drying rate is defined by

NW ¼ �
1

As

dmSW

d t
¼ mS

As

dX

dt
(2 : 6)

In Equat ion 2.6, As denotes the con tact surface of the

drying gas and the dried mate rial, and a cross section

perpend icular to the airflow in throu gh circula tion

drying.

Accor ding to Equation 2.6, with the knowl edge of

the weight loss cu rve we can plot Figure 2.7, which

repres ents the drying rate. If the drying rate is known

under one set of constant drying conditio ns, it can be

extrap olated within limits to other con ditions [17] .

Figure 2.8 sho ws the variation of drying surface tem-

peratur e with time whereas Figure 2.9 summ arizes the

charact eristic parame ters of the drying pr ocess.

The determ ination of transport coefficients by a

drying experiment is achieved as follows. During con-

stant rate drying, the temperature of the drying sur-

face is, in a purely convective drying, the so-called wet

bulb temperature. With this value, the steady-state

heat flux is

jq ¼ h(TG � TW) (2:7)
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FIGURE 2.6 Batch, convection drying curve.
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where jq can also be calculated using the constant

drying rate

jq ¼ NWcDH (2:8)

Thus,

h ¼ NWc

DH

TG � TW

� �  

(2 : 9)

In terms of the mass trans fer coeffici ent,

N Wc ¼ K (Y W � YG ) (2: 10)

where YW is the moisture content of the saturated air

at temperature TW, the coefficient of evaporation

(mass transfer) is therefore
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FIGURE 2.8 Temperature curves of a wet material at the

surface and the middle of the sample.
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K ¼ NWc

YW � Y G
(2 : 11)

The he at an d mass trans fer co efficien ts on the gas

side, charact erizing the steady stat e, may be consid-

ered constant dur ing the entir e drying pro cess, unde r

constant drying condition s. Duri ng the falling rate

period, the process is signi ficantly affected by the

interna l heat and moisture diffusiv ities. Ther efore,

determ ination of these coeffici ents is also necessa ry.

It may be noted here that the trans port coeffici ents on

the gas side also cha nge during this period owing to

the continuous decreas e in vapor diffu sivity of the

material in the surface layer [18] .

2.4.3 T ECHNIQUES OF I NVESTIGATION WITH

DISTRIBUTED PARAMETERS

In the initial constant rate drying period, a knowl edge

of the he at diff usivity and heat cond uctivity coeffi-

cients of the wet material is necessa ry becau se they are

the controlling factors for heat trans port within the

material . In this secti on of drying it is pre sumed that

the pores of the wet mate rial are saturated by mois -

ture. Conse quently , the above-m entione d charact er-

istics of a he terogen eous material consis ting of a solid

skeleto n and, within this, a capil lary syst em (filled
� 2006 by Taylor & Francis Group, LLC.
with mois ture) of diversified sizes an d shapes must

be determined .

2.4.3.1 Det erminat ion of the Therma l

Conduct ivity and Diffusi vity

of Wet Materia ls

The method for drying a plane slab is descri bed, but a

simila r method may also be developed for bodies of

other g eometric shapes [2,8,30].

Duri ng drying of wet capillary- porous slabs, when

only surfa ce mois ture is remove d and the value of the

so-called phase-c hange criteri on « is zero—t hat is, no

evaporat ion takes place within the mate rial itself— the

developm ent of the tempe ratur e of the wet material at

the surfa ce and in the plane of symm etry can be

determined an alytically [8,19].

Usi ng an apparat us of the type shown in Figure 2.5,

the surfa ce tempe ratur e Ts and the slab midpl ane

tempe rature Tz are mon itored in additio n to the

change in weight of the sampl e. In the initial trans ient

period, surface temperatur e varia tion is plotted as a

function of the corresponding temperatures at the

midplan e (Figur e 2.10). Figu re 2.11 shows a plot of

the logarithm of the absolute difference between Ts

and Tz versus time. Except at very short times, the

curve is linear as expected from the analytical solution

of transient one-dimensional diffusion of mass or heat.

The surface temperature is expressed by the

function [20]

Ts � TW

T0 � TW

¼
Xk¼1
k¼1

2
sin dk cos dk

dk þ sin dk cos dk

� �
exp (� d2

kFo)

(2:12)
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and the tempe rature of the center of the slab by the

functio n

Tz � T W

T0 � T W
¼
Xk¼1
k ¼ 1

2
sin dk

dk þ sin dk cos dk

� �
exp (�d2

k Fo)

(2 : 13)

where the eigenva lues dk are roots of the trans cend ent

equati on

ctg dk ¼
k

Bihm

(2 : 14)

In the above equati ons the Biot and Four ier num bers

are

Bihm ¼
h

l 
Z

�
1 þ hm

h

�
(2 : 15)

and

Fo ¼ kr

Z 2 
(2 : 16)

The coeffici ent hm in Equation 2.15 is given by

hm ¼ D HKS � (2 :  17)

where

S � ¼ YW � Y G

TW � Td

ffi Ys � Y G

Ts � Td

¼ con stant (2 : 18)

is the equati on of the eq uilibrium curve, consider ed a

straight line. It appe ars from Equation 2.12 and Equa-

tion 2.13 that afte r certa in time (Fourie r num ber)
� 2006 by Taylor & Francis Group, LLC.
only the first term of the series is pred ominant .

Neglecti ng further term s we obta in

TZ � TW

Ts � TW

¼ dTZ

dTs

¼ 1

co s d1

(2 : 19)

and

d[ ln(Ts � Tz ) ]

dt
¼ � d2

1 kh

Z 2 
(2 : 20)

In Equat ion 2 .19, dl is an eigenva lue, with whi ch

the therm al diffusiv ity kh can be determined from

Equation 2.20.

The fun ction Tz ( Ts ) shown in Figure 2.10 beco mes

nonlinear after a certain time, when the sup erficial

moisture disappea rs. How ever, on length ening the

straight section, the point of inter section of unit steep-

ness (45 8 ), star ting from the origin, indica tes the limit -

ing tempe ratur e TW that the tempe ratur e of

the mate rial app roaches, over the c ourse of drying

of the surfa ce mo isture.

Kno wing k, the therm al con ductivity coefficien t

l of the wet material can be calculated from Equation

2.21 when cSW, the specific heat of the wet material ,

and �rrOs , the de nsity of the dry material , are known:

k ¼ l

�rrOs c SW

(2 : 21)

In a n examp le of the determ ination of the therm al

diffusiv ity and thermal c onductiv ity, the wet mate rial

is a suspensi on of water and powder ed c halk.

Its charact eristics are g iven as T0 ¼ 14.3 8 C, Z ¼
40 mm ¼ 4 � 10 �2 m, cSW ¼ 2.51 kJ /kg 8 C, and

pOs ¼ 1500 kg/m 3. The drying g as is air. Its charac-

teristics are TG ¼ 52.5 8 C, Td ¼ 10.8 8 C, P ¼ 1 bar,

and cPG ¼ 1.05 kJ/kg 8 C. Valu es of tempe ratures

observed during drying are given in Fi gure 2.12.

TW extra polate d from Figure 2.12 is TW ¼ 25.28 C.

Accor ding to Equat ion 2.19,

d Tz

dTs

¼ 1

cos d1

¼ Tz81 0 � Tz24 0

Ts81 0 � Ts24 0
¼ 20 : 73 � 16 : 13

24 : 18 � 23 : 17 
¼ 4: 55

where

cos d1 ¼ 0:22

that is, the first eigenva lue is d1 ¼ 1.35.

Figu re 2.13 sho ws the logarithm of the difference

between the temperatures at the surface and in the
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center plane plott ed agains t time. Usi ng the data of

Figure 2.13, it follows accordi ng to Equation 2.20

that

�d[ ln ( Ts � Tz )]

dt
¼ d2

1

Z 2

¼ ln ( Ts24 0 � T z24 0 ) � ln ( Ts81 0 � T z81 0  )

81 � 24

¼ 0: 7551 =h

Thus the heat diff usivity of the given wet material is

¼ l

cSW �rrOs

¼ 0: 755
Z 2

d2
1

¼ 0:755
16 � 10 � 4

1: 35 2

¼ 0: 655 � 10 � 3 m 2 =h
0
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FIGURE 2.13 Experimental log(Ts � Tz) — t functions for

suspension of water and powdered chalk.
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and the thermal condu ctivity is

l ¼ cSW �rrOs ¼ (0 :655 � 10 � 3 )(2: 51)(1500 )

¼ 2:47 kJ =m h � C

2.4.3.2 Det erminat ion of the Mass Diffusi vity

and Mois ture Condu ctivity Coeffi cient

of Wet Materia ls

The mass diffusiv ity co efficient can be determined

from the drying cu rve alrea dy discus sed. It has been

shown for dry ing of a plane slab [20], that in the

falling rate period of drying as the equilib rium mois -

ture content is approached , the time rate of change to

the weight of the slab as a function of its weight is a

linear function, given by

�(dm=dr)

m�m�
¼ n2

1

m

Z2
¼ n2

1

lm

cm�rrOsZ
2

(2:22)

The eigenvalue v1 in Equation 2.22 is defined by

ctg n1 ¼
n1

Bim
¼ n1lm

S��KZcm

(2:23)

where S** in Equation 2.23 is given by

S�� ¼ PVs � PVW

Xs � XW

(2:24)

therefore the slope of the sorption isotherm (assuming

that the isotherms are not strongly dependent on

temperature).

On the basis of Equation 2.22 and Equation 2.23,

we obtain

v1 ctg v1 ¼
(�dm=dt)�rrOsZ

(m�m�)KS��
(2:25)

The right side of Equation 2.25 contains known data

when the weight of the wet material is measured as a

function of time and when we have already deter-

mined, according to the previous section, the mass

transfer coefficient K from data obtained in the con-

stant rate drying period. The first eigenvalue can be

determined numerically (by trial and error or by iter-

ation) from the transcendental equation. (The value

of the v ranges between 0 and p, Ref. [2].) The mass

diffusivity coefficient km can be calculated directly

from Equation 2.22 if n1 is known. When the moisture

capacity coefficient cm is determined separately [2,19],

then the moisture conductivity coefficient lm can also

be determined from Equation 2.23.
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2.4.3.3 Determination of the Thermal

Conductivity and Effective Diffusivity

Coefficient of the Dry Material

In the course of drying of macroporous and capillary-

porous materials—in the falling rate period of

drying—the moisture from the pores of the material

is removed, and an evaporation front penetrates from

the surface of the material into the interior. At a given

time the primarily wet material can be divided into

two parts separated by an evaporation front: a part

already dried and a part that is still wet. The moisture

evaporated at the plane of phase change must pass

through the pores of the already dried layer in order

to leave the material. At the same time the heat re-

quired for drying has to pass through the already

dried layer to carry out the evaporation. This model

of drying is known as the penetrating or receding front

model and is described in the literature [2,4,21,22].

Besides drying with a penetrating front, other dry-

ing phenomena also occur in which, in the course of

the drying, development of a layer inhibits the drying

process (in drying two-layer materials, such as salami

varieties, seeds coated with an earth layer, and so on).

The mathematical model of the drying process of such

two-layer materials of constant thickness is described

in detail in the literature [23,24]. For a description of

drying by convection of double-layer materials, in the

drying section with a penetrating front, and also

of the macroporous and capillary-porous bodies—

besides the material characteristics and transport

coefficients—knowledge of the thermal diffusivity of

the dry layer and the effective diffusivity coefficient

value is also necessary. When the mean free path of the

molecules removed is shorter than the characteristic

dimension of the capillary, the vapor diffusion process

through the pores of the dry layer is the so-called

molecular diffusion process. However, the length of

the diffusion path and the cross section available for

vapor flow may change the direction of the diffusion.

For this case, Krischer and Kröll [25] defined an

effective diffusivity coefficient

Da ¼
DVG

mD

(2:26)

where DVG is the conventional diffusivity of the vapor

in free air and mD is the coefficient of resistance due to

diffusion. Determination of the effective diffusivity

coefficient by diffusion experiments is widely known

in the literature [2,19]. Since these experimental meas-

urements are relatively complex, we describe here the

determination of this coefficient by means of a simple

series of drying experiments. For drying double layers

the rate of drying can be defined as [22]
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jm ¼ KG(pvj � pVG) (2:27)

where

KG ¼
1

1=kGMV þ j(RT=DaMV)
(2:28)

is the overall mass transfer coefficient, pVG the partial

pressure of vapor of the bulk gas phase, and pvj

the vapor pressure at the evaporation plane (see

Figure 2.14).

It can be shown that a steady state exists in which

the rate of drying is

jme ¼
1

1=kGMV þ j(RT=DaMV)
(pVje � pVG) (2:29)

where pVje is the equilibrium partial vapor pressure

corresponding to the equilibrium temperature of the

site evaporation front. The equilibrium temperature is

given by

Tje ¼
Td þ TG(KH=DHSKG)

1þ (KH=DHSKG)
(2:30)

In Equation 2.30,

S ¼ pVje � pVG

Tje � Td

(2:31)

and the overall heat transfer coefficient is

KH ¼
1

1=hþ j=l1

(2:32)



TABLE 2.4
Data Measur ed on the Stabilized State

No. Experiments j

Z

j

(mm)

jme 105

(kg/m2 s) 

Tj e

(8 C)

Td

(8 C) 

TG

(8 C)

1 0.2 4 8.14 40.0 10.0 48.0

2 0.3 6 6.44 40.9 6.5 48.6

3 0.5 10 4.53 41.9 11.5 48.0

4 0.7 14 3.25 42.0 12.0 47.2

5 0.8 16 3.11 42.2 11.5 47.7
On rearr anging Equat ion 2.29, we obtain

PVj e � PVG

jme

¼ 1

kG M V
þ j

RT

Da M V
(2 : 33)

Equation 2.33 can be used as the basis for determ in-

ing Da if the mass trans fer coeffici ent kG is know n.

Other necessa ry parame ters are measura ble from the

weight loss curve.

For the determinat ion of the therm al condu ctivity

of the dry layer , a steady stat e yiel ds

jqe ¼ jme DH (2 : 34)

or

KH ( TG � T j e ) ¼ j me DH (2 : 35)

Substi tuting KH given by Equat ion 2.32 into Equa-

tion 2.35 and rearr anging we obtain

TG � Tj e

DHjme

¼ 1

h 
þ j

1

lI

(2 : 36)

This eq uation can be used to de termine lI if all oth er

parame ter values are know n.

In an experi menta l apparat us utilizin g co nstant

(and known) drying conditi ons, chan ge in weight of
TABLE 2.5
Calcul ated Results (from Table 2.4)

No. Experiments j (mm) pvje (bar) pVG (ba

1 4 0.07374 0.01251

2 6 0.07889 0.00987

3 10 0.08317 0.01383

4 14 0.0836 0.01429

5 16 0.08449 0.01383
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the tw o-layer slab as wel l as the tempe ratur e of the

evaporat ion front must be measur ed as functi ons of

time. Appropr iate plots of Equation 2.33 an d Equa-

tion 2.36 using this data yield the effective an d ther-

mal co nductiv ity of the dry layer. An exampl e of the

determinat ion of the therm al co nductiv ity and effect-

ive diff usivity co efficien ts of dry layer s foll ows.

A two-layer slab consis ting of a sand layer a nd a

layer of gypsum is used in this ill ustration. Five dif-

ferent thickne sses of the sand layer wer e emp loyed.

The flow rate of the drying air was the same in all

experi ments. The measured data at steady state a re

summ arized in Table 2.4. Table 2.5 gives the calcu-

lated results using Equat ion 2.33 an d Equat ion 2.36.

Plots co rrespondi ng to Equation 2.33 and Equation

2.36 are pre sented in Figu re 2.15 an d Figu re 2.16. The

transfer co efficients are determined from the slopes of

the linea r regions of the c urves. The results are
r)

 

1

k G ¼ 5.56 � 10 �4 km ol/(m 2 bar s)

D a ¼ 9.1 � 10 �6 m 2/s

h ¼ 0.031 kJ/(m2 s K)

l1 ¼ 0.4 J/(m s K)
2.5 DRYING OF FIXED AND MOVING BEDS

In throug h circul ation fixed bed dryers and in mov ing

or su spended bed dryers (spouted beds, fluidized

beds, rotary dryers, and so on), the actual interfacial

area participating in heat and mass transfer is un-

known. For such cases it is appropriate to define

volumetric transfer coefficients for heat and mass

transfer, hV and Kv, respectively, as follows:

hV ¼ h
d As

dV 
� h

As

V 
(2 :37)

and 

Kv ¼ K
dAs

d V 
� K

As

V 
(2 :38)
pvj e � pvG

j me 

(bar�m2�s/kg)
TG � Tj e

DHj me 
( 8C �m2�s/kJ)

752.21 40.91

1071.72 47.2

1519.2 55.8

2131.2 66.75

2271.6 73.72
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FIGURE 2.15 Determination of the mass transfer coefficient and the effective diffusivity.
Here dAs and As are the different ial a nd total inter -

facial areas, respect ively , for heat and mass trans fer

wherea s d V and V are the co rrespondi ng different ial

and total bed volume s, respect ivel y.

2.5.1 DETERMINATION OF THE V OLUMETRIC

HEAT TRANSFER C OEFFICIENT

The method describe d here is for a plant-si ze, direct

rotary dryer althoug h the techni que is applic able to

other dryers of granula r media as wel l. In a plant

scale, effec ts of various parame ters cann ot be studied

in dep th as one could in a labo ratory or pilot -plant

size eq uipment. Hence, such data are not general ly

applic able.

Figu re 2.17 is a schema tic of the dryer employ ed

for this investiga tion. It co nsists of a cylin drical shell

(1 in Figure 2.17) covered with a heati ng jacket (2)
0
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FIGURE 2.16 Determination of the heat transfer coefficient an
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and fitted with an agitator (3) wi thin the shell. Heat

for dry ing can be supplied directly by hot air or

indirectl y by circula ting a heati ng fluid through the

jacket. In direct drying the drying air is he ated.

The stirrer carries out agitatio n and disi ntegra tion

of the dried grains drivi ng rings (4 in Figure 2.17) and

plates (5) are atta ched in a staggered fashi on on the

agitator in order to increa se the turbul ence of the

drying med ium and the residen ce tim e of the material

to be dried. The scraper -stirr er plate s (8), whic h stir

the mate rial a nd feed it into the flow of the drying gas,

are fast ened to these rings and plates, respect ively.

The material to be dried is fed through the hoppe r

(6) to the feeder (7). Exit air leaves through the dust

separator (9).

The parameters measured include flow rate of the

solids feed, mass flow rate of air, solids temperature at

entry and exit, and the humidity of the drying air
10 12 14 16 18 x (mm)

d the thermal conductivity.
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FIGURE 2.17 The contact-fluid dryer (see text for discussion).
entering and leaving the dryer. The volumetric heat

transfer coefficient can then be calculated from the

definition

QH ¼ hAsDTm (2:39)

where the average temperature difference for cocur-

rent flow is the logarithmic average value

DTm ¼ DTlog

¼ (TG in � TSW in)� (TG out � TSW out)

ln
TG in � TSW in

TG out � TSW out

(2:40)

Dividing both sides of Equation 2.39 by the empty

volume of the equipment V results in

QH

V
¼ h

As

V
DTm (2:41)

that is,

QH

V
¼ hVDTm (2:42)

The transfer rate is given by

QH ¼ GTcpG (TG in � TG out)

¼ LSWcSW (TSW out � TSW in) (2:43)
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On the basis of Equation 2.42 and Equation 2.43, the

volumetric heat transfer coefficient can also be deter-

mined as

hV ¼
GTcpG (TG in � TG out)

VDTlog

¼ LSWcSW (TSW out � TSW in)

VDTlog

(2:44)

In these experiments already dried granular material

must be used to produce a process of pure sensible

heat transfer.

For a direct-heated rotary dryer, the volumetric

heat transfer coefficient can be estimated from the

following empirical correlation

hV ¼ 2950nf0:173G0:9
0 (2:45)

where f is the fractional holdup (volume of granular

material as a fraction of the total volume of the

dryer), n is the rpm of the agitator, and G0 is the

mass flow rate of the drying air.
2.5.2 DETERMINATION OF THE HEAT AND MASS

TRANSFER COEFFICIENTS IN THROUGH

CIRCULATION DRYING

In general one needs only the volumetric heat

and mass transfer coefficients for design purposes.
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In some special cases (e.g., drying alfalfa plants), the

material to be dried may consist of a mixture of

materials with distinctly different characteristics (the

stems and the leaves in the case of alfalfa). The stems

have a well-defined smaller surface area whereas the

leaves have large areas which may, however, be cov-

ered, therefore not all areas are available for heat and

mass transfer. The drying rates are quite dissimilar for

the two components, therefore care must be exercised

in drying whole alfalfa plants. Refs. [26,27] give the

necessary details for the determination of the volu-

metric as well as real heat and mass transfer coeffi-

cients. These references give a methodology for

evaluation of the interfacial area for heat and mass

transfer on the basis of certain assumptions.

The volumetric mass and heat transfer coeffici-

ents can be determined simply from the definitions

(Equation 2.46 and Equation 2.47) for an adiabatic

operation. (See Ref. [28] for details.)

KV ¼
GT

AH

YG out � YG in

DYlog

(2:46)

and

hV ¼
GTcWG

AH

TG in � TG out

DTlog

(2:47)

where

DYlog ¼
(YW � YG in)� (YW � YG out)

ln
YW � YG in

YW � YG out

(2:48)

and

DTlog ¼
(TG in � TW)� (TG out � TW)

ln
TG in � TW

TG out � TW

(2:49)

Further parameters can be seen in Figure 2.18 and

Figure 2.19. When the saturation is nonadiabatic and
GT, YG + dYG

GT, YG

dFe

dms

Ys

Ts

TG

T YG

dH

FIGURE 2.18 Elementary part of alfalfa bed.
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the bed height is sufficiently small, it is evident

according to Ref. [28] that

1

Ts � TG

ffi 1

T s � TG

(2:50)

and

1

Ys � YG

� �
ffi 1

Y s � YG

(2:51)

The volumetric transport coefficients are in this case

KV(t) ¼ GT

ADH

DYG

Y s � YG

(2:52)

and

hV(t) ¼ GTcwG

ADH

DTG

T s � TG

(2:53)

In the above correlations,

DYG ¼ YG out � YG in (2:54)

and

DTG ¼ TG out � TG in (2:55)

T s can be calculated by iteration from the correlation

DYG

DTG

¼
MV

MG

p�
Ov

P
C(T s,X )� YG

T s � TG

(2:56)

and with T s known, Y s can also be determined:

Y s ¼
MV

MG

p�Ov(T s)

P
C(T s,X ) (2:57)



2.6 CONCLUSION

Simple experimental methods are discussed in this

chapter for determination of the key equilibrium

and heat and mass transfer parameters need in engin-

eering calculations for common dryers. The coverage

is by no means all-inclusive. The reader is referred to

the literature cited for details.
NOMENCLATURE

A surface, m2

Bi Biot number

cm moisture capacity, kg/kg

cSW specific heat capacity of wet material, J/(kg K)

Da effective diffusivity coefficient, m2/s

DVG molecular diffusivity coefficient between vapor

and gas, m2/s

Fo Fourier number

GT total gas flow rate, kg/s

G0 total gas flow, kg/(m2 s)

h heat transfer coefficient, W/(m2 K)

hm modified material transfer coefficient, Equation

2.17, W/(m2 K)

hv volumetric heat transfer coefficient, W/(m3 K)

DH sum of heat of evaporation plus heat of mois-

ture, J/kg

jm mass flow density, kg/(m2 s)

jq heat flow density, W/m2

kG mass transfer coefficient, kmol/(m2 s Pa)

K mass transfer coefficient, kg/(m2 s Pa)

KG overall mass transfer coefficient, kg/(m2 s Pa)

KH overall heat transfer coefficient, W/(m2 K)

KV volumetric mass transfer coefficient, kg/(m2 s)

LSW mass flow of wet material, kg/s

m mass, kg

n revolutions per minute, 1/s

NW drying rate, kg/(m2 s)

NWe constant drying rate, kg/(m2 s)

p partial pressure, Pa

po partial vapor pressure of pure component, Pa

Q heat rate, W

R gas constant, J/(kg K)

S slope of equilibrium curve defined by Equation

2.31, Pa/K

S* slope of equilibrium curve, per K

S** slope of equilibrium curve defined by Equation

2.24, Pa

T temperature, K

Tm average temperature, K

X moisture content of material, dry basis

Y moisture content of air, dry basis

Z half thickness of the plane, m

V volume, m3
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SUBSCRIPTS

d belonging to the dew point

e equilibrium value

G gas

h heat transfer

in entering

log logarithmic mean value

m mass transfer

0 initial value

out leaving

s surface

S solid

V vapor

W wet, wet bulb

Z in the symmetry plane of a plate

j at the border of the dry and wet layer

SUPERSCRIPTS

– average value

* equilibrium

GREEK SYMBOLS

d thickness, m

dk eigenvalue, defined by Equation 2.14

f fractional holdup of solids

« phase-change criterion

kh heat diffusivity, m2/s

km moisture diffusivity coefficient, m2/s

lh thermal conductivity, W/(m K)

lm moisture conductivity, kg/(ms K)

n eigenvalue, defined by Equation 2.23

c relative moisture content

mD diffusion-resistance coefficient

�rrOs bulk density of solids, kg/m3

t time, s, h

j thickness of dry zone, m

D symbol of difference
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 O. Krischer and K. Kröll, Trocknungstechnik, Springer,

Berlin, 1956.
26.
 L. Imre, I.L. Kiss, I. Környey, and K. Molnár, Drying

’80 (A.S. Mujumdar, Ed.), Hemisphere Publishing,

New York, 1980, p. 446.
27.
 L. Imre and K. Molnár, Proceedings of the Third Inter-

national Drying Symposium, Vol. 2 (I. C. Ashwort, Ed.),

Drying Research Ltd., Wolverhampton, 1982, p. 73.
28.
 K. Molnár and S. Szentgyörgyi, Period. Polytech.,

Mech. Eng., 28: 261 (1983).
29.
 L. Imre, Measuring and Automation (in Hungarian),

8–10: 302 (1963).
30.
 S. Szentgyörgyi, Advances in Drying (A.S. Mujumdar,

ed.), Hemisphere Publishing, Washington, 1987.



3 Basic Process Calculations
� 2006 by Taylor & Francis Grou
and Simulations in Drying
p

Zdzisław Pakowski and Arun S. Mujumdar
CONTENTS

3.1 Introduction ............................................................................................................................................. 54

3.2 Objectives ................................................................................................................................................. 54

3.3 Basic Classes of Models and Generic Dryer Types.................................................................................. 54

3.4 General Rules for a Dryer Model Formulation....................................................................................... 55

3.4.1 Mass and Energy Balances ........................................................................................................... 56

3.4.1.1 Mass Balances ................................................................................................................ 56

3.4.1.2 Energy balances.............................................................................................................. 56

3.4.2 Constitutive Equations ................................................................................................................. 57

3.4.2.1 Characteristic Drying Curve........................................................................................... 58

3.4.2.2 Kinetic Equation (e.g., Thin-Layer Equations) .............................................................. 58

3.4.3 Auxiliary Relationships ................................................................................................................ 59

3.4.3.1 Humid Gas Properties and Psychrometric Calculations ................................................ 59

3.4.3.2 Relations between Absolute Humidity, Relative Humidity,

Temperature, and Enthalpy of Humid Gas ................................................................... 60

3.4.3.3 Calculations Involving Dew-Point Temperature, Adiabatic-Saturation

Temperature, and Wet-Bulb Temperature ..................................................................... 60

3.4.3.4 Construction of Psychrometric Charts ........................................................................... 61

3.4.3.5 Wet Solid Properties....................................................................................................... 61

3.4.4 Property Databases....................................................................................................................... 62

3.5 General Remarks on Solving Models ...................................................................................................... 62

3.6 Basic Models of Dryers in Steady State................................................................................................... 62

3.6.1 Input–Output Models ................................................................................................................... 62

3.6.2 Distributed Parameter Models ..................................................................................................... 63

3.6.2.1 Cocurrent Flow .............................................................................................................. 63

3.6.2.2 Countercurrent Flow...................................................................................................... 64

3.6.2.3 Cross-Flow ..................................................................................................................... 65

3.7 Distributed Parameter Models for the Solid............................................................................................ 68

3.7.1 One-Dimensional Models ............................................................................................................. 68

3.7.1.1 Nonshrinking Solids ....................................................................................................... 68

3.7.1.2 Shrinking Solids ............................................................................................................. 69

3.7.2 Two- and Three-Dimensional Models .......................................................................................... 70

3.7.3 Simultaneous Solving DPM of Solids and Gas Phase.................................................................. 71

3.8 Models for Batch Dryers ......................................................................................................................... 71

3.8.1 Batch-Drying Oven....................................................................................................................... 71

3.8.2 Batch Fluid Bed Drying ............................................................................................................... 73

3.8.3 Deep Bed Drying .......................................................................................................................... 74

3.9 Models for Semicontinuous Dryers ......................................................................................................... 74

3.10 Shortcut Methods for Dryer Calculation............................................................................................... 76

3.10.1 Drying Rate from Predicted Kinetics ......................................................................................... 76

3.10.1.1 Free Moisture ............................................................................................................... 76

3.10.1.2 Bound Moisture............................................................................................................ 76
, LLC.



3.10.2 Drying Rate from Experimental Kinetics ................................................................................... 76

3.10.2.1 Batch Drying ................................................................................................................ 77

3.10.2.2 Continuous Drying....................................................................................................... 77

3.11 Software Tools for Dryer Calculations .................................................................................................. 77

3.12 Conclusion ............................................................................................................................................. 78

Nomenclature ................................................................................................................................................... 78

References ........................................................................................................................................................ 79
3.1 INTRODUCTION

Since the publication of the first and second editions of

this handbook, we have beenwitnessing a revolution in

methods of engineering calculations. Computer tools

have become easily available and have replaced the old

graphical methods. An entirely new discipline of com-

puter-aided process design (CAPD) has emerged.

Today even simple problems are solved using dedi-

cated computer software. The same is not necessarily

true for drying calculations; dedicated software for this

process is still scarce. However, general computing

tools including Excel, Mathcad, MATLAB, and

Mathematica are easily available in any engineering

company. Bearing this in mind, we have decided to

present here a more computer-oriented calculation

methodology and simulation methods than to rely on

old graphical and shortcut methods. This does not

mean that the computer will relieve one from thinking.

In this respect, the old simple methods and rules of

thumb are still valid and provide a simple common-

sense tool for verifying computer-generated results.
3.2 OBJECTIVES

Before going into details of process calculations we

need to determine when such calculations are neces-

sary in industrial practice. The following typical cases

can be distinguished:

. Design—(a) selection of a suitable dryer type

and size for a given product to optimize the

capital and operating costs within the range of

limits imposed—this case is often termed pro-

cess synthesis in CAPD; (b) specification of all

process parameters and dimensioning of a

selected dryer type so the set of design param-

eters or assumptions is fulfilled—this is the com-

mon design problem.
. Simulation—for a given dryer, calculation of

dryer performance including all inputs and out-

puts, internal distributions, and their time de-

pendence.
. Optimization—in design and simulation an op-

timum for the specified set of parameters is

sought. The objective function can be formu-
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lated in terms of economic, quality, or other

factors, and restrictions may be imposed on

ranges of parameters allowed.
. Process control—for a given dryer and a speci-

fied vector of input and control parameters the

output parameters at a given instance are

sought. This is a special case when not only the

accuracy of the obtained results but the required

computation time is equally important. Al-

though drying is not always a rapid process, in

general for real-time control, calculations need

to provide an answer almost instantly. This usu-

ally requires a dedicated set of computational

tools like neural network models.

In all of the above methods we need a model of the

process as the core of our computational problem. A

model is a set of equations connecting all process

parameters and a set of constraints in the form of

inequalities describing adequately the behavior of the

system. When all process parameters are determined

with a probability equal to 1 we have a deterministic

model, otherwise the model is a stochastic one.

In the following sections we show how to construct

a suitable model of the process and how to solve it for a

given case. We will show only deterministic models of

convective drying. Models beyond this range are im-

portant but relatively less frequent in practice.

In our analysis we will consider each phase as a

continuum unless stated otherwise. In fact, elaborate

models existdescribingaerodynamicsofflowofgasand

granular solid mixture where phases are considered

noncontinuous (e.g., bubbling bed model of fluid bed,

two-phase model for pneumatic conveying, etc.).
3.3 BASIC CLASSES OF MODELS
AND GENERIC DRYER TYPES

Two classes of processes are encountered in practice:

steady state and unsteady state (batch). The differ-

ence can easily be seen in the form of general balance

equation of a given entity for a specific volume of

space (e.g., the dryer or a single phase contained in it):

Inputs� outputs ¼ accumulation (3:1)



For inst ance, for mass flow of mois ture in a solid

phase being dried (in kg/s) this equati on reads:

WS X1 � W S X2 � w D A ¼ m S
dX

dt
(3 : 2)

In steady -state proc esses, as in all continuou sly ope r-

ated dryers , the accumul ation term van ishes and the

balance e quation assum es the form of an algebr aic

equati on. W hen the pro cess is of batch type or when a

continuous process is be ing started up or shut down,

the accumul ation term is nonzero an d the balance

equati on becomes an ord inary different ial equ ation

(ODE) with respect to time.

In writing Equation 3.1, we have assum ed that

only the inpu t an d output pa rameters coun t. Inde ed,

when the volume unde r con siderati on is perfec tly

mixed , all pha ses inside this volume will have the

same pr operty as that at the output. This is the prin-

ciple of a lumped pa rameter model (LPM).

If a pr operty varies c ontinuousl y along the flow

direction (in one dimens ion for sim plicity), the bal-

ance equatio n can only be writt en for a different ial

space elemen t. Here Equat ion 3.2 will now read

WS X � W S X þ @ X
@ l

dl

� �
� wD dA ¼ dm S

@ X

@t
(3 : 3)

or, afte r su bstituting dA ¼ aV Sdl and dm S ¼ (1 � «)

rS S d l, we obtain

� WS

@ X

@ l
� wD aV S ¼ (1 � «) r  S S

@ X

@t
(3 : 4)

As we can see for this case, which we call a dist ributed

parame ter mod el (DPM) , in steady state (in the one -

dimens ional case) the model beco mes an ODE wi th

respect to space coordinat e, and in uns teady state it
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becomes a partial different ial eq uation (PDE). Thi s

has a far-reachi ng influen ce on methods of solvin g the

model. A corres pondi ng equati on will have to be

written for y et another phase (gaseo us), and the equ a-

tions will be co upled by the drying rate exp ression.

Befo re star ting with constru cting and solvin g a

specific dryer mod el it is reco mmended to class ify

the methods , so typic al cases c an easily be identifie d.

We will classify typic al cases when a soli d is co ntacted

with a he at carri er. Three facto rs will be co nsidered :
s
t

1. Operation type—we will co nsider eithe r batch

or co ntinuous process wi th respect to given

phase.

2. Flow g eometry type—w e will consider only

parallel flow, cocurrent , countercur rent, and

cross-flow cases.

3. Flow type—w e will con sider two lim iting cases,

either plug flow or perfectly mixe d flow.
These three assum ptions for two pha ses present resul t

in 1 6 generic cases as sho wn in Figure 3.1. Before

constructing a model it is de sirable to identi fy the

class to whi ch it be longs so that writing appropriate

model equations is facilitated.

Dryers of type 1 do not exist in industry; there-

fore, dryers of type 2 are usually called batch dryers as

is done in this text. An additional term—semicontin-

uous —will be us ed for dry ers descri bed in Secti on 3.9.

Their principle of operation is different from any of

the types shown in Figure 3.1.
3.4 GENERAL RULES FOR A DRYER MODEL
FORMULATION

When trying toderive amodel of adryerwefirst have to

identify a volume of space that will represent a dryer.
Continuous
countercurrent

Continuous
cross-flow

a a

b bc c
4 5



If a dryer or a whol e system is composed of many such

volume s, a separat e submod el will have to be built for

each vo lume and the mod els co nnected toget her by

streams e xchanged between them. Each stre am enter-

ing the volume must be identified wi th parame ters .

Basical ly for syst ems unde r c onstant pressur e it is

enough to describe e ach stream by the na me of the

compon ent (humi d gas, wet solid, conden sate, etc.),

its flowra te, moisture content , and tempe ratur e. All

heat an d other energy fluxe s must also be identified .

The followi ng five parts of a determ inistic mo del

can usually be dist inguishe d:
� 20
1. Balance equati ons—the y repres ent Natur e’s

laws of con servation and can be wri tten in

the form of Equation 3.1 (e.g ., for mass and

energy).

2. Constitu tive e quations (also called kinetic

equatio ns)—they conn ect fluxe s in the syst em

to respect ive drivi ng forces.

3. Equilib rium relationshi ps—neces sary if a pha se

bounda ry exist s somew here in the system.

4. Property equ ations—som e propert ies c an be

consider ed constant but, for exampl e, satura ted

water vap or pre ssure is strong ly dependen t on

temperatur e even in a narrow tempe rature

range.

5. Geometri c relationsh ips—they a re usually ne -

cessary to co nvert flowra tes present in balance

equatio ns to flux es present in consti tutive eq ua-

tions. Bas ically they include flow cross-sect ion,

specific area of phase contact , etc.
Typical form ulation of ba sic mod el eq uations will be

summ arized late r.

3.4.1 MASS AND ENERGY BALANCES

Input–out put balance equ ations for a typical case of

convecti ve drying and LPM assum e the foll owing

form:

3.4.1.1 Mass Balances

Solid pha se:

WS X 1 � W S X2 � wDm A ¼ mS

d X

dt
(3 : 5)

Gas pha se:

WB Y 1 � W B Y 2 þ wDm A ¼ mB

dY

dt
(3 : 6)
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3.4.1.2 Energy balances

Solid pha se:

WS i m1 � W S i m2 þ (S qm � wDm hA )A ¼ m S
dim

dt
(3 : 7)

Gas pha se:

WB ig1 � W B i g2 � ( Sqm � wDm hA )A ¼ m B
d ig

dt
(3 : 8)

In the above eq uations S qm an d wDm are a sum of mean

interfaci al heat flux es and a drying rate, respectivel y.

Accum ulation in the gas phase ca n almos t alw ays be

neglected ev en in a batch process as smal l co mpared to

accumul ation in the soli d phase. In a continuous pro -

cess the accu mulation in solid pha se will also be

neglected .

In the case of DPMs for a given pha se the balance

equati on for prop erty G reads:

div [G � u] � div[ D � grad G] � b aV DG� G

� @G

@t
¼ 0 (3: 9)

where the LH S terms are, respectivel y (from the left):

convecti ve term, diffusion (or axial disper sion) term ,

interfaci al term, source or sink (prod uction or de-

struction) term, an d accumul ation term .

Thi s eq uation can now be writt en for a single pha se

for the case of mass an d energy transfer in the foll owing

way:

div[ r X � u] � div[ D � grad( r X ) ]  � kX aV DX � @r X

@t
¼ 0

(3 : 10)

div[ r cm T � u] � div
l

r cm

� grad( r cmT)

� �

� aaVDT þ qex �
@rcmT

@t
¼ 0 (3:11)

Note that density here is related to the whole volume

of the phase: e.g., for solid phase composed of granu-

lar material it will be equal to rm(1� «). Moreover,

the interfacial term is expressed here as kXaVDX for

consistency, although it is expressed as kYaVDY else-

where (see Equat ion 3.27).

Now, consider a one-dimensional parallel flow of

two phases either in co- or countercurrent flow, ex-

changing mass and heat with each other. Neglecting

diffusional (or dispersion) terms, in steady state the

balance equations become



WS

dX

dl
¼ �wD aV S (3 : 12)

� WB

d Y

dl
¼ wD aV S (3 : 13)

WS

d im

dl
¼ ( q � wD hAv ) aV S (3 : 14)

�WB

dig

dl
¼ �( q � wD hAv ) aV S (3 : 15)

where the LHSs of Equat ion 3.13 and Equat ion 3.15

carry the positive sign for cocurrent and the negative

sign for cou ntercurren t ope ration. Both heat and

mass fluxes, q and wD , are ca lculated from the con sti-

tutive equ ations as explai ned in the follo wing sectio n.

Havin g in mind that

dig

dl
¼ ( cB þ c A Y )

dtg

dl
þ ( cA tg þ D hv0 )

dY

dl
(3 : 16)

and that enthal py of steam eman ating from the solid

is

hAv ¼ c A t m þ Dhv0 (3 : 17)

we can now rewrite (Eq uation 3.12 throu gh Equation

3.15) in a more con venient worki ng version

d X

d l
¼ � S

WS

wD aV (3 : 18)

d tm

dl
¼ S

WS

aV

cS þ c Al X 
[ q þ wD ( (c Al � c A )t m � Dhv0 )]

(3 : 19)

d Y

dl
¼ 1

x

S

WB

wD aV (3 : 20)

dtg

d l
¼ � 1

x

S

WB

aV

cB þ c A Y 
[ q þ wD c A ( tg � tm )] (3 : 21)

where x is 1 for cocurrent an d � 1 for co untercur rent

operati on.

For a monoli thic soli d phase conv ective and inter -

facial terms disappea r and in uns teady stat e, for the

one-dim ensional case, the eq uations beco me

Deff

@ 
2 X

@ x 2 
¼ @ X
@t 

(3 : 22)

l
@  

2 tm

@ x 2 
¼ c p r  m

@ t

@t 
(3 : 23)

These equati ons are named Fick ’s law and Fourier’ s

law, respect ively, and can be solved with suita ble

bounda ry and initial condition s. Li terature on solving
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these eq uations is ab undan t, and for diff usion a clas-

sic work is that of Crank (1975) . It is wort h mentio n-

ing that, in view of irreversi ble thermod ynamics, mass

flux is also due to therm odiffu sion and barod iffusion.

Formula tion of Equation 3.22 an d Equation 3.23

contai ning terms of therm odiffu sion was favore d by

Luikov (1966) .

3.4.2 CONSTITUTIVE EQUATIONS

They are ne cessary to estimat e eithe r the local non-

convecti ve flux es caused by co nduction of heat or

diffusion of mois ture or the inter facial fluxes ex-

changed eithe r betw een two phases or through syst em

bounda ries (e.g ., heat losse s throu gh a wall) . The first

are usu ally express ed as

q ¼ �l
dt

dl 
(3 : 24)

j ¼ �r Deff

dX

dl 
(3 : 25)

and they are alrea dy incorpora ted in the balance

equati ons (3.22 and 3.23). The interfaci al flux equ a-

tions assum e the foll owing form :

q ¼ a( tg � tm) (3:26)

wD ¼ kYf(Y*� Y ) (3:27)

where f is

f ¼MA=MB

Y*� Y
ln 1þ Y*� Y

MA=MB þ Y

� �
(3:28)

While the convective heat flux expression is straight-

forward, the expression for drying rate needs explan-

ation. The drying rate can be calculated from this

formula, when drying is controlled by gas-side resist-

ance. The driving force is then the difference between

absolute humidity at equilibrium with solid surface

and that of bulk gas. When solid surface is saturated

with moisture, the expression for Y* is identical to

Equation 3.48; when solid surface co ntains bound

moisture, Y* will result from Equation 3.46 and a

sorption isotherm. This is in essence the so-called

equilibrium method of drying rate calculation.

When the drying rate is controlled by diffusion in

the solid phase (i.e., in the falling drying rate period),

the conditions at solid surface are difficult to find,

unless we are solving the DPM (Fick’s law or equiva-

lent) for the solid itself. Therefore, if the solid itself

has lumped parameters, its drying rate must be repre-

sented by an empirical expression. Two forms are

commonly used.



3.4.2.1 Characteristic Drying Curve

In this approach the measured drying rate is repre-

sented as a function of the actual moisture content

(normalized) and the drying rate in the constant dry-

ing rate period:

wD ¼ wDIf (F) (3:29)

The f function can be represented in various forms to fit

the behavior of typical solids. The form proposed by

Langrish et al. (1991) is particularly useful. They split

the falling rate periods into two segments (as it often

occurs in practice) separated by FB. The equations are:

f ¼ Fa�c
B for F # FB

f ¼ Fa for F > FB

(3:30)

Figure 3.2 shows the form of a possible drying rate

curve using Equation 3.30.

Other such equations also exist in the literature

(e.g., Halström and Wimmerstedt, 1983; Nijdam and

Keey, 2000).

3.4.2.2 Kinetic Equation (e.g., Thin-Layer

Equations)

In agricultural sciences it is common to present drying

kinetics in the form of the following equation:

F ¼ f (t, process parameters) (3:31)

The function f is often established theoretically, for

example, when using the drying model formulated by

Lewis (1921)

dX

dt
¼ k(X � X*) (3:32)

After integration one obtains

F ¼ exp (�kt) (3:33)
f

c <1

c  =
1

c  >
1

ΦB

f

a = c<
1

a = c =1

a = c >1

0

1

0 1

FIGURE 3.2 The influence of parameters a and c of Equation 3

� 2006 by Taylor & Francis Group, LLC.
A similar equation can be obtained by solving Fick’s

equation in spherical geometry:

F ¼ 6

p2

X1
n¼1

1

n2
exp �n2p2 Deff

R2
t

� �
(3:34)

By truncating the RHS side one obtains

F ¼ 6

p2
exp �p2 Deff

R2
t

� �
¼ a exp (�kt) (3:35)

This equation was empirically modified by Page

(1949), and is now known as the Page equation:

F ¼ exp (�ktn) (3:36)

A collection of such equations for popular agricul-

tural products is contained in Jayas et al. (1991).

Other process parameters such as air velocity, tem-

perature, and humidity are often incorporated into

these equations.

The volumetric drying rate, which is necessary in

balance equations, can be derived from the TLE in

the following way:

wDaV ¼ �
mS

A
aV

dF

dt
(Xc � X*)

¼ �mS

V

dF

dt
(Xc � X*) (3:37)

while

mS ¼ V (1� «)rS (3:38)

and

wDaV ¼ �(1� «)rS(Xc � X*)
dF

dt
(3:39)

The drying rate ratio of CDC is then calculated as
ΦB

c <1

a <1

a =1

a >1

ΦB

f c  = 0

a = 0

a <1

.30 on CDC shape.



f ¼ � (1 � «)rS (X c � X *)

kY f( Y * � Y ) aV

d F

dt
(3 : 40)

To be able to calcul ate the volume tric drying rate

from TLE, one needs to know the voidage « and

specific contact area aV in the dryer.

W hen dried soli ds are monoli thic or grain size is

overly large , the above lumped parame ter approxim a-

tions of drying rate woul d be una cceptable , in which

case a DPM repres ents the entire soli d phase. Such

models are shown in Se ction 3.7.

3.4.3 AUXILIARY RELATIONSHIPS

3.4.3.1 Humid Gas Properties and Psychrometric

Calculations

The ability to perfor m psychro metric calcul ations

forms a basis on which all drying models are

built. One princi pal prob lem is how to determine the

solid tempe rature in the constant drying rate co ndi-

tions.

In psychrom etric calculati ons we co nsider therm o-

dynami cs of three pha ses: inert gas pha se, mois ture

vapor phase, and mois ture liquid pha se. Two gaseou s

phases form a solution (mixtur e) call ed humid gas. To

determ ine the degree of co mplex ity of our approach we

will make the follo wing assum ptions :

. Inert gas componen t is insol uble in the liquid

phase
. Gaseous phase be havior is close to ideal gas;

this limits our total pressur e ran ge to less than

2 bar
TABLE 3.1
Coefficients of Approximating Equations for Properties o

Property Water

Molar mass, kg/kmol MA 18.01

Saturated vapor pressure, kPa A 16.37695

B 3878.8223

C 229.861

Heat of vaporization, kJ/kg H 352.58

tref 374.14

n 0.33052

Specific heat of vapor, kJ/(kg K) cA0 1.883

cA1� 103 �0.16737

cA2� 106 0.84386

cA3� 109 �0.26966

Specific heat of liquid, kJ/(kg K) cAl0 2.82223

cAl1� 102 1.18277

cAl2� 104 �0.35047

cAl3� 108 3.60107
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. Liquid phase is incompr essi ble

. Comp onents of both phases do not chemi cally

react with thems elves

Before writi ng the psyc hrometric relat ionship s we

will first present the ne cessary approxim ating equ a-

tions to descri be phy sical propert ies of syst em com-

ponen ts.

Depe ndence of satur ated vapor pressure on tem-

peratur e (e.g ., Antoin e eq uation):

ln ps ¼ A � B

C þ t 
(3 : 41)

Dependen ce of late nt heat of vaporiz ation on tem-

peratur e (e.g ., Watson equati on):

Dhv ¼ H ( t � t ref ) 
n (3 : 42)

Dependen ce of specific heat on temperatur e for vapo r

phase—polynomial form:

cA ¼ cA0 þ cA1tþ cA2t
2 þ cA3t

3 (3:43)

Dependence of specific heat on temperature for liquid

phase—polynomial form:

cAl ¼ cAl0 þ cAl1tþ cAl2t
2 þ cAl3t

3 (3:44)

Table 3.1 contains coefficients of the above listed

propert y eq uations for selec ted liqui ds and Table 3.2

for gases. These data can be found in specialized

books (e.g., Reid et al., 1987; Yaws, 1999) and com-

puterized data banks for other liquids and gases.
f Selected Liquids

Ethanol Isopropanol Toluene

46.069 60.096 92.141

3 16.664044 18.428032 13.998714

3667.7049 4628.9558 3096.52

226.1864 252.636 219.48

110.17 104.358 47.409

243.1 235.14 318.8

0.4 0.371331 0.38

0.02174 0.04636 �0.4244

5.662 5.95837 6.2933

�3.4616 �3.54923 �3.9623

0.8613 �16.3354 0.93604

2 �1.4661 5.58272 �0.61169

1 4.0052 �4.6261 1.9192

7 �1.5863 1.701 �0.56354

22.873 �16.3354 5.9661



TABLE 3.2
Coefficients of Approximating Equations for Properties of Selected Gases

Property Air Nitrogen CO2

Molar mass, kg/kmol MB 28.9645 28.013 44.010

Specific heat of gas, kJ/(kg K) cB0 1.02287 1.0566764 0.48898

cB1� 103 �0.5512 �0.197286 1.46505

cB2� 106 0.181871 0.49471 �0.94562

cB3� 109 �0.05122 �0.18832 0.23022
3.4.3.2 Relations between Absolute Humidity,

Relative Humidity, Temperature,

and Enthalpy of Humid Gas

With the above assumptions and property equations

we can use Equation 3.45 through Equation 3.47 for

calculating these basic relationships (note that mois-

ture is described as component A and inert gas as

component B).

Definition of relative humidity w (we will use here

w defined as decimal fraction instead of RH given in

percentage points):

w(t) ¼ p=ps(t) (3:45)

Relation between absolute and relative humidities:

Y ¼MA

MB

wps(t)

P0 � wps(t)
(3:46)

Definition of enthalpy of humid gas (per unit mass of

dry gas):

ig ¼ (cAY þ cB)tþ Dhv0Y (3:47)

Equation 3.46 and Equation 3.47 are sufficient to

find any two missing humid gas parameters from Y,

w, t, ig, if the other two are given. These calculations

were traditionally done graphically using a psychro-

metric chart, but they are easy to perform numerically.

When solving these equations one must remember that

resulting Y for a given t must be lower than that at

saturation, otherwise the point will represent a fog

(supersaturated condition), not humid gas.

3.4.3.3 Calculations Involving Dew-Point

Temperature, Adiabatic-Saturation

Temperature, and Wet-Bulb Temperature

Dew-point temperature (DPT) is the temperature

reached by humid gas when it is cooled until it
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becomes saturated (i.e., w ¼ 1). From Equation

3.46 we obtain

Ys ¼
MA

MB

ps(t)

P0 � ps(t)
(3:48)

To find DPT when Y is known this equation must be

solved numerically. On the other hand, the inverse

problem is trivial and requires substituting DPT into

Equation 3.48.

Adiabatic-saturation temperature (AST) is the

temperature reached when adiabatically contacting

limited amounts of gas and liquid until equilibrium.

The suitable equation is

ig � igs,AST

Y � Ys,AST

¼ cAltAS (3:49)

Wet-bulb temperature (WBT) is the one reached by a

small amount of liquid exposed to an infinite amount

of humid gas in steady state. The following are the

governing equations.

. For water–air system, approximately

t� tWB

Y � Ys,WBT

¼ �Dhv,WBT

cH

(3:50)
where
cH(t) ¼ cA(t)Y þ cB(t) (3:51)
Incidentally, this equation is equivalent to Equa-

tion 3.49 (see Treybal, 1980) for air and water

vapor system.

. For other systems with higher Lewis numbers

the deviation of WBT from AST is noticeable

and can reach several degrees Celsius, thus caus-

ing serious errors in drying rate estimation. For

such systems the following equation is recom-

mended (Keey, 1978):



t� tWB

Y � Ys,WBT

¼ �Dhv,WBT

cH

Le�2=3f (3:52)
FIGU
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Typically in the wet-bulb calculations the fol-

lowing two situations are common:

. One searches for humidity of gas of which both

dry- and wet-bulb temperatures are known: it is

enough to substitute relationships for Ys, Dhv,

and cH into Equation 3.52 and solve it for Y.
. One searches for WBT once dry-bulb tempera-

ture and humidity are known: the same substi-

tutions are necessary but now one solves the

resulting equation for WBT.

The Lewis number

Le ¼ lg

cprgDAB

(3:53)

is defined usually for conditions midway of the con-

vective boundary layer. Recent investigations (Berg

et al., 2002) indicate that Equation 3.52 needs correc-

tions to become applicable to systems of high WBT

approaching boiling point of liquid. However, for

common engineering applications it is usually suffi-

ciently accurate.

Over a narrow temperature range, e.g., for water–

air system between 0 and 1008C, to simplify calcula-

tions one can take constant specific heats equal to

cA ¼ 1.91 and cB ¼ 1.02 kJ/(kg K). In all calculations

involving enthalpy balances specific heats are averaged

between the reference and actual temperature.

3.4.3.4 Construction of Psychrometric Charts

Construction of psychrometric charts by computer

methods is common. Three types of charts are most

popular: Grosvenor chart, Grosvenor (1907) (or the

psychrometric chart), Mollier chart, Mollier (1923)

(or enthalpy-humidity chart), and Salin chart (or

deformed enthalpy-humidity chart); these are shown

schematically in Figure 3.3.
Mollier
ii = const

t = con

t

Y
Grosvenor

j 
= 

1

j = 1

RE 3.3 Schematics of the Grosvenor, Mollier, and Salin c

y Taylor & Francis Group, LLC.
Since the Grosvenor chart is plotted in undistorted

Cartesian coordinates, plotting procedures are simple.

Plotting methods are presented and charts of high ac-

curacyproducedas explained inShallcross (1994). Pro-

cedures for the Mollier chart plotting are explained in

Pakowski (1986) and Pakowski and Mujumdar (1987),

and those for the Salin chart in Soininen (1986).

It is worth stressing that computer-generated psy-

chrometric charts are used mainly as illustration ma-

terial for presenting computed results or experimental

data. They are now seldom used for graphical calcu-

lation of dryers.

3.4.3.5 Wet Solid Properties

Humid gas properties have been described together

with humid gas psychrometry. The pertinent data for

wet solid are presented below.

Sorption isotherms of the wet solid are, from the

point of view of model structure, equilibrium rela-

tionships, and are a property of the solid–liquid–

gas system. For the most common air–water system,

sorption isotherms are, however, traditionally consid-

ered as a solid property. Two forms of sorption iso-

therm equations exist—explicit and implicit:

w* ¼ f (t,X ) (3:54)

X* ¼ f (t,aw) (3:55)

where aw is the water activity and is practically

equivalent to w. The implicit equation, favored by

food and agricultural sciences, is of little use in

dryer calculations unless it can be converted to the

explicit form. In numerous cases it can be done ana-

lytically. For example, the GAB equation

X* ¼ aw

(1� bw)(1þ cw)
(3:56)

can be solved analytically for w, and when the wrong

root is rejected, the only solution is
i
st

t = const

i = const

i = constY Y

j = 1

Salin

harts.



w* ¼
� a

X
þ b� c

� �
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a
X
þ b� c

� �2þ 4bc

q
2bc

(3:57)

Numerous sorption isotherm equations (of approxi-

mately 80 available) cannot be analytically converted

to the explicit form. In this case they have to be solved

numerically for w* each time Y* is computed, i.e., at

every drying rate calculation. This slows down com-

putations considerably.

Sorptional capacity varies with temperature, and

the thermal effect associated with this phenomenon is

isosteric heat of sorption, which can be numerically

calculated using the Clausius–Clapeyron equation

Dhs ¼ �
R

MA

d ln w

d(1=T)

� �
X ¼ const

(3:58)

If the sorption isotherm is temperature-independent

the heat of sorption is zero; therefore a number of

sorption isotherm equations used in agricultural sci-

ences are useless from the point of view of dryer

calculations unless drying is isothermal. It is note-

worthy that in the model equations derived in this

section the heat of sorption is neglected, but it can

easily be added by introducing Equation 3.59 for the

solid enthalpy in energy balances of the solid phase.

Wet solid enthalpy (per unit mass of dry solid) can

now be defined as

im ¼ (cS þ cAlX )tm � DhsX (3:59)

The specific heat of dry solid cS is usually presented as

a polynomial dependence of temperature.

Diffusivity of moisture in the solid phase due to

various governing mechanisms will be here termed as

an effective diffusivity. It is often presented in the

Arrhenius form of dependence on temperature

Deff ¼ D0 exp � Ea

RT

� �
(3:60)

However, it also depends on moisture content. Vari-

ous forms of dependence of Deff on t and X are

available (e.g., Marinos-Kouris and Maroulis, 1995).
3.4.4 PROPERTY DATABASES

As in all process calculations, reliable property data

are essential (but not a guarantee) for obtaining sound

results. For drying, three separate databases are neces-

sary: for liquids (moisture), for gases, and for solids.

Data for gases and liquids are widespread and are

easily available in printed form (e.g., Yaws, 1999)

or in electronic version. Relatively good property
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prediction methods exist (Reid et al., 1987). However,

when it comes to solids, we are almost always con-

fronted with a problem of availability of property

data. Only a few source books exist with data for

various products (Nikitina, 1968; Ginzburg and

Savina, 1982; Iglesias and Chirife, 1984). Some data

are available in this handbook also. However, numer-

ous data are spread over technical literature and re-

quire a thorough search. Finally, since solids are not

identical even if they represent the same product, it is

always recommended to measure all the required prop-

erties and fit them with necessary empirical equations.

The following solid property data are necessary

for an advanced dryer design:

. Specific heat of bone-dry solid

. Sorption isotherm

. Diffusivity of water in solid phase

. Shrinkage data

. Particle size distribution for granular solids
3.5 GENERAL REMARKS ON SOLVING
MODELS

Whenever an attempt to solve a model is made, it is

necessary to calculate the degrees of freedom of the

model. It is defined as

ND ¼ NV �NE (3:61)

where NV is the number of variables and NE the num-

ber of independent equations. It applies also to models

that consist of algebraic, differential, integral, or other

forms of equations. Typically the number of variables

far exceeds the number of available equations. In this

case several selected variables must be made constants;

these selected variables are then called process vari-

ables. The model can be solved only when its degrees

of freedom are zero. It must be borne in mind that not

all vectors of process variables are valid or allow for a

successful solution of the model.

To solve models one needs appropriate tools.

They are either specialized for the specific dryer de-

sign or may have a form of universal mathematical

tools. In the second case, certain experience in hand-

ling these tools is necessary.
3.6 BASIC MODELS OF DRYERS
IN STEADY STATE

3.6.1 INPUT–OUTPUT MODELS

Input–output models are suitable for the case when

both phases are perfectly mixed (cases 3c, 4c, and 5c



in Figure 3.1), which almost never hap pens. On the

other ha nd, this mo del is very often used to repres ent

a case of unmixe d flows when there is lack of a DP M.

Input–out put modeli ng consis ts basica lly of balan-

cing all inputs and outp uts of a dryer and is often

perfor med to iden tify, for exampl e, heat losse s to the

surroundi ngs, calculate performan ce, and for dryer

audits in general .

For a steady-st ate dryer balanci ng can be made

for the whol e dryer only, so the system of Equation

3.5 through Equat ion 3.8 now c onsists of only two

equati ons

WS ( X 1 � X2 ) ¼ W B ( Y2 � Y 1 ) (3: 62)

WS ( im2 � i m1 ) ¼ W B ( ig1 � i g2 ) þ qc � ql þ Dqt þ qm

(3 : 63)

where sub scripts on heat fluxes indica te: c, indir ect

heat inp ut; l, heat losses; t, net he at carried in by

transp ort devices; and m, mechani cal en ergy input.

Let us assum e that all q, WS , W B , X1, im1 , Y 1, i g1 are

known as in a typic al design case. The remaining

variab les are X2, Y2, i m2, and i g2 . Sin ce we have two

equati ons, the syst em ha s two degrees of freedom and

cannot be solved unless two other varia bles are set as

process pa rameters. In design we can assum e X2 since

it is a design specifica tion, but then one ex tra param-

eter must be assum ed. This of co urse ca nnot be done

rationa lly, unless we are su re that the process runs in

constant drying rate pe riod—th en im2 can be calcu-

lated from WBT. Othe rwise, we must look for oth er

equati ons, whi ch could be the foll owing:

WS (X 1 � X 2 ) ¼ Va V k Y D Ym (3 : 64)

WS ( im2 � i m1 ) ¼ Va V (aDt m þ Sq

� kY DY m hA ) (3 : 65)
X

Y

Xdes

LLdes

Direction of integration

(a) (b)

X1

Y1

FIGURE 3.4 Schematic of design and simulation in cocurrent ca

moisture content.
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Provided that we know all kineti c da ta, aV , kY , and  a,

these tw o equati ons carry onl y one new varia ble V

since tempe ratures can be derived from suitable

enthal pies. Provided that we know how to calcul ate

the average d drivi ng forces, the model now can be

solved and exit stream parame ters an d volume of the

dryer calcula ted. The success , howeve r, dep ends on

how well we can esti mate the average d drivi ng forces .
3.6.2 DISTRIBUTED PARAMETER MODELS

3.6.2.1 Cocurrent Flow

For cocurrent operatio n (case 3a in Figure 3.1) both

the case design and sim ulation are simple. The fou r

balance equ ations (3.1 8 through 3.21) supp lemented

by a suit able drying rate and heat flux equ ations

are solved starting at inlet end of the dr yer, where

all bounda ry conditio ns (i.e., all parame ters of incom-

ing streams) are defin ed. Thi s situ ation is shown in

Figure 3.4.

In the case of design the calcul ations are term in-

ated when the design parame ter, usually final mois -

ture con tent, is reached. Dis tance at this point is the

requir ed dryer length . In the case simu lation the cal-

culation s are terminat ed onc e the dryer lengt h is

reached.

Par ameters of both gas and solid pha se (repr e-

sented by gas in eq uilibrium with the so lid surfa ce)

can be plotted in a psychrom etric ch art as pro cess

paths. Thes e phase diagra ms (no timescal e is availab le

there) show schema tically how the pr ocess goes on.

To illustrate the case the mo del compo sed of

Equation 3.18 through Equation 3.21, Equation

3.26, an d Equation 3.27 is solved for a set of

typical con ditions and the resul ts are sh own in

Figure 3.5.
X

Y

LL

X1

Y1

X2

Direction of integration

se: (a) design; (b) simulation. Xdes is the design value of final
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FIGURE 3.5 Process paths and longitudinal distribution of parameters for cocurrent drying of sand in air.
3.6.2.2 Countercurrent Flow

The situati on in countercur rent case (case 4a in Fig-

ure 3.1) design a nd sim ulation is shown in Fi gure 3.6.

In both cases we see that bounda ry conditio ns are

defined at oppos ite en ds of the integ ration domain.

It leads to the split boundar y value problem .

In design this prob lem can be avoided by using the

design parame ters for the solid specified at the exit

end. Then, by writin g input–out put balances ov er the

whole dryer, inlet parame ters of gas can easil y be

found (unles s local heat losses or other distribut ed

parame ter phe nomena need also be consider ed).

Howev er, in sim ulation the split bounda ry value
X

Y

Xdes

LLdes

X1

Y1

Y1

Direction of integration
(a) (b)

FIGURE 3.6 Schematic of design and simulation in cocurrent c

calculating Y1 from the overall mass balance; (b) simulation—sp

shows an unsuccessful iteration, solid line shows a successful ite
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problem exist s and must be solved by a suit able nu-

merical method , e.g., the shooting met hod . Basical ly

the method consis ts of assum ing certain parame ters

for the exit ing gas stre am and perfor ming integ ration

starting at the so lid inlet end. If the gas parame ters at

the other en d conve rges to the known inlet gas

parame ters, the assum ption is sati sfactory; otherwis e,

a new assump tion is made. The process is repeat ed

under co ntrol of a suit able convergence co ntrol

method, e.g. , Wegst ein. Figure 3.7 co ntains a sample

countercur rent c ase calcul ation for the same mate rial

as that used in Figu re 3.5.
X

Y
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Y2�

Y2
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Direction of integration

ase: (a) design—split boundary value problem is avoided by

lit boundary value problem cannot be avoided, broken line

ration—with Y2 assumed the Y profile converged to Y1.
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FIGURE 3.7 Process paths and longitudinal distribution of parameters for countercurrent drying of sand in air.
3.6.2.3 Cross-Flow

3.6.2.3.1 Solid Phase is One-Dimensional

This is a sim ple case corresp onding to case 5b of

Figure 3.1. By assuming that the so lid phase is per-

fectly mixe d in the direction of gas flow, the solid

phase beco mes one -dimen sional. This situ ation oc -

curs with a co ntinuous plug-flow fluid be d dryer.

Schemat ic of an elem ent of the dr yer length wi th finite

thickne ss D l is sho wn in Figure 3.8.

The balance e quations for the solid pha se can be

derive d from Equation 3.12 and Equat ion 3.14 of the

parallel flow:
dl

dWB

dWB

Y1

Y2

i g1

ig2

WS X WS

im

X+     dl

im+     dl

dX
dl

dim
dl

__

__

FIGURE 3.8 Element of a cross-flow dryer.
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WS

S

dX

dl
¼ �wD aV (3 : 66)

WS

S

dim

d l
¼ ( q � wD hAv ) aV (3 : 67)

The analogo us eq uations for the gas phase are:

mass balance

1

S

dWB (Y 2 � Y 1 )

dl
¼ wD aV (3 : 68)

energy balance

1

S

dWB ( i g2 � i g1 )

dl
¼ �(q � wD hAv ) aV (3 : 69)

In the case of an eq uilibrium method of calculati on of

the dry ing rate the kineti c eq uations are:

wD ¼ kY D Ym (3 : 70)

q ¼ aDtm (3 : 71)

In other models (CDC an d TLE) the drying rate will

be modified as sh own in Sectio n 3.4.2.

Since the heat and mass coeffici ents can be defined

on the basis of eithe r the inlet drivi ng force or the

mean logari thmic driving force, DYm and D tm are

calculated respect ively as

DYm ¼ (Y * � Y 1 ) (3: 72)



or

D Ym ¼
Y2 � Y1

ln Y *� Y1

Y *� Y2

	 
  (3 : 73)

Dtm ¼ (t m � t g1 ) (3: 74)

or

Dtm ¼
tg2 � t g1

ln
tm � tg2

tm � tg1

	 
  (3 : 75)

To solve Equat ion 3.68 and Equat ion 3.69 one need s

to assum e a unifor m dist ribution of gas over the

whole lengt h of the dryer, an d therefore

dWB

dl
¼WB

L 
(3 : 76)

When the algebr aic Equation 3.68 and Equat ion 3.69

are solved to obtain the exiting gas parame ters Y2 and

ig2 , one c an plug the LH S of these equati ons into

Equation 3.66 and Equation 3.67 to obtain

dX

dl
¼ 1

WS

WB

L
( Y2 � Y1 ) (3: 77)

dim

dl
¼ 1

WS

WB

L
( ig2 � i g1 ) (3: 78)

The followi ng equ ations can easil y be integrate d

starting at the soli ds inlet. In Figu re 3.9 sample pr o-

cess pa rameter profiles alon g the dryer are sho wn.

Cros s-flow drying in a plug-flow , continuou s fluid

bed is a case when axial disper sion of flow is often

consider ed. Let us briefly present a method of solving
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FIGURE 3.9 Longitudinal parameter distribution for a cross

moderately hygroscopic solid: (a) material moisture content (sol
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this case. First, the governi ng ba lance equ ations for

the soli d pha se will have the followi ng form de rived

from Equat ion 3.10 and Equat ion 3.11

um

dX

dl
¼ Em

d2 X

dl 2 
� aV wD

rS (1 � «)
(3 : 79)

um

dim

d l
¼ Eh

d2 im

d l 2 
þ aV ( q � wD hAv )

rS (1 � «) 
(3 : 80)

or

um

dtm

dl
¼ Eh

d2 im

dl 2 
þ aV

rS (1 � «)

1

cS þ c Al X

� [ q þ ((cAl � c A ) tm � D hv0 )w D ] (3 : 81)

where

um ¼
WS

rS(1� «)
(3:82)

These equations are supplemented by equations for

wD and q according to Equation 3.70 and Equation

3.71. It is a common assumption that Em ¼ Eh,

because in fluid beds they result from longitudinal

mixing by rising bubbles. Boundary conditions

(BCs) assume the following form:

At l ¼ 0

X ¼ X0 and im ¼ im0 (3:83)

At l ¼ L

dX

dl
¼ 0 and

dim

dl
¼ 0 (3:84)
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FIGURE 3.11 Schematic of a two-dimensional cross-flow

dryer.
The secon d BC is due to Danck werts a nd has been used

for chemi cal reactor mo dels. This leads, of co urse, to a

split bounda ry value problem , whi ch needs to be

solved by an appropri ate numerica l techni que. The

resulting longit udinal profi les of solid moisture co n-

tent and tempe ratur e in a dryer for various Pec let

numbers ( Pe ¼ um L/E ) are present ed in Figure 3.10.

As one can see, only at low Pe numbe rs, pro files

differ signi ficantl y. When Pe > 0.5, the flow may be

consider ed a plug-flow.

3.6.2.3.2 Solid Phase is Two-Dimensional

This case ha ppens when solid phase is not mixe d

but moves as a block. This situati on happ ens in

certain dryers for wet grains. The mod el must

be de rived for different ial bed eleme nt as shown in

Figure 3.11.

The model e quations are now:

dX

dl
¼ �wD aV

sH

(3 : 85)

dY

d h
¼ wD aV

sL

(3 : 86)

dtm

d l
¼ aV

sH

1

cS þ c Al X 
� [q � (( c A � c Al )t m þ Dhv0 ) wD ]

(3 : 87)

dtg

dh
¼ � aV

sL

1

cB þ c A Y 
[ q þ c A (t g � t m ) wD ] (3: 88)

The symbols sH and sL are flow den sities pe r 1 m for

solid and gas mass flowra tes, respect ively, an d are

defined as follows :
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sH ¼
d WS

dh
¼WS

H 
(3 : 89)

sL ¼
dWB

dl
¼WB

L 
(3 : 90)

The third term in these form ulatio ns app lies when

distribut ion of flow is uniform, otherwis e an adequ ate

distribut ion fun ction must be used. An ex emplary

model solut ion is shown in Figure 3 .12. The solution

only presents the heat transfer case (cooling of granu-

lar solid with air), so mass transfer equations are

neglected.
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Solid flow enters through the front face of the cube, gas

flows from left to right. Upper surface, solid temperature;

lower surface, gas temperature.
3.7 DISTRIBUTED PARAMETER MODELS
FOR THE SOLID

This case occu rs when dried soli ds are mono lithic or

have large grain size so that LPM for the drying rate

would be an una cceptabl e ap proximati on. To answ er

the que stion as to wheth er this case applies one has to

calcula te the Biot num ber for mass trans fer. It is

recomm ended to calculate it from Equat ion 3.100

since various de finition s are foun d in the literat ure.

When Bi < 1, the case is exter nally control led and no

DPM for the soli d is requir ed.
3.7.1 ONE-DIMENSIONAL MODELS

3.7.1.1 NONSHRINKING SOLIDS

Assuming that mois ture diffusion takes place in one

direction only, i.e., in the direction normal to surface

for plate an d in radial direction for cyli nder and

sphere, and that no other way of mo isture transp ort

exists but diffusion, the followin g second Fick’s law

may be de rived

@ X

@t
¼ 1

r n
@

@ r
r n Deff (t m , X )

@ X

@ r

� �
(3 : 91)

where n ¼ 0 for plate , 1 for cylin der, 2 for sph ere, and

r is current distan ce (radiu s) measur ed from the solid

center . This parame ter reaches a maxi mum value of

R, i.e., plate is 2R thick if dried at both sides.
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Initially we assume that moisture content is uni-

formly distributed and the initial solid moisture con-

tent is X0. To solve Equation 3.91 one requires a set of

BCs. For high Bi numbers (Bi > 100) BC is called BC

of the first kind and assumes the following form at the

solid surface:

At r ¼ R

X ¼ X*(t,Y ) (3:92)

For moderate Bi numbers (1 < Bi < 100) it is known as

BC of the third kind and assumes the following form:

At r ¼ R

�Deffrm

@X

@r

� �
i

¼ kY[Y*(X ,t)i � Y ] (3:93)

where subscript i denotes the solid–gas interface. BC

of the second kind as known from calculus (constant

flux at the surface)

At r ¼ R

wDi ¼ const (3:94)

has little practical interest and can be incorporated in

BC of the third kind. Quite often (here as well),

therefore, BC of the third kind is named BC of the

second kind. Additionally, at the symmetry plane we

have

At r ¼ 0

@X

@r
¼ 0 (3:95)

When solving the Fick’s equation with constant dif-

fusivity it is recommended to convert it to a dimen-

sionless form. The following dimensionless variables

are introduced for this purpose:

F ¼ X � X*

Xc � X*
, Fo ¼ Deff 0t

R2
, z ¼ r

R
(3:96)

In the nondimensional form Fick’s equation becomes

@X

@Fo
¼ 1

zn

@

@z
zn Deff

Deff 0

@F

@z

� �
(3:97)

and the BCs assume the following form:

BC I BC II

at z ¼ 1, F ¼ 0
@F

@z

� �
i

þBi*DF ¼ 0 (3:98)

at z ¼ 0,
@F

@z
¼ 0

@F

@r
¼ 0 (3:99)



where

Bi *D ¼ m XY

kY fR

Deff r  m

(3 : 100)

is the modified Biot num ber in which mXY is a local

slope of equ ilibrium curve given by the foll owing

express ion:

mXY ¼
Y *(X , tm ) i � Y

X � X * 
(3 : 101)

The diffusional Biot numb er modified by the mXY

factor sho uld be used for classificat ion of the cases

instead of BiD ¼ kY R/( Deff rm ) encoun tered in severa l

texts. Note that due to depen dence of Deff on X Bi ot

number can vary dur ing the course of drying, thu s

changing classificat ion of the prob lem.

Sin ce drying usuall y pro ceeds wi th varyi ng exter nal

conditi ons and variable diff usivity, analytical solu-

tions will be of littl e inter est. Instead we suggest us ing

a general-purp ose tool for solvi ng parabolic (Equ ation

3.97) and ellip tic PDE in one-dim ensional geomet ry

like the pdepe so lver of MATL AB. The resul t for Bi *D
¼ 5 obtaine d with this tool is shown in Figure 3.13.

The resul ts wer e obtaine d for isothermal conditio ns.

When conditio ns are nonisot hermal , a questi on aris es

as to wheth er it is necessa ry to sim ultaneo usly solve

Equation 3.22 and Equation 3.23. Since Bi ot num bers

for mass transfer far exceed those for heat trans fer,

usually the prob lem of heat transfer is pur ely exter nal,
11
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FIGURE 3.13 Solution of the DPM isothermal drying

model of one-dimensional plate by pdepe solver of

MATLAB. Finite difference discretization by uniform

mesh both for space and time, Bi*D ¼ 5. Fo is dimensionless

time, x/L is dimensionless distance.
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and interna l profiles of tempe rature are almost flat.

This allow s one to use LPM for the energy ba lance.

Therefor e, to mo nitor the solid tempe ratur e it is

enough to supplem ent Equat ion 3.22 with the follow-

ing energy balance equatio n:

dtm

d t
¼ A

mS

1

cS þ c AlX
[ q þ ( (cA � c Al ) t m þ Dhv0 ) wD ]

(3 : 102)

If Equation 3.22 and Equation 3.23 must be solved

simulta neously, the pro blem beco mes stiff and re-

quires specia lize d solvers.

3.7.1.2 Shrinking Solids

3.7.1.2.1 Unrestrained Shrinkage

When solid s shrink vo lumetric ally (majori ty of food

products doe s), their volume is us ually related to

moisture content by the foll owing empir ical law:

V ¼ Vs (1 þ sX ) (3: 103)

If one assumes that, for instance, a plate shrinks only

in the direct ion of its thickne ss, the follo wing rela-

tionsh ip may be deduc ed from the a bove equati on:

R ¼ Rs (1 þ sX ) (3: 104)

where R is the actual plate thickn ess and Rs is the

thickne ss of absolut ely dry plate .

In Euleri an coordinat es, shrinkin g causes an a d-

vective mass flux , which is difficult to ha ndle. By

changing the co ordinat e system to Lag rangia n, i.e.,

the one conn ected wi th dry mass basis, it is possible

to eliminat e this flux. This is the princi ple of a

method pro posed by Kechaou and Roq ues (1990) .

In Lagrang ian coordinat es Equation 3.91 for one -

dimens ional shrinka ge of an infinite plate be comes:

@ X

@t
¼ @

@z

Deff

(1 þ sX )2
@ X

@z

� �
(3 : 105)

All bounda ry and init ial condition s remain but the

BC of Equat ion 3.94 now becomes

@X

@z

� �
z¼RS

¼ � (1þ sX )2

rSDeff

kY(Y*� Y ) (3:106)

In Equation 3.105 and Equation 3.106, z is the

Lagrangian space coordinate, and it changes from 0

to Rs. For the above case of one-dimensional shrink-

age the relationship between r and z is identical to

that in Equation 3.104:



r ¼ z (1 þ sX ) (3: 107)

The mo del was proved to work well for solids wi th

s > 1 (gel atin, polyacr ylam ide g el). An exemp lary

solution of this model for a shrinki ng gelatin film is

shown in Figure 3.14.

3.7.1.2.2 Restrained Shrinkage

For many mate rials shrinka ge accompan ying the

drying pr ocess may be opposed by the rigidit y of

the soli d skeleton or by viscous forces in liquid

phase a s it is co mpressed by sh rinking extern al

layers. This results in de velopm ent of stre ss within

the soli d. The developm ent of stress is inter esting

from the poin t of view of possible da mage of dr ied

produc t by deformati on or c racking . In or der to ac-

count for this, new eq uations have to be a dded to

Equation 3.10 and Equat ion 3.11. These are the bal-

ance of force eq uation an d liquid mois ture flow eq ua-

tion writt en as

G r 
2 U þ G

1 � 2n
r e � ar p ¼ 0 (3: 108)

k

mAl

r  
2 p ¼ 1

Q

@ p

@t
þ a

@ e

@t
(3 : 109)

where U is the deform ation matr ix, e is strain tensor

elemen t, and p is internal pressur e ( Q and a are

constant s). The eq uations were developed by Bi ot

and are explain ed in detai l by Hasat ani and Itaya

(1996). Equat ion 3.108 a nd Equat ion 3.109 can be
tm
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solved toget her with Equation 3.10 and Equation

3.11 provided that a suita ble rheologica l mod el

of the soli d is known . The solution is almos t

always obtaine d by the finite elem ent method due to

inevitable deform ation of geomet ry. Solu tion of

such pro blems is complex an d requir es much more

computa tional power than any oth er problem in this

section.

3.7.2 TWO- AND THREE-DIMENSIONAL MODELS

In fact some suppo sedly three-d imensional cases can

be co nverted to one -dimen sional by trans form ation

of the coordinat e syst em. This allows one to use a

finite diffe rence method , which is easy to program .

Lima et al. (2001) show how ovo id soli ds (e.g ., cereal

grains, silkworm cocoons) can be modeled by a one-

dimensional model. This even allows for uniform

shrinkage to be considered in the model. However,

in the case of two- and three-dimensional models

when shrinkage is not negligible, the finite difference

method can no longer be used. This is due to unavoid-

able deformation of corner elements, as shown in

Figure 3.15.

The finite element methods have been used instead

for two- and three-dimensional shrinking solids (see

Perre and Turner, 1999, 2000). So far no commercial

software was proven to be able to handle drying

problems in this case and all reported simulations

were performed by programs individually written for

the purpose.
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FIGURE 3.15 Finite difference mesh in the case two-dimensional drying with shrinkage: (a) before deformation; (b) after

deformation. Broken line—for unrestrained shrinkage, solid line—for restrained shrinkage.
3.7.3 SIMULTANEOUS SOLVING DPM OF SOLIDS

AND GAS PHASE

Usually in texts the DPM for soli ds (e.g ., Fick ’s law )

is solved for constant exter nal cond itions of ga s. Thi s

is espec ially the case when analytical solutions are

used. As the drying progres ses, the exter nal co ndi-

tions chan ge. At present with power ful ODE integ ra-

tors there is essential ly only compu ter power lim it for

simulta neou sly solvin g PDEs for the solid and ODEs

for the gas pha se. Let us discus s the case when spher-

ical soli d parti cles flow in parallel to gas stre am ex-

changing mass an d he at.

The inter nal mass trans fer in the solid phase de-

scribed by Equation 3.91 will be discr etized by a finite

difference method into the follo wing set of equatio ns

d Xi

dt
¼ f ( Xi � 1 , Xi , X i þ 1 , v )

for i ¼ 1, . . . , num ber of node s (3 : 110)

where Xi is the mois ture co ntent at a given node a nd v

is the vector of pro cess parame ters . W e wi ll add

Equation 3.19 through Equat ion 3.21 to this set. In

the last three eq uations the space increm ent d l can be

convert ed to tim e increm ent by

dl ¼ S (1 � «) rm

WS

dt (3 : 111)

The resulting set of ODEs can be solved by any ODE

solver. The drying rate can be calculated be tween time

steps (Equati on 3.112) from temporal change of

space- average d mo isture co ntent. As a resul t one ob-

tains sim ultane ously spatial pro files of moisture co n-

tent in the solid as well as longitud inal distribut ion of

parame ters in the ga s phase. Exe mplary resul ts are
� 2006 by Taylor & Francis Group, LLC.
shown for cocurrent fla sh drying of spheri cal pa rticles

in Figu re 3.16.
3.8 MODELS FOR BATCH DRYERS

We will not discus s here cases pertin ent to startup or

shutdow n of typic ally con tinuous dryers but conce n-

trate on three common cases of batch dryers . In batch

drying the defi nition of drying rate, i.e.,

wD ¼ �
mS

A

dX

dt 
(3 : 112)

provides a ba sis for drying time computa tion.

3.8.1 BATCH-DRYING OVEN

The sim plest batch dryer is a tray dryer shown in

Figure 3.17. Here wet soli d is placed in thin layer s

on trays and on a truck, which is then loaded into the

dryer.

The fan is star ted and a he ater power turned on.

A certain air ven tilation rate is a lso determined. Let

us assume that the soli d layer can be descri bed by

an LPM. The same applie s to the air inside the dryer; -

because of inter nal fan, the air is well mixe d and the

case corresp onds to case 2d in Figure 3.1. Here, the

air humidity and temperature inside the dryer will

change in time as well as solid moisture content and

temperature. The resulting model equations are there-

fore

mS

dX

dt
¼ �wDA (3:113)

WBY0 �WBY ¼ ms

dX

dt
þmB

dY

dt
(3:114)
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FIGURE 3.16 Cocurrent drying of clay spheres d ¼ 10 mm in air at tg ¼ 2508C. Solid throughput 0.1 kg/s, air throughput

0.06 kg/s. Simultaneous solution for gas phase and solid phase: (a) process trajectories—solid is represented by air in

equilibrium with surface; (b) internal moisture distribution profiles.
mS

d im

d t
¼ ( q � wD hAv ) A (3 : 115)

WB i g0 � W B i g þ Sq ¼ m S
dim

d t
þ mB

dig

d t
(3 : 116)

Note that Equation 3.113 is in fact the drying rate

definiti on (Equ ation 112). In wri ting these eq uations

we assume that the stream of air exit ing the dryer ha s
qh

WBWB YoYtg tgC

X tm

ql

Y tg

FIGURE 3.17 Schematic of a batchdrying oven.
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the same parame ters as the air inside—thi s is a resul t

of assum ing perfec t mixin g of the air.

This system of equations is mathematically stiff be -

cause changes of gas parameters are much faster than

changes in solid due to the small mass of gas in the dryer.

It is advisable to neglect accumulation in the gas phase

and assume that gas phase instantly follows changes of

other parameters. Equation 3.114 and Equation 3.116

will now have an asymptotic form of algebraic equa-

tions. Equation 3.113 through Equation 3.116 can now

be converted to the following working form:

dX

dt
¼ �wD

A

mS

(3 : 117)

WB (Y 0 � Y ) þ wD A ¼ 0 (3: 118)

d tm

dt
¼ 1

cS þ c Al X

A

mS

[q þ wD ( (c Al � c A ) t m � Dhv0 ) ]

(3 : 119)

WB [(c B þ c A Y0 ) tg0 � ( c B þ c A Y ) tg0 þ ( Y � Y0 ) c A t g ]

� A [ q þ wD c A (t g � t m )] þ S q ¼ 0 (3: 120)

The syst em of eq uations (E quation 3.117 a nd Equa-

tion 3.119) is then solved by an ODE solver for a

given set of data and initial co ndition s. For each

time step air pa rameters Y and tg are found by solving
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and air humidity Y (broken line); (b) material temperature tm (solid line) and air temperature tg (broken line).
Equation 3.118 and Equat ion 3.120. Sa mple sim ula-

tion results for this case are plott ed in Figure 3.18.

Note that at the end of drying, the tempe ratur e in the

dryer increa ses excess ivel y due to con stant power

being sup plied to the internal he ater. The mod el

may serve as a tool to con trol the process , e.g., in-

crease the ventilat ion rate WB when drying beco mes

too slow or reduce the heater power when tempe ra-

ture be comes too high as in this case.
dh

dX
dt

d t m

dt
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tg

Y + dh

tg + dh

dY
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d t g
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FIGURE 3.19 Schematic of a batch fluid bed dryer.
3.8.2 BATCH FLUID BED DRYING

In this case the soli d pha se may be consider ed as

perfec tly mixe d, so it wi ll be described by an inp ut–

output mod el wi th accumul ation term. On the oth er

hand, the gas phase changes its parame ters progres -

sively as it trave ls through the bed. This situ ation is

shown in Figure 3.19.

Ther efore, gas phase will be de scribed by a DPM

with no accu mulation and the solid pha se will be

describ ed by an LPM with an accu mulation term .

The resul ting equ ations are:

dX

dt
¼ � aV

(1 � «) rS

1

H

ZH

0

wD dh (3 : 121)

dY

dh
¼ S

WB

wD aV (3 : 122)

d tm

dt
¼ aV

(1 � «) rS

1

cS þ c Al X

1

H

�
ZH

0

[ q � (( cA � c Al )t m þ Dhv0 )w D ]d h

(3 : 123)
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dtg

dh
¼ � S

WB

aV

1

cB þ c A Y 
[ q þ c A ( t g � t m ) wD ] (3: 124)

Equation 3.122 and Equation 3.124 for the gas pha se

serve only to compute distribut ions of Y an d tg along

bed height , which is necessa ry to calcul ate q an d wD .

They can easil y be integ rated num erically, e.g., by the

Euler method , at each time step. The integrals in

Equation 3.121 and Equat ion 3.123 can be numeri c-

ally calculated, e.g., by the trapezoidal rule. This

allows Equation 3.121 and Equation 3.123 to be

solved by any ODE solver. The model has been

solved for a sample case and the results are shown

in Figu re 3.20.
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3.8.3 DEEP BED DRYING

In de ep be d drying solid pha se is stationar y and re-

mains in the dryer for a certain tim e whi le gas pha se

flows through it continuou sly (case 2a of Figure 3.1) .

Drying begins at the inlet end of gas and progres ses

through the entire bed . A typical desorpt ion wave

travels through the bed. The situatio n is sh own sche-

matical ly in Figure 3.21.

The above situatio n is described by the foll owing

set of equati ons:

dX

d t
¼ � wD aV

(1 � «) rS

(3 : 125)

dY

dh
¼ S

WB

wD aV (3 : 126)

d tm

dt
¼ aV

(1 � «) rS

1

cS þ c Al X

¼ [ q � ((cA � c Al ) tm þ D hv0 ) wD ] (3: 127)
dh
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FIGURE 3.21 Schematic of batch drying in a deep layer.
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dtg

dh
¼ � S

WB

aV

1

cB þ c A Y 
[ q þ c A ( t g � t m ) wD ] (3: 128)

The equatio ns can be solved by finite diff erence dis-

cretizat ion and a su itable numerica l techni que. Fig-

ure 3.22 presents the resul ts of a sim ulation of drying

cereal grains in a thick bed using Ma thcad. Note

how a de sorption wave is formed , and also that the

solid in deeper regions of the be d init ially takes up

moisture from the air humidi fied during its pa ssage

through the entry region.

Give n a model togeth er with its method of solu-

tion it is relative ly easy to vary BCs, e.g., chan ge air

tempe rature in tim e or switch the gas flow from top to

bottom intermittent ly, a nd observe the beh avior of

the syst em.
3.9 MODELS FOR SEMICONTINUOUS
DRYERS

In some cases the dryers are operate d in such a way that

a batch of soli ds is loaded into the dryer and it progres -

sively mo ves through the dryer. New batches are

loaded a t specified time intervals and at the same mo-

ment dry batches are remove d at the other en d. Ther e-

fore, the mate rial is not mov ing continuous ly but by

step increm ents. This is a typic al situatio n in a tun-

nel dryer where trucks are loaded at one end of a tun nel

and unloaded at the other, as shown in Figu re 3.23.

To simplify the case one can take an LPM for

each truck and a DPM for circulating air. As before,

we will neglect accumulation in the gas phase but of

course consider it in the solid phase. The resulting set

of equations is

dXi

dt
¼ �wDiAi

mSi

(3:129)
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dY

dl
¼ S

WB

wDaV (3:130)

dtim
dt
¼ Ai

mSi

1

cS þ cAlX i

� [qi � ((cA � cAl)t
i
m þ Dhv0)wDi] (3:131)

dtg

dl
¼ � S

WB

aV

1

cB þ cAY
[qþ cA(tg � tm)wD] (3:132)
WB

FIGURE 3.23 Schematic of a semicontinuous tunnel dryer.
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where i is the number of a current truck. Additionally,

a balance equation for mixing of airstreams at fresh

air entry point is required. The semi-steady-state

solution is when a new cycle of temporal change of

Xi and tm
i will be identical to the old cycle. In order to

converge to a semi–steady state the initial profiles of

Xi and tm
i must be assumed. Usually a linear distribu-

tion between the initial and the final values is enough.

The profiles are adjusted with each iteration until a

cyclic solution is found.
i

q
h
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The so lution of this system of equa tions is sche-

matical ly shown in Figure 3.24 for semi -steady-s tate

operati on and four trucks in the dryer. In eac h truck

moisture content dro ps in time until the load–unl oad

time inter val. Then the truck is moved one position

forward so the last mo isture co ntent for this truck at

former pos ition becomes its init ial mois ture co ntent

at the ne w position. A practical a pplication of this

model for drying of grapes is present ed by Cace res-

Huambo and Men egalli (2002) .
3.10 SHORTCUT METHODS FOR DRYER
CALCULATION

When no data on sorpti onal propert ies, water diff u-

sivity, shrinka g e, etc. , are avail able, dryer design can

only be approxim ate, ne vertheless useful, as a first

approach . We will identi fy here two such situ ations.

3.10.1 DRYING RATE FROM PREDICTED KINETICS

3.10.1.1 Free Moisture

This case exists when dr ying of the prod uct entir ely

takes place in the constant drying rate period. It is

almost always possibl e when the soli d contain s un-

bound moisture. Tex tiles, miner als, and inorgani c

chemi cals are example s of such solids.

Let us investiga te a co ntinuous dryer calcul ation.

In this case soli d tempe ratur e will reach, dep ending on

a number of trans fer units in the dryer, a value between

AST and WBT, which can easily be calcul ated from

Equation 3.49 and Equat ion 3.50. Now mass and en-

ergy ba lances can be closed over the whol e dryer and

exit parame ters of air and mate rial obtaine d. Having
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these, the average d solid an d gas temperatur es and

moisture content s in the dryer can be calculated. Fi-

nally the drying rate can be calcul ated from Equation

3.27, whi ch in turn allows one to calcul ate solid area in

the dr yer. Various aspect ratios of the dryer chambe r

can be designe d; one shou ld use judgme nt to calcul ate

dryer cross- section in such a way that air veloci ty will

not cause soli d entrai nment, etc.

3.10.1.2 Bound Moisture

In this case we can predict drying rate by assuming

that it is linea r, and at X ¼ X * drying rate is zero,

whereas at X ¼ Xcr dry ing rate is w DI. The equ ation

of drying rate then be comes

wD ¼ wDI

X � X *

Xc � X * 
¼ w DI F (3 : 133)

This equati on can be used for calcul ation of drying

time in ba tch drying. Substi tuting this equ ation into

Equation 3.112 and integrati on from the initial X0 to

final moisture content Xf, the drying time is obtaine d

t ¼ mS

AwDI

(Xc � X *) ln
X0 � X *

Xf � X *
(3 : 134)

Similarly , Equation 3.133 can be used in a mo del of a

continuous dryer.
3.10.2 DRYING RATE FROM EXPERIMENTAL KINETICS

Another simple case is when the drying curve has

been obtained experimentally. We will discuss both

batch and continuous drying.



TABLE 3.3
External RTD Function for Selected Models of Flow

Model of Flow E Function

Plug flow E(t) ¼ d(t � tr) (3.138)

Perfectly mixed flow E(t) ¼ 1

tr

e�t=tr (3.139)

Plug flow with axial dispersion E(t) ¼ 1

s
ffiffiffiffiffiffi
2p
p exp

(t � tr)
2

2s2

 !
(3.140)

where for Pe $ 10,
s2

t2
r

¼ 2

Pe

n-Perfectly mixed uniform beds E(t) ¼ n

tr

(n(t=tr) )n�1

(n� 1)!
exp �n

t

tr

� �
(3.141)
3.10.2.1 Batch Drying

We may assum e that if the solid size and drying

conditi ons in the indu strial dryer a re the same, the

drying time will also be the same as obtaine d experi -

menta lly. Other sim ple scali ng rules ap ply, e.g. , if a

batch fluid bed thickn ess is double of the experi men-

tal one, the dry ing time will a lso double .

3.10.2.2 Continuous Drying

Here the exp erimental drying kinetics can only be

used if mate rial flow in the dryer is of plug type. In

other words , it is as if the dryer served as a trans -

porter of a batch co ntainer wher e drying is identi cal

to that in the expe riment. How ever, when a certa in

degree of mixi ng of the solid pha se occu rs, parti cles of

the solid pha se exiting the dryer will have v arious

residen ce times and will theref ore differ in mois ture

content . In this case we c an only talk of average fina l

moisture con tent. To ca lculate this value we will use

methods of resi dence tim e distribut ion (RTD ) analy-

sis. If the emp irical drying kinetic s curve can be repre-

sented by the follo wing relationshi p:

X ¼ f (X0 , t ) (3: 135)

and mean reside nce time by

tr ¼
mS

WS

(3 : 136)

the average exit soli d mois ture con tent can be calcu-

lated using the external RTD function E as

X ¼
Z1

0

E ( t )X ( X0 ,t ) dt (3 : 137)
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Formula s for E functi on are present ed in Tabl e 3.3

for the most common flow models .

Figu re 3.25 is an exempl ary compari son of a batch

and real drying c urves. As can be seen, dr ying tim e in

real flow co nditions is approxim ately 50% longer

here.
3.11 SOFTWARE TOOLS FOR DRYER
CALCULATIONS

Menshu tina and Kudra (2001) present 17 commer cial

and semicomm ercia l program s for drying calcul ations

that they were able to identi fy on the market . Only a

few of them perfor m process calculati ons of dryers

includin g dryer dimens ioning, usually for fluid bed

dryers . Typical ly a program for dryer calcul ations

perfor ms ba lancin g of heat and mass and, if dimen-

sionin g is possibl e, the pr ogram requires empir ical

coeffici ents, whic h the us er ha s to supp ly. Similarl y,

the dr ying pro cess is de signed in commer cial pro cess

simulat ors used in ch emical and process engineer ing.

A program that does all calcul ations presented in this

chapter does not exist. How ever, wi th presen t-day

computer technol ogy, co nstruction of su ch so ftware

is possibl e; dryPAK (Silva and Correa, 199 8;

Pakowski , 1 999) is a program that evolves in this

direction. The main concept in dr yPAK is that all

models share the same da tabase of hum id ga s, mois t

material prop erties, methods for calcul ation of dry ing

rate, etc. The resul ts are also visual ized in the same

way. Fig ure 3.5, Figure 3.7, Figure 3.14, an d Figure

3.16 wer e in fact prod uced with dryPAK .

General-purpose mathematical software can greatly

simplify solvin g new models of not-too-com plex

structure. Calculat ions shown in Figure 3.9, Figu re

3.12, Figure 3.18, Figu re 3.20, and Figure 3.22 were

produced with Mathcad. Mathcad or MATLAB can
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signific antly reduce the effort involv ed with numeri cal

solution s of equatio n syst ems as they co ntain a multi-

tude of solver s for both algebr aic and different ial eq ua-

tions. Prob lems that woul d requir e severa l da ys of

work can now be solved within hours. To let the read er

get acqu ainted with this tool severa l Mathcad files

contai ning selec ted solut ions of problem s presen ted

in this sectio n wi ll be made available at http://ch emeng.

p.lodz.p l/books /HID/. Both MATLAB a nd Mathcad

offer associated tools for visual modeli ng of dy namic

systems (Sim ulink and VisiSi m, respect ivel y) that

make simulat ion of batch system even easie r.

3.12 CONCLUSION

In this chapter we have illustrated how dry er calcul a-

tions can be made by con structing a mo del of a dr yer

and solvin g it using appropri ate num erical methods .

Using general-pu rpose mathe matical softwar e solving

models is a task that can be handled by any engineer .

The resul ts can be obtaine d in a short time and pr o-

vide a so und ba sis for mo re detailed dryer calcul a-

tions. For more advan ced an d spec ialized drye r

design de dicated softwar e shou ld be sought. How -

ever, the que stion of how to obt ain the ne cessary

propert y data of dried mate rials remai ns. Thi s que s-

tion is as important now as it was before since ve ry

little ha s been done in the area of mate rials databas es.

The data are spread over the literatu re and, in the

case of unsuccess ful search, an exp erimental deter-

mination of the mis sing da ta is nec essary.
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NOMENCLATURE

A interfacial area of phase contact, m2

a,b,c constants of GAB equation

aV characteristic interfacial area per unit volume

of dryer, 1/m

c specific heat, kJ/(kg K)

D diffusivity, m2/s

E axial dispersion coefficient, m2/s

E external RTD function

f ratio of drying rates in CDC equation

G shear modulus, Pa

h specific enthalpy per unit mass of species,

kJ/kg

Dhs latent heat of sorption, kJ/kg

Dhv latent heat of vaporization, kJ/kg

i specific enthalpy per dry basis, kJ/kg

k permeability, m2

kY mass transfer coefficient, kg/(m2 s)

L total length, m

l running length, m

M molar mass, kg/kmol

m mass holdup, kg

p vapor pressure, Pa

P0 total pressure, Pa

q heat flux, kW/m2

R maximum radius, m

R universal gas constant, kJ/(kmol K)

r actual radius, m

S cross-sectional area normal to flow direction,

m2



s shrinka ge coeffici ent

t tempe ratur e, 8 C
T absolut e temperatur e, K

W mass flowra te, kg /s

wD drying rate, kg/(m 2 s)

X mois ture con tent per dry basis, kg/kg

x coord inate in Car tesian syst em, m

Y absolut e humidi ty per dry basis, kg/kg

V total volume , m 3

a heat transfer coeffici ent, kW/(m 2 K)

d Dirac delta function

« voidage

F dimens ionles s mois ture content ¼ (X – X*)/

( Xc – X*)

f correct ing co efficient in Equat ion 3.27

w relative humidi ty

l therm al con ductivity , kW /(m K)

m viscos ity, Pa s

n Poisson’ s ratio

r densit y, kg/m 3

t time, s

SUBSCRIPTS AND SUPERSCRIPTS

A mois ture

AS adiabat ic satur ation

B dry gas

c critical (for moisture content )

g humid gas

i at inter face

m wet solid

m mean value

s at satur ation

S dry solid

WB wet bulb

v vapor pha se

* in equilibrium

– space average d
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4.1 INTRODUCTION

Drying is a complicated process involving simultan-

eous heat, mass, and momentum transfer phenomena,

and effective models are necessary for process design,

optimization, energy integration, and control. The

development of mathematical models to describe dry-

ing processes has been a topic of many research stud-

ies for several decades. Undoubtedly, the observed

progress has limited empiricism to a large extent.

However, the design of dryers is still a mixture of

science and practical experience. Thus the prediction

of Luikov that by 1985 ‘‘would obviate the need for

empiricism in selecting optimum drying conditions,’’

represented an optimistic perspective, which, how-

ever, shows that the efforts must be increased [1].

Presently, more and more sophisticated drying

models are becoming available, but a major question

that still remains is the measurement or determi-

nation of the parameters used in the models. The

measurement or estimation of the necessary param-

eters should be feasible and practical for general

applicability of a drying model.

In the early 1970s, Nonhebel and Moss stated that

‘‘the choice of drying plant, or design of special plant

to meet unprecedented conditions’’ would require use

of 34 parameters [2]. Regardless of the truth of such a

statement, that is, of the actual number of parameters

necessary for the design of a dryer, there is an obvious

need for a large amount of data. Nowadays, the

completeness and accuracy of such data reflect to a
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large extent our ability to perform effective process

design. It should be noted that in spite of the intense

activities in the drying literature (Drying Technology

Journal, Advances in Drying, Drying, International

Drying Symposium, etc.), the problem of property

data still remains an important one because such

data are widely scattered and not systematically

evaluated. Moreover, whereas the need ‘‘for accurate

design data is increasing, the rate of accumulation

of new data is not increasing fast enough’’ [3]. The

lack of data is expected to continue and, as noted

by Keey, ‘‘it is probably unrealistic to expect com-

plete hygrothermal data for materials of commercial

interest’’ [4].

Out of the full set of thermophysical properties

necessary for the analysis of drying of a material, this

chapter examines only those that are critical. As such,

we consider the thermodynamic and transport prop-

erties, which are usually incorporated in a drying

model as model parameters, and which are:
Effective moisture diffusivity

Effective thermal conductivity

Air boundary heat and mass transfer coefficients

Drying constant

Equilibrium material moisture content
Effective thermal conductivity and effective mois-

ture diffusivity are related to internal heat and mass

transfer, respectively, while air boundary heat and

mass transfer coefficients are related to external heat



and mass transfer, respectively. The above transport

properties are usually coefficients in the correspond-

ing flow rate and driving force relationship. The equi-

librium material moisture content, on the other hand,

is usually related to the mass transfer driving force.

The above transport properties in conjunction

with a transport phenomena mechanistic model can

adequately describe the drying kinetics, but some-

times an additional property, the drying constant, is

also used. The drying constant is essentially a com-

bination of the above transport properties and it must

be used in conjunction with the so-called thin-layer

model.

Effective moisture diffusivity and effective ther-

mal conductivity are in general functions of material

moisture content and temperature, as well as of the

material structure. Air boundary coefficients are func-

tions of the conditions of the drying air, that is hu-

midity, temperature, and velocity, as well as system

geometry. Equilibrium moisture content of a given

material is a function of air humidity and tempera-

ture. The drying constant is a function of material

moisture content, temperature, and thickness, as well

as air humidity, temperature, and velocity.

The required accuracy of the above properties

depends on the controlling resistance to heat and

mass transfer. If, for example, drying is controlled

by the internal moisture diffusion, then the effective

moisture diffusivity must be known with high accur-

acy. This situation is valid when large particles are

drying with air of high velocity. Drying of small

particles with low velocity of air is controlled by the

external mass transfer, and the corresponding coeffi-

cient should be known with high accuracy. But there

are situations in which heat transfer is the controlling

resistance. This happens, for example, in drying of

solids with high porosity, in which high mass and

low heat transfer rates are obtained.

The purpose of this chapter is to examine the

above properties related to drying processes, particu-

larly drying kinetics. Most of the following topics are

discussed for each property:
� 20
Definition

Methods of experimental measurement

Data compilation

Effect of various factors

Theoretical estimation
The statement of Poersch (quoted in Ref. [4]) that

it is possible for someone to dry a product based on

experience and without theoretical knowledge but not

the reverse is worth repeating here. To this we may

add the comment that it is impossible to efficiently
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dry a product without complete and precise thermo-

physical data.
4.2 MOISTURE DIFFUSIVITY

4.2.1 DEFINITION

Diffusion in solids during drying is a complex process

that may involve molecular diffusion, capillary flow,

Knudsen flow, hydrodynamic flow, or surface diffusion.

If we combine all these phenomena into one, the effect-

ive diffusivity can be defined from Fick’s second law

@X =@t ¼ D r2X (4 :1)

where D (m2/s) is the effective diffusivity, X (kg/kg

db) is the material moisture content, and t (s) is the

time.

The moisture transfer in heterogeneous media can

be conveniently analyzed by using Fick’s law for

homogeneous materials, in which the heterogeneity

of the material is accounted for by the use of an

effective diffusivity.

Equation 4.1 shows the time change of the mater-

ial moisture distribution, that is, it describes the

movement of moisture within the solid. The previous

equation can be used for design purposes in cases in

which the controlling mechanism of drying is the

diffusion of moisture.

Pakowski and Mujumdar [5] describe the use of

Equation 4.1 for the calculation of the drying rate,

whereas Strumillo and Kudra [6] describe its use in

calculating the drying time. Solutions of the Fickian

equation for a variety of initial and boundary condi-

tions are exhaustively described by Crank [7].

4.2.2 METHODS OF EXPERIMENTAL MEASUREMENT

There is no standard method for the experimental

determination of diffusivity. The diffusivity in solids

can be determined using the methods presented in

Table 4.1. These methods have been developed pri-

marily for polymeric materials [7–9]. Table 4.1 also

includes the relevant entries in the ‘‘References’’ sec-

tion for the application of the methods in food systems.

4.2.2.1 Sorption Kinetics

The sorption (adsorption or desorption) rate is meas-

ured with a sorption balance (spring or electrical)

whereas the solid sample is kept in a controlled envir-

onment. Assuming negligible surface resistance to

mass transfer, the method is based on Fick’s diffusion

equation.



TABLE 4.1
Methods for the Experimental Measurement
of Moisture Diffusivity

Method Ref.

Sorption kinetics 8

Permeation methods 8

Concentration–distance curves 10–12

Other methods

Radiotracer methods 8

Nuclear magnetic resonance (NMR) 8, 13, 14

Electron spin resonance (ESR) 8, 15

Drying technique

Simplified methods 16

Regular regime method 17–19

Numerical solution—regression analysis See Section 4.7
4.2.2.2 Permeation Method

The permeation method is a steady-state method ap-

plied to a film of material. According to this method,

the permeation rate of a diffusant through a material

of known thickness is measured under constant, well-

defined, surface concentrations. The analysis is also

based on Fick’s diffusion equation.

4.2.2.3 Concentration–Distance Curves

The concentration–distance curves method is based

on the measurement of the distribution of the diffu-

sant concentration as a function of time. Light inter-

ference methods, as well as radiation adsorption or

simply gravimetric methods, can be used for concen-

tration measurements. Various sample geometries can

be used, for example semiinfinite solid, two joint cy-

linders with the same or different material, and so

on. The analysis is based on the solution of Fick’s

equation.

4.2.2.4 Other Methods

Modern methods for the measurement of moisture

profiles lead to diffusivity measurement methods.

Such methods discussed in the literature are radio-

tracer methods, nuclear magnetic resonance (NMR),

electron spin resonance (ESR), and the like.

4.2.2.5 Drying Methods

The simplified, regular regime, and regression analy-

sis methods are particularly relevant for drying

processes. In them, the samples are placed in a dryer

and moisture diffusivity is estimated from drying

data. All the drying methods are based on Fick’s
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equation of diffusion, and they differ with respect to

the solution methodology. The following analysis is

considered.

4.2.2.5.1 Simplified Methods

Fick’s equation is solved analytically for certain sam-

ple geometries under the following assumptions:
Surface mass transfer coefficient is high enough so

that the material moisture content at the surface

is in equilibrium with the air drying conditions.

Air drying conditions are constant.

Moisture diffusivity is constant, independent of

material moisture content and temperature.
The analytical solution for slab, spherical, or

cylindrical samples is used in the analysis. Several

alternatives exist concerning the methodology of esti-

mation of diffusivity using the above equations. They

are discussed in the COST 90bis project of European

Economic Community (EEC) [16]. These alternatives

differ essentially on the variable on which a regression

analysis is applied.

4.2.2.5.2 Regular Regime Method

The regular regime method is based on the experi-

mental measurement of the regular regime curve,

which is the drying curve when it becomes independ-

ent of the initial concentration profile. Using this

method, the concentration-dependent diffusivity can

be calculated from one experiment.

4.2.2.5.3 Numerical Solution—Regression Analysis

Method

The regression analysis method can be considered as

a generalization of the other two types of methods.

It can estimate simultaneously some additional

transport properties; it is analyzed in detail in

Section 4.7.

4.2.3 DATA COMPILATION

Effective diffusivities, reported in the literature, have

been usually estimated from drying or sorption rate

data. Experimental data are scarce because of the

effect of the experimental method, the method of

analysis, the variations in composition and structure

of the examined materials, and so on. Data of effect-

ive diffusion coefficients are available for inorganic

materials [20], polymers [8], and foods [21,22].

Table 4.2 gives some literature values of the

effective diffusivity of moisture in various materials.

A number of data from the above-mentioned biblio-

graphic entries are also included in Table 4.2. New

data up to 1992 are also incorporated. Foods are the



TABLE 4.2
Effective Moisture Diffusivity in Some Materials

Classificationa Material Water Content (kg/kg db) Temperature (8C) Diffusivity (m2/s) Ref.

Food

1 Alfalfa stems <3.70 26 2.6E-12–2.6E-09 23

2 Apple 0.12 60 6.5E-12–1.2E-10 24

0.15–7.00 30–76 1.2E-10–2.6E-10 25

3 Avocado 31–56 1.1E-10–3.3E-10 26

4 Beet 65 1.5E-09 26

5 Biscuit 0.10–0.65 20–100 9.4E-10–9.7E-08 27

6 Bread 0.10–0.70 20–100 2.5E-09–5.5E-07 27

7 Carrot 0.03–11.6 42–80 9.0E-10–3.3E-09 28

8 Corn 0.05–0.23 40 1.0E-12–1.0E-10 29

0.19–0.27 36–62 7.2E-11–3.3E-10 30

9 Fish muscle 0.05–0.30 30 8.1E-11–3.4E-10 31

10 Garlic 0.20–1.60 22–58 1.1E-11–2.0E-10 32

11 Milk foam 0.20 40 1.1E-09 33

Milk skim 0.25–0.80 30–70 1.5E-11–2.5E-10 34

12 Muffin 0.10–0.65 20–100 8.4E-10–1.5E-07 27

13 Onion 0.05–18.7 47–81 7.0E-10–4.9E-09 35

14 Pasta, semolina 0.01–0.25 40–125 3.0E-13–1.5E-10 36

Pasta, corn based 0.10–0.40 40–80 5.0E-11–1.3E-10 37

Pasta, durum wheat 0.16–0.35 50–90 2.5E-12–5.6E-11 38

15 Pepper, green 0.04–16.2 47–81 5.0E-10–9.2E-09 35

16 Pepperoni 0.19 12 4.7E-11–5.7E-11 39

17 Potato 0.60 54 2.6E-10 40

<4.00 65 4.0E-10 41

0.15–3.50 65 1.7E-09 42

0.01–7.20 39–82 5.0E-11–2.7E-09 43

18 Rice 0.18–0.36 60 1.3E-11–2.3E-11 44

0.28–0.64 40–56 1.0E-11–6.9E-11 45

19 Soybeans, defatted 0.05 30 2.0E-12–5.4E-12 46

20 Starch, gel 0.10–0.30 25 1.0E-12–2.3E-11 47

0.20–3.00 30–50 1.0E-10–1.2E-09 48

0.75 25–140 1.0E-10–1.5E-09 49

Starch granular 0.10–0.50 25–140 5.0E-10–3.0E-09 49

21 Sugar beet 2.50–3.60 40–80 4.0E-10–1.3E-09 50, 51

22 Tapioca root 0.16–1.95 97 9.0E-10 52, 53

23 Turkey 0.04 22 8.0E-15 54

24 Wheat 0.12–0.30 21–80 6.9E-12–2.8E-10 55

0.13–0.20 20 3.3E-10–3.7E-09 56

Other materials

1 Asbestos cement 0.10–0.60 20 2.0E-09–5.0E-09 20

2 Avicel (FMC Corp.) 37 5.0E-09–5.0E-08 57

3 Brick powder 0.08–0.16 60 2.5E-08–2.5E-06 58

4 Carbon, activated 25 1.6E-05 59

5 Cellulose acetate 0.05–0.12 25 2.0E-12–3.2E-12 60

6 Clay brick 0.20 25 1.3E-08–1.4E-08 61

7 Concrete 0.10–0.40 20 5.0E-10–1.2E-08 20

Concrete, pumice 0.20 25 1.8E-08 61

8 Diatomite 0.05–0.50 20 3.0E-09–5.0E-09 20

9 Glass wool 0.10–1.80 20 2.0E-09–1.5E-08 20

Glass spheres, 10 mm 0.01–0.22 60 1.84E-8 + 0.94E-8 16

10 Hyde clay 0.10–0.40 5.0E-09–1.0E-08 62

11 Kaolin clay <0.50 45 1.5E-08–1.5E-07 20

12 Model system 68 3.1E-09 63

continued
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TABLE 4.2 (contin ued)
Effective Moisture Diffusi vity in Some Materia ls

Classification a Material Water Content (kg/kg db) Temperature ( 8C) Diffusivity (m2/s) Ref.

13 Peat 0.30–2.50 45 4.0E-08–5.0E-08 20

14 Sand <0.15 45 8.0E-08–1.5E-07 20

Sand, sea 0.07–0.13 60 2.5E-08–2.5E-06 58

Sand 0.05–0.10 1.0E-07–1.0E-06 64

15 Silica alumina 0.59–1.18 60 2.5E-08–2.5E-06 58

16 Silica gel 25 3.0E-06–5.6E-06 59

17 Tobacco leaf 30–50 3.2E-11–8.1E-11 65

18 Wood, soft 40–90 5.0E-10–2.5E-09 66

Wood, yellow poplar 1.00 100–150 1.0E-08–2.5E-08 67

aClassification number for each material used in Figure 4.1.
most investigated materials in the literature, and they

are presented separately. Table 4.2 was prepared for

the needs of this chapter, that is, to show the range of

variation of diffusivity for various materials and not

to present some experimental values. That is why

most of the data are presented as ranges.

The data of Table 4.2 are further displayed in

Figure 4.1 through Figure 4.4. The moisture diffusiv-

ity is plotted versus the number of material for food

and other materials in Figure 4.1. Diffusivities in

foods have values in the range 10 �13 to 10 �6 m2/s,

and most of them (82%) are accumulated in the re-

gion 10 �11 to 10 �8. Diffusivities of other materials

have values in the range 10 �12 to 10 �5, whereas

most of them (58%) are accumulated in the region

10 �9 to 10 �7. These results are also clarified in the

histograms of Figure 4.2. Diffusivities in foods are

less than those in other materials. This is because of

the complicated biopolymer structure of food and,

probably, the stronger binding of water in them.

The influence of material moisture content and

temperature from the statistical point of view is

shown in Figure 4.3 and Figure 4.4. Figure 4.3

shows the diffusivities versus the material moisture

content for all the materials. The positive effect of

material moisture content on diffusivity is evident.

The same trend is noted in Figure 4.4 with regard to

the temperature. It should be noted that the observed

trends in the previous figures are the result of exam-

ining different materials at various temperatures and

moistures and from various sources. The influence of

material moisture content and temperature for each

material is discussed in the next section.

In general, comparison among diffusivities

reported in the literature is difficult because of the

different methods of estimation and the variation of

composition, especially for foods. However, on the 
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basis of Figure 4.3 and Figure 4.4, it is concluded that

the differences in diffusivity among materials are less

than that between temperature or material moisture

content of the same material. Diffusivities of other

solutes in various materials are also presented in the

literature (e.g., see Ref. [68]).

4.2.4 F ACTORS A FFECTING DIFFUSIVITY

Moisture diffusivity depends strongly on temperature

and, often, very strongly on the moisture content, but

there are few reliable figures. In porous materials the

void fraction affects diffusivity significantly, and the

pore structure and distribution do so even more.

The temperature dependence of the diffusivity can

generally be described by the Arrhenius equation,

which takes the form

D ¼ DO exp (� E=RT) (4:2)

where DO (m2/s) is the Arrhenius factor, E (kJ/kmol)

is the activation energy for diffusion, R (kJ/(kmol K))

the gas constant, and T (K) the temperature.

The moisture content dependence of the diffusiv-

ity can be introduced in the Arrhenius equation by

considering either the activation energy or the Arrhe-

nius factor as an empirical function of moisture. Both

modifications can be considered simultaneously.

Other empirical equations not based on the Arrhenius

equation can be used.

The moisture diffusivity is an increasing function

of the temperature and moisture of the material. Yet,

in certain categories of polymers, deviation from this

kind of behavior has been observed. For instance, for

several of the less hydrophilic polymers (e.g., poly-

methacrylates and polycrylates) the moisture diffusiv-

ity decreases with increasing water content. On the
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FIGURE 4.1 Moisture diffusivity in various materials (data from Table 4.2).
other hand, the moisture diffusivity appears to be

independent of the concentration—and hence con-

stant—for some hydrophobic polyolefins.

Table 4.3 gives some relationships that describe

simultaneous dependence of the diffusivity upon tem-

perature and moisture. Some rearrangement of the

equations proposed has been done in order to present

them in a uniform format. Table 4.4 lists parameter

values for typical equations of Table 4.3.

Equation T3.1 through Equation T3.4 in Table

4.3 suggest that the material moisture content can be

taken into account by considering the preexponential

factor of the Arrhenius equation as a function of

material moisture content. Polynomial functions of

first order can be considered (Equation T3.1), as

well as of higher order (Equation T3.2 or Equation

T3.3). The exponential function can also be used

(Equation T3.4).

Equation T3.5 and Equation T3.6 in Table 4.3 are

obtained by considering the activation energy for
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diffusion as a function of material moisture content.

Equation T3.7 through Equation T3.10 are not based

on the Arrhenius form. They are empirical and they use

complicated functions concerning the discrimination

of the moisture and temperature effects (except, of

course, Equation T3.7). Equation T3.11 is more so-

phisticated as it considers different diffusivities of

bound and free water and introduces the functional

dependence of material moisture content on the bind-

ing energy of desorption. Equation T3.12 introduces

the effect of porosity on moisture diffusivity.

With regard to the number of parameters involved

(a significant measure concerning the regression an-

alysis), it is concluded that at least three parameters

are needed (Equation T3.1, Equation T3.5, and Equa-

tion T3.7).

Equation T3.5 and Equation T3.7 in Table 4.3

were applied to potato and clay brick, respectively,

and the results are presented in Figure 4.5. Both

materials exhibit typical behavior. Diffusivity at low
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moisture content shows a steep descent when the moi-

sture content decreases.

The equations listed in Table 4.3 resulted from

fitting to experimental data. The reason for the success

of this procedure is the apparent simple dependence of

diffusivity upon the material moisture content and

temperature, which, as stated above, can be described

even by three parameters only. The equations of Table

4.3 have been chosen by the respective researchers as

the most appropriate for the material listed.

A single relation for the dependence of diffusivity

upon the material moisture content and temperature

general enough so as to apply to all the materials

would be especially useful. It is expected that such a

relation will be proposed soon.

The effect of pore structure and distribution on

moisture diffusion can be examined by considering

the material as a two-(or multi-) phase (dry material,

water, air in voids, etc.) system and by considering
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some structural models to express the system geom-

etry. Although a lot of work has been done in

the analogous case of thermal conductivity, little

attention has been given to the case of moisture dif-

fusivity, and even less experimental validation of the

structural models has been obtained. The similarity,

however, of the relevant transport phenomena (i.e.,

heat and mass transfer) permits, under certain restric-

tions, the use of conclusions derived from one area in

the other. Thus, the literature correlations for the

estimation of the effective diffusion coefficient, in

many cases, had been initially developed for the ther-

mal conductivity in porous media [79].

4.2.5 T HEORETICAL ESTIMATION

The prediction of the diffusion coefficients of gases

from basic thermophysical and molecular properties is

possiblewith great accuracy using theChapman–Enskog
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kinetic theory. Diffusivities in liquids, on the other

hand, in spite of the absence of a rigorous theory, can

be estimated within an order of magnitude from the

well-known equations of Stokes and Einstein (for

large spherical molecules) and Wilke (for dilute solu-

tions).

Diffusion of gases, vapors, and liquids in solids,

however, is a more complex process than the diffusion

in fluids because of the heterogeneous structure of the

solid and its interactions with the diffusing compon-

ents. As a result, it has not yet been possible to

develop an effective theory for the diffusion in solids.

Usually, diffusion in solids is handled by the re-

searchers in a manner analogous to heat conduction.

In the following paragraphs typical methods are de-

scribed for the development of semiempirical correl-

ations for diffusivity.

For the estimation of the diffusion coefficient in

isotropic macroporous media, the relation
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D ¼ ( d«=t2)DA (4 :3)

has been proposed [79]. In this equation, « is the

porosity, t is the tortuosity, d is the constrictivity,

and DA is the vapor diffusivity in air in the absence

of porous media. In spite of its simplicity, Equation

4.3 will not attain practical utility unless it is validated

with additional pore space models, its parameters ( «,

t, d) determined for a large number of systems, and

the effect of the solid’s moisture properly accounted

for.

An equation has been derived relating the effective

diffusivity of porous foodstuffs to various physical

properties such as molecular weight, bulk density,

vapor space permeability, water activity as a function

of material moisture content, water vapor pressure,

thermal conductivity, heat of sorption, and tempera-

ture [80]. A predictive model has been proposed to

obtain effective diffusivities in cellular foods. The
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method requires data for composition, binary mo-

lecular diffusivities, densities, membrane and cell

wall permeabilities, molecular weights, and water vis-

cosity and molar volume [81]. The effect of moisture

upon the effective diffusivity is taken into account via

the binding energy of sorption in an equation sug-

gested in Ref. [77].

4.3 THERMAL CONDUCTIVITY

4.3.1 DEFINITION

The thermal conductivity of a material is a measure of

its ability to conduct heat. It can be defined using

Fourier’s law for homogeneous materials:

@T =@t ¼ (k=�cp)r2T (4 :4)

where k is the thermal conductivity (kW/(m K)), r is

the density (kg/m3), cp is the specific heat of the
� 2006 by Taylor & Francis Group, LLC.
material (kJ/(kg K)), T is the temperature (K), and t

is the time (s). The quantity (k/@cp) is the thermal

diffusivity. For heterogeneous materials, the effective

thermal conductivity is used in conjunction with

Fourier’s law.

Equation 4.4 is used in cases in which heat trans-

fer during drying takes place through conduction

(internally controlled drying). This, for example, is the

situation when drying large particles, relatively immo-

bile, that are immersed in the heat transfer medium.

As far as heat and mass transfer is concerned, the

drying process is internally controlled whenever the

respective Biot number (BiH, BiM) is greater than 1 [5].

4.3.2 METHODS OF EXPERIMENTAL MEASUREMENT

The effective thermal conductivity can be determined

using the methods presented in Table 4.5, which in-

cludes the relevant references. Measurement tech-

niques for thermal conductivity can be grouped into



TABLE 4.3
Effect of Material Moisture Content and Temperature on Diffusivity

Equation No. Materials of Application Equation No. of

Parameters

Ref.

T3.1 Apple, carrot, starch D(X,T) ¼ a0 exp(a1X) exp(�a2/T) 3 49, 69, 70

T3.2 Bread, biscuit, muffin D(X,T) ¼ a0 exp
P3
i¼1

aiX
1

� �
exp (� a2=T) 5 27

T3.3 Polyvinylalcohol D(X,T) ¼ a0 exp
P10

i¼1

aiX
1

� �
exp (� a2=T) 12 71

T3.4 Vegetables D(X,T) ¼ a0 exp(�a1/X) exp(�a2/T) 3 72

T3.5 Glucose, coffee extract,

skim milk, apple, potato,

animal feed

D(X,T) ¼ a0 exp[�a1(1/T � 1/a2)]

a1 ¼ a10 þ a11 exp(�a12X)

5 18

T3.6 Silica gel D(X,T) ¼ a0 exp(�a1/T) a1 ¼ a10 þ a11X 3 73

T3.7 Clay brick, burned clay,

pumice concrete

D(X,T) ¼ a0 Xa1 Ta2 3 61

T3.8 Corn D(X,T) ¼ a0 exp(a1X) exp(�a2/T) a1 ¼ a11T þ a10 4 30

T3.9 Rough rice D(X,T) ¼ a1 exp(a2X) a1 ¼ a10 exp(a11T),

a2 ¼ a20 exp(a21 T þ a22T
2)

5 74, 75

T3.10 Wheat D(X,T) ¼ a0 þ a1X þ a2X
2 a0 ¼ a01 exp(a02T),

a1 ¼ a11 exp(a12T), a2 ¼ a21 exp(a22T)

6 76

T3.11 Semolina, extruded D(X,T ) ¼ a0 exp (� a2=T)
a2 exp (� a3=T)

1þ a2 exp (� a3=T)
4 77

T3.12 Porous starch D(X,T ) ¼ (a0 þ a1X
a
2) exp(�a3/T) a0 ¼ F(«) >5 78

D, moisture diffusivity; X, material moisture content; T, temperature; ai, constants; «, porosity.
steady-state and transient-state methods. Transient

methods are more popular because they can be run

for as short as 10 s, during which time the mois-

ture migration and other property changes are kept

minimal.
TABLE 4.4
Application Examples

Material Equation

Clay brick, burned clay D ¼ D0 (T/T0)
aT (X/X0)

aX D0 ¼
X0

D0

X0

Polyvinylalcohol D ¼ D0 exp[�E/R(1/T � 1/T0)],

D0 ¼ SaiX
i

T0 ¼
R

a1

a3

a5

a7

a9

Potato, carrot D ¼ D0 exp(�X0/X) exp(�T0/T) D0 ¼
T0

X0

Silica gel D ¼ D0 exp( (E0 � E1X)/T) D0 ¼
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4.3.2.1 Steady-State Methods

In steady-state methods, the temperature distribution

of the sample is measured at steady state, with the

sample placed between a heat source and a heat sink.
Constants Ref.

7.36 · 10�9 m2/s, T0 ¼ 273K, aT ¼ 9.5,

¼ 0.35 kg/kg db, aX ¼ 0.5 for clay brick;

¼ 1.11 · 10�9 m2/s, T0 ¼ 273K, aT ¼ 6.5,

¼ 0.40 kg/kg db, aX ¼ 0.5 for burned clay

61

298K, E ¼ 3.05 · 104 J/mol,

¼ 8.314 J/(mol K), a0 ¼ �0.104015 · 102,

¼ 0.363457 · 102, a2 ¼ �0.469291 · 103,

¼ 0.634869 · 104, a4 ¼ �0.517559 · 105,

¼ 0.250188 · 106, a6 ¼ �0.747613 · 106,

¼ 0.139929 · 107, a8 ¼ �0.159715 · 107,

¼ 0.101503 · 107, a10 ¼ �0.274672 · 106

71

2.41 · 10�7 m2/s, X0 ¼ 7.62 · 10�2 kg/kg db,

¼ 1.49 · 10þ38C for potato; D0 ¼ 2.68 · 10�4 m2/s,

¼ 8.92 · 10�2 kg/kg db, T0 ¼ 3.68 · 10þ38C for carrot

72

5.71 · 10�7 m2/s, E0 ¼ 2450K, E1 ¼ 1400K/(kg/kg db) 73
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Different geometries can be used, those for longitu-

dinal heat flow and radial heat flow.
4.3.2.2 Longitudinal Heat Flow (Guarded

Hot Plate)

The longitudinal heat flow (guarded hot plate)

method is regarded as the most accurate and most

widely used apparatus for the measurement of ther-

mal conductivity of poor conductors of heat. This

method is most suitable for dry homogeneous speci-

mens in slab forms. The details of the technique are

given by the American Society for Testing and

Materials (ASTM) Standard C-177 [82].
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4.3.2.3 Radial Heat Flow

Whereas the longitudinal heat flow methods are most

suitable for slab specimens, the radial heat flow techni-

ques areused for loose, unconsolidatedpowderor granu-

lar materials. The methods can be classified as follows:
Cylinder with or without end guards

Sphere with central heating source

Concentric cylinder comparative method
4.3.2.4 Unsteady State Methods

Transient-state or unsteady-state methods make use

of either a line source of heat or plane sources of heat.



TABLE 4.5
Methods for the Experimental Measurement
of Thermal Conductivity

Method Ref.

Steady-state method

Longitudinal heat flow (guarded hot plate) 82

Radial heat flow 83

Unsteady-state method

Fitch 84, 85

Plane heat source 86

Probe method 87, 88

TABLE 4.6
Effective Thermal Conductivity in Some Materials

Material Temperature

(8C)

Thermal

Conductivity

(W/(m K))

Ref.

Aerogel, silica 38 0.022 94

Asbestos 427 0.225 94

Bakelite 20 0.232 94

Beef, 69.5% water �18 0.622 99

Beef fat, 9% water �10 0.311 100

Brick, common 20 0.173–0.346 94

Brick, fire clay 800 1.37 94

Carrots �15 to �19 0.622 101

Concrete 20 0.813–1.40 94

Corkboard 38 0.043 94

Diatomaceous earth 38 0.052 94

Fiber-insulating board 38 0.042 94

Fish �20 1.50 100

Fish, cod, and haddock �20 1.83 102

Fish muscle �23 1.82 103

Glass, window 20 0.882 94

Glass wool, fine 38 0.054 94

Glass wool, packed 38 0.038 94

Ice 0 2.21 94

Magnesia 38 0.067 94

Marble 20 2.77 94

Paper 0.130 94

Peach 18–27 1.12 104

Peas 18–27 1.05 104

Peas �12 to �20 0.501 101

Plums �13 to �17 0.294 101

Potato �10 to �15 1.09 101

Potato flesh 18–27 1.05 104

Rock wool 38 0.040 94

Rubber, hard 0 0.150 94

Strawberries 18–27 1.35 104

Turkey breast �25 0.167 100

Turkey leg �25 1.51 100

Wood, oak 21 0.207 94
In both cases, the usual procedure is to apply a steady

heat flux to the specimen, which must be initially in

thermal equilibrium, and to measure the temperature

rise at some point in the specimen, resulting from this

applied flux [83]. The Fitch method is one of the most

common transient methods for measuring the thermal

conductivity of poor conductors. This method was

developed in 1935 and was described in the National

Bureau of Standards Research Report No. 561.

Experimental apparatus is commercially available.

4.3.2.5 Pro be Metho d

The probe method is one of the most common tran-

sient methods using a line heat source. This method is

simple and quick. The probe is a needle of good

thermal conductivity that is provided with a heater

wire over its length and some means of measuring the

temperature at the center of its length. Having the

probe embedded in the sample, the temperature re-

sponse of the probe is measured in a step change of

heat source and the thermal conductivity is estimated

using the transient solution of Fourier’s law. Detailed

descriptions as well as the necessary modifications for

the application of the above-mentioned methods in

food systems are given in Refs. [83,89,90].

4.3.3 DATA C OMPILATION

Despite the limited data of effective moisture diffu-

sivity, a lot of data are reported in the literature for

thermal conductivity. Data for mainly homogeneous

materials are available in handbooks such as the

Handbook of Chemistry and Physics [91], the Chemical

Engineers’ Handbook [92], ASHRAE Handbook of

Fundamentals [93], Rohsenow and Choi [94], and

many others. For foods and agricultural products,

data are available in Refs. [83,88,95–97]. For selected

pharmaceutical materials, data are presented by

Pakowski and Mujumdar [98].
� 2006 by Taylor & Francis Group, LLC.
Some data for thermal conductivity are presented

in Table 4.6. These values are distributed as shown in

Figure 4.6. The distribution is different from that of

moisture diffusivity (Figure 4.2), which is normal. For

thermal conductivity, the values are uniformly dis-

tributed in the range 0.25 to 2.25 W/(m K), whereas

a lot of data are accumulated below 0.25 W/(m K).

4.3.4 FACTORS AFFECTING THERMAL CONDUCTIVITY

The thermal conductivity of homogeneous materials

depends on temperature and composition, and empir-

ical equations are used for its estimation. For each

material, polynomial functions of first or higher order



0
0

0.5 1

2

4

6

8

10

12

14

16

2

Values of thermal conductivity (W/(m k))

Number
of values
accounted

31.5 2.5

FIGURE 4.6 Distribution of thermal conductivity values (data from Table 4.5).
are used to express the temperature effect. A large

number of empirical equations for the calculation of

thermal conductivity as a function of temperature

and humidity are available in the literature [83,92].

For heterogeneous materials, the effect of geom-

etry must be considered using structural models. Util-

izing Maxwell’s and Eucken’s work in the field of

electricity, Luikov et al. [105] initially used the idea

of an elementary cell, as representative of the model

structure of materials, to calculate the effective ther-

mal conductivity of powdered systems and solid por-

ous materials. In the same paper, a method is

proposed for the estimation of the effective thermal

conductivity of mixtures of powdered and solid

porous materials.

Since then, a number of structural models have

been proposed, some of which are given in Table 4.7.

The perpendicular model assumes that heat conduction
TABLE 4.7
Structural Models for Thermal Conductivity in Heteroge

Model

Perpendicular (series) 1/k ¼ (1 � «)/k1 þ
Parallel k ¼ (1 � «)k1 þ «

Mixed 1=k ¼ 1� F

(1� «)k1 þ
Random k ¼ k

(1�e)
1 k«

2

Effective medium theory k ¼ k1[b þ (b2 þ
b ¼ [Z(1 � «)/2 �

Maxwell k ¼ k2[k1 þ 2k2 �
k1 þ 2k2 þ (

k, Effective thermal conductivity; k1, thermal conductivities of phase i;
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is perpendicular to alternate layers of the two phases,

whereas the parallel model assumes that the two

phases are parallel to heat conduction. In the mixed

model, heat conduction is assumed to take place by a

combination of parallel and perpendicular heat flow.

In the random model, the two phases are assumed

to be mixed randomly. The Maxwell model assumes

that one phase is continuous, whereas the other

phase is dispersed as uniform spheres. Several other

models have been reviewed in Refs. [107,110,111],

among others.

The use of some of these structural models to

calculate the thermal conductivity of a hypothetical

porous material is presented in Figure 4.7. The paral-

lel model gives the larger value for the effective ther-

mal conductivity, whereas the perpendicular model

gives the lower value. All other models predict values

in between. The use of structural models has been
neous Materials

Equation Ref.

«/k2 106,107

k2 106,107

«k2

þ F
1� «

k1

þ «

k2

� �
106,107

106,107

2(k1/k2)/(Z � 2))1/2]

1 þ (k2/k1)(«Z/2 � 1)]/(Z � 2) 108

2(1� «)(k2 � k1)]

1� «)(k2 � k1)
109

«, void fraction of phase 2; F, Z, parameters.
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successfully extended to foods [108,112], which ex-

hibit a more complex structure than that of other

materials, whereas this structure often changes during

the heat conduction.

A systematic general procedure for selecting suit-

able structural models, even in multiphase systems,

has been proposed in Ref. [113]. This method is based

on a model discrimination procedure. If a component

has unknown thermal conductivity, the method esti-

mates the dependence of the temperature on the un-

known thermal conductivity, and the suitable structural

models simultaneously.

An excellent example of applicability of the above

is in the case of starch, a useful material in extrusion.

The granular starch consists of two phases, the wet

granules and the air–vapor mixture in the intergranu-

lar space. The starch granule also consists of two

phases, the dry starch and the water. Consequently,

the thermal conductivity of the granular starch de-

pends on the thermal conductivities of pure materials

(i.e., dry pure starch, water, air, and vapor, all func-

tions of temperature) and the structures of granular

starch and the starch granule. It has been shown that

the parallel model is the best model for both the

granular starch and the starch granule [113]. These

results led to simultaneous experimental determin-

ation of the thermal conductivity of dry pure starch

versus temperature. Dry pure starch is a material that

cannot be isolated for direct measurement.

4.3.5 THEORETICAL ESTIMATION

As in the case of the diffusion coefficient, the thermal

conductivity in fluids can be predicted with satisfac-

tory accuracy using theoretical expressions, such as the
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formulas of Chapman and Enskog for monoatomic

gases, of Eucken for polyatomic ones, or of Bridgman

for pure liquids. The thermal conductivity of solids,

however, has not yet been predicted using basic ther-

mophysical or molecular properties, just like the

analogous diffusion coefficient. Usually, the thermal

conductivities of solids must be established experi-

mentally since they depend upon a large number of

factors that cannot be easily measured or predicted.

A large number of correlations are listed in the

literature for the estimation of thermal conductivity

as a function of characteristic properties of the ma-

terial. Such relations, however, have limited practical

utility since the values of the necessary properties are

not readily available.

A method has been developed for the prediction

of thermal conductivity as a function of temperature,

porosity, material skeleton thermal conductivity,

thermal conductivity of the gas in the porous, mech-

anical load on the porous material, radiation, and

optical and surface properties of the material’s par-

ticles [105]. The method produced satisfactory results

for a wide range of materials (quartz sand, powdered

Plexiglas, perlite, silica gel, etc.).

It has been proposed that the thermal conductiv-

ity of wet beads of granular material be estimated as a

function of material content and the thermal conduct-

ivity of each of the three phases [114]. The results of

the method were validated in a small number of ma-

terials such as crushed marble, slate, glass, and quartz

sand.

Empirical equations for estimating the thermal

conductivity of foods as a function of their com-

position have been proposed in the literature. In par-

ticular, it has been suggested that the thermal



conductivity of foods is a first-degree function of the

concentrations of the constituents (water, protein, fat,

carbohydrate, etc.) [97].
TABLE 4.8
Methods for the Experimental Measurement of Heat
and Mass Transfer Coefficients

Method Ref.

Steady-state heating methods

Material heating 115

Wall Heating 116

Microwave heating 117

Unsteady-state heating methods

Step change of input air temperature 118,119

Pulse change of input air temperature 120,121

Cyclic temperature variation of input air 122,123

Constant rate drying experiments 124,125

Simultaneous estimation of transport

properties using drying experiments

See Section 4.7
4.4 INTERPHASE HEAT AND MASS
TRANSFER COEFFICIENTS

4.4.1 DEFINITION

The interphase heat transfer coefficient is related to

heat transfer through a relative stagnant layer of the

flowing air, which is assumed to adhere to the surface

of the solid during drying (generally heating or cool-

ing). It may be defined as the proportionality factor in

the equation (Newton’s law)

Q ¼ hHA(TA � T) (4:5)

where hH (kW/(m2 K)) is the surface heat transfer

coefficient at the material–air interface, Q (kW) is

the rate of heat transfer, A (m2) is the effective surface

area, T (K) is the solid temperature at the interface,

and TA (K) is the bulk air temperature.

By analogy, a surface mass transfer coefficient can

be defined using the following equation:

J ¼ hMA(XA � XAS) (4:6)

where hM (kg/(m2 s)) is the surface mass transfer

coefficient at the material–air interface, J (kg/s) is

the rate of mass transfer, A (m2) is the effective

surface area, XAS (kg/kg) and XA (kg/kg) are

the air humidities at the solid interface and the

bulk air.

Equation 4.5 and Equation 4.6 are used in cases in

which the drying is externally controlled. This occurs

when the Biot number (BiH, BiM) for heat and mass

transfer is less than 0.1 [5].

Volumetric heat and mass transfer coefficients are

often used instead of surface heat and mass transfer

coefficients. They can be defined using the equations

hVH ¼ ahH (4 :7)

hVM ¼ ahM (4 :8)

where a is the specific surface defined as follows:

a ¼ A =V (4 :9)

where A (m2) is the effective surface area and V (m3) is

the total volume of the material.

Different coefficients can be defined using differ-

ent driving forces.
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4.4.2 METHODS OF EXPERIMENTAL MEASUREMENT

The methods of experimental measurement of heat

and mass transfer coefficients are summarized in

Table 4.8, and resulted mainly from heat and mass

transfer investigations in packed beds. Heat transfer

techniques are either steady or unsteady state. In

steady-state methods, the heat flow is measured to-

gether with the temperatures, and the heat transfer

coefficient is obtained using Newton’s law. Three dif-

ferentmethods for heating are presented inTable 4.8. In

unsteady-state techniques, the temperature of the outlet

air ismeasured as a response to variations of the inlet air

temperature. A transient model incorporating the heat

transfer coefficient is used for analysis. Step, pulse, or

cyclic temperature variations of the input air tempera-

ture have been used. Drying experiments during the

constant drying rate period have also been used for

estimating heat and mass transfer coefficients. A gener-

alization of this method for simultaneous estimation of

transport properties using drying experiments is pre-

sented in Section 4.7.

4.4.3 DATA COMPILATION

All the data available in the literature are in the form

of empirical equations, and they are examined in the

next section.

4.4.4 FACTORS AFFECTING THE HEAT AND MASS

TRANSFER COEFFICIENTS

Both heat and mass transfer coefficients are influ-

enced by thermal and flow properties of the air and,

of course, by the geometry of the system. Empirical

equations for various geometries have been proposed



in the literature. Table 4.9 summarizes the most popu-

lar equations used for drying. The empirical equa-

tions incorporate dimensionless groups, which are

defined in Table 4.10. Some nomenclature needed

for understanding Table 4.9 is also included in

Table 4.10.

Equation T9.1 through Equation T9.5 in Table 4.9

are the most widely used equations in estimating heat

and mass transfer coefficients for simple geometries

(packed beds, flat plates).

For packed beds, the literature contains many

references. In 1965, Barker reviewed 244 relevant pa-

pers [183]. The equation suggested by Whitaker [130]

is selected and presented in Table 4.9 as Equation
TABLE 4.9
Equations for Estimating Heat and Mass Transfer Coeffic

Equation No. Geometry

T9.1 Packed beds (heat transfer)

T9.2 Packed beds (mass transfer)

T9.3 Flat plate (heat transfer, parallel flow)

T9.4 Flat plate (heat transfer, parallel flow)

T9.5 Flat plate (heat transfer, perpendicular flow)

T9.6 Flat plate (heat transfer, parallel flow)

T9.7 Packed beds (heat transfer)

T9.8 Rotary dryer (heat transfer)

T9.9 Rotary dryer (heat transfer)

T9.10 Rotary dryer (heat transfer)

T9.11a Fluidized beds (heat transfer)

T9.11b Fluidized beds (heat transfer)

T9.12a Fluidized beds (mass transfer)

T9.12b Fluidized beds (mass transfer)

T9.13 Droplets in spray dryer (heat transfer)

T9.14 Droplets in spray dryer (mass transfer)

T9.15 Spouted beds (heat transfer)

T9.16 Spouted beds (mass transfer)

T9.17 Pneumatic dryers (heat transfer)

T9.18 Pneumatic dryers (mass transfer)

T9.19 Impingement drying

For nomenclature, see Table 4.10.
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T9.7. It has been obtained by fitting to data of several

investigators (see Refs. [126,127]). Equation T9.6 for

flat plates comes from the same investigation [130],

and it is also included in Table 4.9. In drying of

granular materials, the equations reviewed in Ref.

[136] should be examined.

Rotary dryers are usually controlled by heat

transfer. Thus, Equation T9.8 through Equation

T9.10 in Table 4.9 are proposed in Ref. [131] for the

estimation of the corresponding heat transfer coeffi-

cients.

Heat and mass transfer in fluidized beds have been

discussed in Refs. [6,137–140]. The latter reviewed the

most important correlations and proposed Equation
ients

Equation Ref.

jH ¼ 1.06Re�0.41 126

350 < Re < 4000

jM ¼ 1.82Re�0.51 127

40 < Re < 350

jH ¼ 0.036Re�0.2 128

500,000 < Re

hH ¼ 0.0204G0.8 129

0.68 < G < 8.1; 45 < T < 1508C
hH ¼ 1.17 G0.37 1.1 < G < 5.4 129

Nu ¼ 0.036(Re0.8 – 9200)Pr0.43 130

1.0 · 105 < Re < 5.5 · 106

Nu’ ¼ (0.5Re’1/2 þ 0.2Re’2/3)Pr1/3 130

2 · 103 < Re’ < 8 · 103

jH ¼ 1.0Re�0.5Pr1/3 131

Nu ¼ 0.33Re0.6 131

hVH ¼ 0.52G0.8 131

Nu ¼ 0.0133Re1.6 6

0 < Re < 80

Nu ¼ 0.316Re0.8 6

80 < Re < 500

Sh ¼ 0.374Re1.18 6

0.1 < Re < 15

Sh ¼ 2.01Re0.5 6

15 < Re < 250

Nu ¼ 2 þ 0.6Re1/2Pr1/3 132

2 < Re < 200

Sh ¼ 2 þ 0.6Re1/2Sc1/3 132

2 < Re < 200

Nu ¼ 5.0 · 10�4 Res
1.46 (u/us)

1/3 6

Sh ¼ 2.2 · 10�4Re1.45 (D/H0)
1/3 6

Nu ¼ 2 þ 1.05Re1/2Pr1/3Gu0.175 6

Re < 1000

Sh ¼ 2 þ 1.05Re1/2Pr1/3Gu0.175 6

Re < 1000

Several equations for various configurations 133–135



TABLE 4.10
Dimensionless Groups of Physical Properties

Name Definition

Biot for heat transfer BiH ¼ hHd/2k

Biot for mass transfer BiM ¼ hMd/2rD

Gukhman number Gu ¼ (TA � T)/TA

Heat transfer factor jH ¼ StPr2/3

Mass transfer factor jM ¼ (hM/uArA)Sc2/3

Nusselt number Nu ¼ hHd/kA

Prandtl number Pr ¼ cpm/kA

Reynolds number Re ¼ uArAd/m

Schmidt number Sc ¼ m/rADA

Sherwood number Sh ¼ hMd/rADA

Stanton number St ¼ hH/uArAcp

cp, specific heat (kJ/(kg�K)); d, particle diameter (m); D, diffusivity

in solid (m2/s); DA, vapor diffusivity in air (m2 s); «, void fraction in

packed bed; G, mass flow rate of air (kg/(m2 s)); hH, heat transfer

coefficient (kW/(m2 K)); hM, mass transfer coefficient (kg/(m2 s));

hVH, volumetric heat transfer coefficient (kW/(m3 K)); hVH,

volumetric mass transfer coefficient (kg/(m3 s)); k, thermal

conductivity of solid (kW/(m�K)); kA, thermal conductivity of air

(kW/(m�K)); m, dynamic viscosity of air (kg/(m�s)); Nu’, Nu’ ¼ Nu

«/(1 � «); QA, density of air (kg/m3); Re’, Re’ ¼ Re (1 � «); Res, Re

based on us instead of u; TA, air temperature (8C); T, material

temperature (8C); uA, air velocity (m/s); us, air velocity for

incipient spouting (m/s).
T9.11 and Equation T9.12 of Table 4.9 for the

calculation of heat and mass transfer coefficients,

respectively. Further information for fluidized bed

drying can be found in Ref. [141].

Vibration can intensify heat and mass transfer

between the particles and gas. The following correc-

tion has been suggested for the heat and mass transfer

coefficients when vibration occurs [6]

hH0 ¼ hH(A0f 0=uA)0:65 (4 :10)

hM 0 ¼ hM(A 0f 0=uA)0 :65 (4 :11)

where u (m/s) is the air velocity, A (m) the vibration

amplitude, and f (s �1) the frequency of vibration.

Further information on vibrated bed dryers can be

found in Ref. [142].

For spray dryers, the popular equation of Ranz

and Marshall [132] is presented in Table 4.9 (Equa-

tion T9.13 and Equation T9.14). They correlated data

obtained for suspended drops evaporating in air.

Heat and mass transfer in a spouted bed has not

been fully investigated yet because of the complex
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character of the flow path of the particles in a bed

with zones under different aerodynamic conditions

[6]. However, Equation T9.15 and Equation T9.16

of Table 4.9 can be used.

Heat transfer coefficients for pneumatic dryers

have been reviewed in Ref. [6]. The majority of

authors examined and use an equation similar to

Equation T9.13 and Equation T9.14 of Table 4.9 for

spray dryers. For immobile particles, the exponent of

the Re number is close to 0.5 and for free-falling

particles, it is 0.8. Equation T9.17 of Table 4.9 is

proposed. The mass transfer coefficient could be

estimated by the analogy Sh ¼ Nu [6]. In extensive

reviews [133–135], correlations for estimating heat

and mass transfer coefficients in impingement drying

under various configurations are discussed.

The calculated heat and mass transfer coefficients

using some of the equations presented in Table 4.9 are

plotted versus air velocity with some simplifications in

Figure 4.8 and Figure 4.9. These figures can be used

to estimate approximately the heat and mass transfer

coefficients for various dryers. The simplifications

made for the construction of these figures concern

the drying air and material conditions. For instance,

the air temperature is taken as 80 8C, the air humidity

as 0.010 kg/kg db, and the particle size as 10 mm

(typical drying conditions). For other conditions, the

equations of Table 4.9 should be used.
4.4.5 T HEORETICAL ESTIMATION

No theory is available for estimating the heat and

mass transfer coefficients using basic thermophysical

properties. The analogy of heat and mass transfer

can be used to obtain mass transfer data from heat

transfer data and vice versa. For this purpose, the

Chilton–Colburn analogies can be used [129]

jM ¼ jH ¼ f =2 (4:12)

where f is the well-known Fanning friction factor for

the fluid, and jH and jM are the heat and mass transfer

factors defined in Table 4.10. Discrepancies of the

above classical analogy have been discussed in

Ref. [143].

In air conditioning processes, the heat and mass

transfer analogy is usually expressed using the Lewis

relationship

hH=hM ¼ cp (4:13)

where cp (kJ/(kg K)) is the specific heat of air.
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FIGURE 4.8 Heat transfer coefficients versus air velocity for some dryers (particle size 10 mm; drying conditions TA ¼ 808C,

XA ¼ 10 g/kg db).
4.5 DRYING CONSTANT

4.5.1 DEFINITION

The transport properties discussed above (moisture

diffusivity, thermal conductivity, interface heat, and

mass transfer coefficients) describe completely the

drying kinetics. However, in the literature sometimes

(mainly in foods, especially in cereals) instead of the

above transport properties, the drying constant K is

used. The drying constant is a combination of these

transport properties.

The drying constant can be defined using the so-

called thin-layer equation. Lewis suggested that dur-

ing the drying of porous hygroscopic materials, in the

falling rate period, the rate of change in material
Packed
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Spray
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FIGURE 4.9 Mass transfer coefficients versus air velocity for

808C, XA ¼ 10 g/kg db).
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moisture content is proportional to the instantaneous

difference between material moisture content and the

expected material moisture content when it comes

into equilibrium with the drying air [144]. It is as-

sumed that the material layer is thin enough or the

air velocity is high so that the conditions of the drying

air (humidity, temperature) are kept constant through-

out the material. The thin-layer equation has the

following form:

�dX=dt ¼ K(X � Xe) (4:14)

where X (kg/kg db) is the material moisture content,

Xe (kg/kg db) is the material moisture content in

equilibrium with the drying air, and t (s) is the time.
0.1 1 10

some dryers (particle size 10 mm; drying conditions TA ¼



A review of several other thin-layer equations can be

found in Refs. [76,145].

Equation 4.14 constitutes an effort toward a uni-

fied description of the drying phenomena regardless

of the controlling mechanism. The use of similar eq-

uations in the drying literature is ever increasing. It is

claimed, for example, that they can be used to esti-

mate the drying time as well as for the generalization

of the drying curves [6].

The drying constant K is the most suitable quan-

tity for purposes of design, optimization, and any

situation in which a large number of iterative model

calculations are needed. This stems from the fact that

the drying constant embodies all the transport prop-

erties into a simple exponential function, which is the

solution of Equation 4.14 under constant air condi-

tions. On the other hand, the classical partial differ-

ential equations, which analytically describe the four

prevailing transport phenomena during drying (in-

ternal–external, heat–mass transfer), require a lot of

time for their numerical solution and thus are not

attractive for iterative calculations.
4.5.2 METHODS OF EXPERIMENTAL MEASUREMENT

The measurement of the drying constant is obtained

from drying experiments. In a drying apparatus, the

air temperature, humidity, and velocity are controlled

and kept constant, whereas the material moisture

content is monitored versus time. The drying constant

is estimated by fitting the thin-layer equation to ex-

perimental data.
TABLE 4.11
Effect of Various Factors on the Drying Constant

Equation No. Materials of Application

T11.1a Grains, barley, various

tropical agricultural products

K(T

T11.1b Barley, wheat K(T

T11.2a Melon K(aw

T11.2b Corn, shelled K(aw

T11.3a Rice K(aw

T11.3b Wheat K(aw

T11.4 Carrot K(uA

T11.5 Potato, onion, carrot, pepper K(aw

K, Drying constant; TA, temperature; uA, air velocity; aw, water activity
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4.5.3 F ACTORS A FFECTING THE DRYING C ONSTANT

The drying constant depends on both material and

air properties as it is a phenomenological property

representative of several transport phenomena. So, it

is a function of material moisture content, temperature,

and thickness, as well as air humidity, temperature,

and velocity.

Some relationships describing the effect of the

above factors on the drying constant are presented in

Table 4.11. Equation T11.1 and Equation T11.2 are

Arrhenius-type equations, which take into account the

temperature effect only. The effect of water activity

can be considered by modifying the activation energy

(Equation T11.1) on the preexponential factor (Equa-

tion T11.2). Equation T11.1 and Equation T11.2 con-

sider the same factors in a different form. Equation

T11.4 takes into account only the air velocity effect,

whereas Equation T11.5 considers all the factors

affecting the drying constant. Table 4.12 lists param-

eter values for typical equations of Table 4.11.

Equation T11.2 and Equation T11.5 were applied

to shelled corn [150] and to green pepper [35], respect-

ively, and the results are presented in Figure 4.10. The

effects of air temperature and velocity, as well as

particle dimensions, are shown for green pepper

drying, whereas the air temperature and the small

air–water activity effects are shown for the low air

temperature drying of wheat.

4.5.4 T HEORETICAL ESTIMATION

It is impossible to estimate an empirical constant

using theoretical arguments. The estimation of an
Equation Ref.

A) ¼ b0 exp[�b1/TA] 75,146,147

A) ¼ b0 exp[�b1/(b2 þ b3TA)] 148

, TA) ¼ b0 exp[�(b1 þ b2aw)/TA] 149

, TA) ¼ b0 exp(�b1aw) exp[�b2/(b3 þ b4TA)] 150

, TA) ¼ b0 þ b1TA � b2aw 151

, TA) ¼ b0 þ b1 TA
2 � b2aw 152

) ¼ exp(�b1 þ b2 ln uA) 153

, TA, d, uA) ¼ b0 aw
b1 TA

b2 db3 uA
b4 35

; d, particle diameter; b1, parameters.



TABLE 4.12
Application Examples

Material Equation Constants Ref.

Shelled corn K ¼ b0 exp(�b1aw) exp[�b2/(b3 þ b4TA)]

0.1 < aw < 0.6, 23.5 < TA < 56.98C
b0 ¼ 170/s, b1 ¼ 1.15, b2 ¼ 8259,

b3 ¼ 492, b4 ¼ 1.8/8C
150

Green pepper K ¼ b0 XA
b1 TA

b2 db3 uA
b4 0.006 < XA < 0.022 kg/kg db,

60 < TA < 908C, 0.005 < d < 0.015m, 3 < uA < 5 m/s

b0 ¼ 1.11 · 10�8/s, b1 ¼ 9.03 · 10�2,

b2 ¼ 1.54, b3 ¼ �0.982, b4 ¼ 0.293

35

Source: From Brunauer, S., Deming, L.S., Deming, W.E., and Teller, E., Am. Chem. Soc. J., 62, 1723, 1940. With permission.
empirical constant using theoretical arguments has

little, if any, meaning. Nevertheless, if we assume

that for some drying conditions the controlling mech-

anism is the moisture diffusion in the material, then

the drying constant can be expressed as a function
A

Green pepper

Shelled corn

Drying
constant
(1/h)

0
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FIGURE 4.10 Effect of various factors on the drying constant. D

Z.B., and Marinos-Kouris, D., Drying Technol., 10(4), 995, 1992

G.M., and Ross, I.J., Trans. ASAE, 16, 1136, 1973.
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of moisture diffusivity. For slabs, for example, the

following equation is valid:

K ¼ p2D=L2 (4:15)
40°C

70°C

100°C

ir velocity (m/s)

m

3 4 5 6

mperature (°C)

40 50 60 70

10
30
60

ata for green pepper are from Kiranoudis, C.T., Maroulis,

and data for shelled corn are from Westerman, P.W., White,



where D (m2/s) is the effective diffusivity and L (m) is

the thickness of the slab.
4.6 EQUILIBRIUM MOISTURE CONTENT

4.6.1 DEFINITION

A knowledge of the state of thermodynamic equilib-

rium between the surrounding air and the solid is a

basic prerequisite for drying, as it is for any similar

mass transfer situation.

The moisture content of the material when it

comes into equilibrium with drying air is a useful

property included in most drying models. The rela-

tion between equilibrium material moisture content

and the corresponding water activity for a given tem-

perature is known as the sorption isotherm. The water

activity aw at the pressures and temperatures that

usually prevail during drying is equal to the relative

humidity of air.

The equilibrium moisture of a material can be

attained either by adsorption or by desorption, as

expressed by the respective isotherms of Figure 4.11.

The usually observed deviation of the two curves is

due to the phenomenon of hysteresis, which has not

yet been quantitatively described. Many explanations

for the phenomenon have been put forth that con-

verge in that there are more active sites during the

desorption than during adsorption. It is clear from

Figure 4.11 that the desorption isotherm is the curve

to use for the process of drying.

In essence, the sorption isotherms express the min-

imum value of material moisture content that can be

reached by a solid during drying in relation to the

relative humidity of the drying air. On the basis of

such isotherms, the equilibrium material moisture
Wa

Equilibrium
material
moisture
content

Desorp

FIGURE 4.11 Hysteresis between adsorption and desorption is
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content can be calculated. Such equilibrium values

are necessary for the formulation of the mass transfer

driving forces.

Moreover, the isotherms determine the proper

storage environment and the packaging conditions,

especially for foods. Through the isotherms, the isos-

teric heat of sorption can be determined and, hence an

accurate prediction can be made of the energy re-

quirements for the drying of a solid. The utility of

the isotherm is extended to the determination of the

moisture sorption mechanism as well as to the degree

of bound water.

Brunauer et al. [154] classified the sorption iso-

therms into five different types (see Figure 4.12). The

sorption isotherms of the hydrophilic polymers, such

as natural fibers and foods, are of type II. The iso-

therms of the less hydrophilic rubbers, plastics, syn-

thetic fibers, and foods rich in soluble components are

of type III. The isotherms of certain inorganic mater-

ials (such as aluminum oxides) are of type IV. For

many materials, however, the sorption isotherms can-

not be properly classified since they belong to more

than one type.

4.6.2 METHODS OF EXPERIMENTAL MEASUREMENT

A comprehensive review of existing experimental

measuring methods is given in Refs. [155,156]. Sorp-

tion isotherms can be determined according to two

basic principles, gravimetric and hygrometric.

4.6.2.1 Gravimetric Methods

During the measurement, the air temperature and the

water activity are kept constant until the moisture

content of the sample attains the constant equilibrium
ter activity

tion

Adsorption

otherms.
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FIGURE 4.12 The five types of isotherms. (From Brunauer, S., Deming, L.S., Deming, W.E., and Teller, E., Am. Chem. Soc.

J., 62, 1723, 1940.)
value. The air may be circulated (dynamic methods)

or stagnant (static). The material weight may be regis-

tered continuously (continuous methods) or discon-

tinuously (discontinuous methods).

4.6.2.2 Hygr ometric Methods

During the measurement, the material moisture con-

tent is kept constant until the surrounding air attains

the constant equilibrium value. The air–water activity

is measured via hygrometer or manometer.

The working group in the COST 90bis Project has

developed a reference material (microcrystalline cel-

lulose, MCC) and a reference method for measuring

water sorption isotherms, and conducted a collabora-

tive study to determine the precision (repeatability

and reproducibility) with which the sorption isotherm

of the reference material may be determined by

the reference method. A detailed procedure for the

resulting standardized method was presented, and

the factors influencing the results of the method

were discussed [157–159].

4.6.3 DATA C OMPILATION

A large volume of data of equilibrium moisture con-

tent appears in the literature. Data for more than 35

polymeric materials, such as natural fibers, proteins,

plastics, and synthetic fibers, are given in Ref. [8].

Isotherms for 32 materials (organic and inorganic)

are also given in Ref. [92]. The literature is especially

rich in sorption isotherms of foods due to the fact that

the value of water activity is a critical parameter for

food preservation safety and quality.

A bibliography on sorption isotherms of food

materials is presented in Ref. [160]. The collection
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comprises 2200 references, including about 900 pa-

pers with information on equilibrium moisture con-

tent of foods in defined environments. The papers are

listed alphabetically according to the names of the

first author, but they are also grouped according to

product.

Additional bibliographies should also be men-

tioned. The Handbook of Food Isotherms contains

more than 1000 isotherms, with a mathematical de-

scription of over 800 [161]. About 460 isotherms were

obtained from the monograph of Ref. [162]. Data on

sorption properties of selected pharmaceutical mater-

ials are presented in Ref. [98].
4.6.4 F ACTORS A FFECTING THE EQUILIBRIUM

MOISTURE C ONTENT

Equilibrium material moisture content depends upon

many factors, among which are the chemical compos-

ition, the physical structure, and the surrounding air

conditions. A large number of equations (theoretical,

semiempirical, empirical) have been proposed, none

of which, however, can describe the phenomenon of

hysteresis. Another basic handicap of the equations is

that their applicability is not satisfactory over the

entire range of water activity (0 # aw # 1).

Table 4.13 lists the best-known isotherm equa-

tions. The Langmuir equation can be applied in type I

isotherm behavior. The Brunauer–Emmet–Tetter

(BET) equation has been successfully applied to al-

most all kinds of materials, but especially to hydro-

philic polymers for aw < 0.5. The Halsey equation

is suitable for materials of types I, II, and III. The

Henderson equation is less versatile than that of

Halsey. For cereal and other field crops, the Chung



TABLE 4.13
Effect of Water Activity and Temperature on the
Equilibrium Moisture Content

Equation Name Equation Ref.

Langmuir aw

1

X
� 1

b0

� �
¼ 1

b0b1

163

Brunauer–Emmet–

Tetter (BET)

aw

(1� aw)X
¼ 1

b0b1

þ b1 � 1

b0b1

aw 164

Halsey aw ¼ exp � b1

RT
X
b2

� �b3

� �
165

Henderson 1 � aw ¼ exp[�b1TXb2] 166

Chung and Pfost ln aw ¼ � b1

RT
exp (� b2X ) 167

Chen and Clayton ln aw ¼ �b1 Tb2 exp(�b3T
b2 X) 168

Iglesias and Chirife ln aw ¼ �exp[(b1T þ b2)X
b3] 169

Guggenheim–

Anderson–

de Boer (GAB)

X ¼ b0b1b2aw

(1� b1aw)(1� b1aw þ b1b2aw)

b1 ¼ b10 exp (b11=RT), b2 ¼
b20 exp (b21=RT)

170,

171

X, Equilibrium material moisture content; aw, water activity; T,

temperature; b1, parameters.

TABLE 4.14
Application of the Guggenheim–Anderson–de Boer
Model to Some Fruits and Vegetables

Material b0 b10 · 105 b11 b20 b21

Potato 8.7 1.86 34.1 5.68 6.75

Carrot 21.2 5.94 28.9 8.03 5.49

Tomato 18.2 1.99 34.5 5.52 6.70

Pepper 21.1 1.46 33.4 5.56 6.56

Onion 20.2 2.30 32.5 5.79 6.43

Raisin 12.5 0.17 22.4 1.77 �1.53

Fig 11.7 0.05 25.2 1.77 �1.55

Prune 13.3 0.07 23.9 1.82 �1.65

Apricot 15.1 0.11 21.1 2.13 �2.05

Source: From Kiranoudis, C.T., Maroulis, Z.B., Tsami, E., and

Marinos-Kouris, D., J. Food Eng., 20(1), 55, 1992; Maroulis,

Z.B., Tsami, E., Marinos-Kouris, D., and Saravacos, G.D.,

J. Food Eng., 7(1), 63, 1988.
and Pfost equation is considered suitable, whereas

that of Iglesias and Chirife has been successfully ap-

plied on isotherms of type III (i.e., foods rich in

soluble components).

The Guggenheim–Anderson–de Boer (GAB) equa-

tion is considered as the most versatile model, capable

of application to situations over a wide range of water

activities (0.1 < aw < 0.9) and to various materials

(inorganic, foods, etc.). The GAB equation is probably

the most suitable for process analysis and design of

drying because of its reliability, its simple mathematical

form, and its wide use (with materials and water activ-

ity ranges). Table 4.14 lists parameter values of the

GAB equation for some foods.

Two selected food materials are presented as an

example in Figure 4.13. Potatoes exhibit a typical

behavior. Equilibrium material moisture content is

increased [172]. Raisins, on the other hand, exhibit

an inverse temperature effect at large water activities

[173]. As shown in Figure 4.13, potatoes and raisins

exhibit sorption isotherms of types II and III, respect-

ively.

The isotherms at 25 8C for some organic and inor-

ganic materials are presented in Figure 4.14 [92]. In

Figure 4.14, one can observe the various isotherm

types, like type I for activated charcoal and silica

gel, type II for leather, type III for soap, and so on.

Various regression analysis methods for fitting

the above equations to experimental data have

been discussed in the literature. The direct nonlinear

regression exhibits several advantages over indirect
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nonlinear regression [173]. Linear regression, on the

other hand, can give highly erroneous results and

should be avoided [174]. When there exist differences

in the variance of the data, the direct nonlinear

weighted regression method should be used [175].
4.7 SIMULTANEOUS ESTIMATION OF HEAT
AND MASS TRANSPORT PROPERTIES
FROM DRYING EXPERIMENTS

4.7.1 PRINCIPLES OF ESTIMATION

In the previous sections, methods of experimental

determination of heat and mass transport properties

have been discussed. These methods use special ap-

paratus and are based on the equation of definition of

the corresponding property. This section discusses the

experimental determination of these properties from

drying experiments. Some relevant techniques have

been already discussed by Molnar [125]. However, a

generalized method based on model-building tech-

niques is presented here. The method uses a drying

experimental apparatus and estimates the heat and

mass transport properties as parameters of a drying

model that incorporates these properties [28,43,176–

180]. An outline of the method is described below.

First, an experimental drying apparatus is used. In

such an apparatus, the air passes through the drying

material and the air humidity, temperature, and vel-

ocity are controlled, whereas the material moisture

content and, eventually, the material temperature

are monitored versus time. Second, a mathematical
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FIGURE 4.13 Effect of air–water activity and temperature on equilibrium material moisture content for two foods. (Data for

potatoes from Kiranoudis, C.T., Maroulis, Z.B., Tsami, E., and Marinos-Kouris, D., J. Food Eng., 20(1), 55, 1992 and data

for sultana raisins from Maroulis, Z.B., Tsami, E., Marinos-Kouris, D., and Saravacos, G.D., J. Food Eng., 7(1), 63, 1988.)
model that takes into account the controlling

mechanisms of heat and mass transfer is considered.

This model includes the heat and mass transport

properties as model parameters or, even more, in-

cludes the functional dependence of the relevant fac-

tors on the transport properties. Third, a regression

analysis procedure is used to obtain the transport

properties as model parameters by fitting the model

to experimental data of material moisture content and

temperature.

Theoretically, all the properties describing the

drying kinetics could be estimated simultaneously.

We can define the drying kinetics (in an analogous

manner to reaction kinetics) as the dependence of

factors affecting the drying on the drying rate. Drying

is not a chemical reaction, but it involves simultaneous

heat and mass transfer phenomena. Consequently, the
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properties describing these phenomena describe the

drying process as well.

If, for example, the phenomena considered are
The moisture diffusion in the solid toward its

external surface

The vaporization and convective transfer of the

vapor into the airstream

The conductive heat transfer within the solid mass

The convective heat transfer from the air to the

solid’s surface
then the following properties describe the drying

kinetics:
Effective moisture diffusivity

Air boundary mass transfer coefficient
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Chilton, C.H., Chemical Engineers’ Handbook, 4th and 5th ed., McGraw-Hill, New York, 1963, 1973.)
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Effective thermal conductivity

Air boundary heat transfer coefficient
and consequently they can be estimated.

Alternatively, if the drying constant is assumed to

describe the drying kinetics by the thin-layer equa-

tion, then the drying constant can be estimated using

this method.

4.7.2 E XPERIMENTAL DRYING A PPARATUS

A typical drying apparatus is shown in Figure 4.15.

The apparatus consists of two parts, the air con-

ditioning section and the measuring section. The

air conditioning section includes the heater, the

humidifier, and the fan, which are handled via a

temperature, a humidity, and a flow controller, re-

spectively. In the measuring section, the air proper-

ties, that is, temperature, humidity, and velocity, as

well as the material properties (weight and tempera-

ture) are continuously recorded. The use of a computer

for online measurement and control is preferable.
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4.7.3 T HE DRYING MODEL

An information flow diagram for a drying model

appropriate for this method is shown in Figure 4.16.

This model can calculate the material moisture con-

tent and temperature as a function of position and

time whenever the air humidity, temperature, and

velocity are known as a function of time, together

with the model parameters. If the model takes into

account the controlling mechanisms of heat and mass

transfer, then the transport properties (moisture dif-

fusivity, thermal conductivity, boundary heat and

mass transfer coefficients) are included in the model

as parameters. If the dependence of drying conditions

(material moisture content, temperature, and thick-

ness, as well as air humidity, temperature, and vel-

ocity) on transport properties is also considered, then

the constants of the relative empirical equations are

considered as model parameters. In Figure 4.16 the

part of the model that contains equations for the heat

and mass transfer phenomena is termed the process

model, whereas the equations describing the dependence
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FIGURE 4.15 Typical experimental drying apparatus: (1) sample; (2) air recirculating duct; (3) heater; (4) humidifier; (5) fan;

(6) valve; (7) straighteners; FCR, airflow control and recording; HCR, air humidity control and recording; TCR, air

temperature control and recording; WR, sample weight recording; TR, sample temperature recording; PC, personal

computer, for on-line measurement and control.
of drying conditions on transport properties form the

properties model.

In the process model, each mechanism of heat and

mass transfer is expressed using a driving force and a

transport property as a coefficient of proportionality

between the rate and the corresponding driving force.

In the properties model, several formulas can be con-

sidered. Some assumptions have been suggested in the

previous sections.

4.7.4 R EGRESSION A NALYSIS

The parameters of a model can be estimated by fitting

the model to experimental data [181,182]. Using the
Drying conditions
(air humidity,
temperature and velocity) Process model

(heat and mass tran

Empirical constants

Transport propertie
(empirical equation
the effect of variou
on transport prope

Transport pr
(moisture di
heat and ma

FIGURE 4.16 Model information flow diagram.
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model of Section 4.7.3, two regression analysis pro-

cedures can be applied [43]: transport properties esti-

mation and transport properties equations estimation.

4.7.4.1 Tran sport Prop erties Estima tion

It is assumed that during the drying experiments the

drying conditions are not varying very much with

time, and the transport properties can be considered

constant (not functions of the drying conditions). The

transport properties are estimated as parameters of

the process model by fitting it to experimental data.

Only the properties of the controlling mechanisms

can be obtained. Consequently, the precision and
Model results
(material moisture content
and temperature)sfer equations)

s model
s describing
s factors
rties)

operties
ffusivity, thermal conductivity,
ss transfer coefficients)



correlations of the estimates should be examined. A

model discrimination procedure is suggested to dis-

card the noncontrolling mechanisms.
4.7.4.2 Tran sport Prop erties Eq uations Estima tion

Several empirical equations describing the depend-

ence of transport properties on various factors are

tested using a model discrimination procedure. The

constants of the empirical equations are estimated as

parameters of the total model (process model plus

properties model) by fitting it to experimental data.

The information flow diagram for the regression

analysis proposed is shown in Figure 4.17.

4.7.5 A PPLICATION EXAMPLE

The method described above is applied to a wide set

of experimental data in potato drying [43].

4.7.5.1 Experimental Drying Apparatus

An experimental drying apparatus similar to that

shown in Figure 4.15 was used [35]. In each experi-

ment, the air–water activity, temperature, and vel-

ocity were controlled, and the material moisture

content and temperature were monitored versus

time. A total number of 100 experiments were per-

formed for three different particle dimensions (5, 10,

and 15 mm) at five air temperature (60, 65, 70, 75, and

808C), three air velocities (3, 4, and 5 m/s) and at air

humidity ranging from 6 to 22 g/kg db.
4.7.5.2 Drying Model

A mathematical drying model involving simultaneous

heat and mass transfer is considered for the analysis

[43]. The model considered has the following form:
Measured
input
variables

Measured
output
variables

Computed
output
variables

Experimental
apparatus

Process model
(and enventually
properties model)

FIGURE 4.17 Regression analysis information flow diagram.
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Moisture diffusion into the solid

@(�X )=@t ¼ r(�DrX ) (4:16)

D ¼ a0 exp (�a1=X ) exp (�a2=T) (4:17)

Boundary layer vapor transfer

�(�DrX ) ¼ hM(awe � aw) (4:18)

hM ¼ c0X
c1

A Tc2

A u
c3

A (4:19)

Heat conduction in the solid

@(�hs)=@t ¼ r(krT) (4:20)

k ¼ b0 exp (�b1=X ) exp (�b2=T) (4:21)

Boundary layer heat transfer

�(krT) ¼ hH(T � TA)� DHshM(awe � aw) (4:22)

hH ¼ d0X
d1

A Td2

A ud3

A (4:23)

where X and T are the material moisture content and

temperature, respectively, uA, aw, and TA are the air

velocity, water activity, and temperature, respectively.

The thermophysical and thermodynamic properties,

material density r, material specific enthalpy hs, heat

of vaporization of water DHs, and equilibrium air–

water activity awe are known functions of material

moisture content and temperature.

The transport properties, moisture diffusivity D,

and thermal conductivity k are functions of material

moisture content and temperature, whereas heat and

mass transfer coefficients, hH, hM, are functions of air

velocity, water activity, and temperature.

The following adjustable constants are introduced

to the relevant properties model: ai, bi, ci, di.
Regression
analysis Parameter

estimates



4.7.5.3 Regression Analysis

If Xi and Ti are the experimental values of material

moisture content and temperature and Xi,c and Ti,c

are the corresponding calculated values using the

mathematical model, then the relative deviations be-

tween experimental and calculated values (relative

residuals) can be defined as follows:

eXi ¼ (Xi;c � Xi)=Xi (4:24)

eTi ¼ (Ti;c � Ti)=Ti (4:25)

The relative standard deviations between experimen-

tal and calculated values of material moisture content

SX and temperature ST are defined as follows:

SX2 ¼ SeXi2=N (4:26)

ST2 ¼ SeTi2=N (4:27)

where N is the number of experimental points (includ-

ing different measurements and different experiments).

A linear combination of SX and ST is used for

parameter estimation and the resulting SX, ST are

used for model validation [180,182]. The regres-

sion analysis is performed simultaneously on all

experiments.

4.7.5.4 Results

The application of the proposed method proved that:
TABLE 4.15
Mathematical Model for Calculating Moisture
Diffusivity in Foods as a Function of Moisture
Content and Temperature

Proposed mathematical model

D ¼ 1
1þX

DO exp �E0 1 � 1
� �� �

þ X
Di exp �Ei 1 � 1

� �� �

� 20
The moisture diffusivity is a function of material

moisture content and temperature.

The thermal conductivity is high and cannot be

estimated from these experiments.

Heat and mass transfer coefficients are constant in

the region of experimentation.

R T Tr 1þ X R T Tr

where D is the moisture diffusivity (m2/s), X is the material

moisture content (kg/kg db), T the material temperature (8C),

Tr is the reference temperature (608C), and R ¼ 0.0083143 is

the ideal gas constant kJ/(mol K)

Adjustable model parameters

DO (m2/s) diffusivity at moisture X ¼ 0 and

temperature T ¼ Tr

Di (m2/s) diffusivity at moisture X ¼ 1 and

temperature T ¼ Tr

E0 (kJ/mol) activation energy for diffusion in dry

material at X ¼ 0

Ei (kJ/mol) activation energy for diffusion in wet

material at X ¼ 1
More specifically, the results obtained are as

follows:

D ¼ 2:94� 10�7m2=s exp(�1:58� 103K=T)

exp (�6:72� 10�2kg=kg=X) (4:28)

hM ¼ 5:84� 10�7kg=m2=s (4:29)

hH ¼ 1:64� 10�1W=m2 (4:30)

The resulting model calculates the material moisture

content and temperature close to experimental values

and it is considered satisfactory.
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4.8 TRANSPORT PROPERTIES OF FOODS

The transport properties of foods received much at-

tention in the literature [184–188]. The main results

presented by Saravacos and Maroulis [188] are sum-

marized in this section. The results refer to moisture

diffusivity and thermal conductivity. Recently pub-

lished values of moisture diffusivity and thermal con-

ductivity in various foods were retrieved from the

literature and were classified and analyzed statistically

to reveal the influence of material moisture content

and temperature. Empirical models relating moisture

diffusivity and thermal conductivity to material mois-

ture content and temperature were fitted to all exam-

ined data for each material. The data were screened

carefully using residual analysis techniques. A prom-

ising model was proposed based on an Arrhenius-type

effect of temperature, which uses a parallel structural

model to take into account the effect of material

moisture content.
4.8.1 MOISTURE DIFFUSIVITY

A total of 175 papers were retrieved from the litera-

ture from which 1773 data were obtained. These data

refer to more than 100 food materials classified into

11 food categories. Among the available data only

19 materials have more than ten data, which come

from more than three publications. The resulting

model is summarized in Table 4.15 and the results



TABLE 4.16
Parameter Estimates of the Proposed Mathematical Model

Material No. of Papers No. of Data Di (m2/s) DO (m2/s) Ei (kJ/mol) E0 (kJ/mol) s.d. (m2/s)

Cereal products

—Corn 4 26 4.40E-09 0.00Eþ00 0.0 10.4 1.48E-10

Dent 3 15 1.19E-08 0.00Eþ00 49.4 73.1 3.30E-10

Grains 3 28 1.15E-09 6.66E-11 10.2 57.8 3.17E-10

Kernel 4 25 5.87E-10 5.32E-10 0.0 33.8 1.88E-11

Pericarp 3 13 1.13E-09 0.00Eþ00 10.0 5.0 2.34E-11

—Pasta 3 21 1.39E-09 0.00Eþ00 16.2 2.0 7.71E-12

Rice

Kernel 3 12 9.75E-09 0.00Eþ00 12.5 2.0 5.52E-11

—Rough rice 7 35 2.27E-09 0.00Eþ00 12.7 0.7 3.66E-11

—Wheat 6 22 1.94E-09 1.30E-09 0.0 46.3 9.53E-11

Fruits

—Apple 8 39 7.97E-10 1.16E-10 16.7 56.6 1.92E-10

—Banana 4 34 2.03E-09 4.66E-10 9.9 4.6 1.77E-10

Grapes

Seedless 3 32 5.35E-09 0.00Eþ00 34.0 10.4 1.45E-10

—Raisins 3 10 8.11E-10 1.05E-10 21.4 50.1 6.88E-11

Model foods

—Amioca 4 49 1.52E-08 1.52E-08 0.0 33.3 1.02E-09

—Hylon-7 5 48 1.96E-08 1.96E-08 0.0 24.2 3.87E-09

Vegetables

—Carrot 9 90 2.47E-09 1.54E-09 13.9 11.3 1.69E-09

—Garlic 4 22 5.33E-10 1.68E-11 15.4 7.1 7.43E-11

—Onion 4 31 1.45E-08 0.00Eþ00 70.2 10.4 1.58E-09

—Potato 16 106 1.57E-09 4.31E-10 44.7 76.9 4.02E-10
of parameter estimation are presented in Table

4.16. Figure 4.18 through Figure 4.21 present the

model-calculated values for selected food materials

as a function of moisture content and temperature.

The regression procedure was applied simultan-

eously to all the data of each material, regardless of

the data sources. Thus, the results are not based on the

data of only one author and, consequently, they are of

higher accuracy and general applicability.

The diffusivity parameters Do and Di of the pro-

posed model vary in the range of 10�10 to 10�8 m2/s.

It should be noted that the self-diffusivity of water is

approximately 10�9 m2/s, and the moisture diffusivity

in bone-dry food material should be lower (in our

analysis, by a factor of 100).

Low moisture diffusivities are found in nonporous

and sugar-containing foods, whereas higher values of

moisture diffusivity characterize porous food mater-

ials. Diffusivities higher than the self-diffusivity of

water are indicative of vapor diffusion in porous

solids.
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The moisture diffusivity increases, in general, with

increasing moisture content. Temperature has a posi-

tive effect, which depends strongly on the food ma-

terial. The energy of activation for diffusion E of

water is, in general, higher in the dry food materials.

Some observed exceptions may be explained by the

prevailing type of diffusion. Thus, lower values of

activation energy for diffusion are expected for porous

foods, where vapor diffusion is important. In general,

temperature has a stronger effect on diffusivity in

liquids and solids than in the gaseous state.

4.8.2 THERMAL CONDUCTIVITY

A total of 146 papers were retrieved from the litera-

ture from which 1210 data were obtained. These data

refer to more than 100 food materials classified into

11 food categories. Among the available data only 13

materials have more than 10 data, which come from

more than three publications. This procedure is ap-

plied to these data and the results of parameter



1.E−12

1.E−11

1.E−10

1.E−09

1.E−08

1.E−07

1.E−06

0.1 1 10
Moisture (kg/kg db)

D
iff

us
iv

ity
 (

m
2 /

s)

Grapes,seedless

Fruits

Banana

Apple

Temperature (�C) = 25

Raisins

FIGURE 4.18 Predicted values of moisture diffusivity of

fruits at 258C.

1.E−12

1.E−11

1.E−10

1.E−09

1.E−08

1.E−07

1.E−06

0.1 10Moisture (kg/kg db)

D
iff

us
iv

ity
 (

m
2 /

s)

Onion

Vegetables

Carrot

Potato
Garlic

Temperature (�C) = 25

FIGURE 4.19 Predicted values of moisture diffusivity of

vegetables at 258C.

1.E−12

1.E−11

1.E−10

1.E−09

1.E−08

1.E−07

1.E−06

0.1 1 10
Moisture (kg/kg db)

D
iff

us
iv

ity
 (

m
2 /

s)

Corn kernel

Cereal products (corn)

Corn grains

Corn dent

Corn

Temperature (�C) = 25

Corn pericarp

FIGURE 4.20 Predicted values of moisture diffusivity of

corn at 258C.

1.E−12

1.E−11

1.E−10

1.E−09

1.E−08

1.E−07

1.E−06

0.1 1 10
Moisture (kg/kg db)

D
iff

us
iv

ity
 (

m
2 /

s)

Rough rice

Cereal products

Corn

Wheat

Rice kernel

Temperature (�C) = 25

Pasta

FIGURE 4.21 Predicted values of moisture diffusivity of

cereal products at 258C.

� 2006 by Taylor & Francis Group, LLC.



TABLE 4.17
Mathe matical Model for Calcul ating The rmal
Conduct ivity in Foods as a Fu nction of Moisture
Conten t and Temper ature

Proposed mathematical model

l ¼ 1

1 þ X 
l0 exp �E0

R

1

T 
� 1

Tr

� �� �
þ X

1 þ X 
li exp �Ei

R

1

T 
� 1

Tr

� �� �

where l is the thermal conductivity (W/(m K)), X is the material

moisture content (kg/kg db), T the material temperature (8C),

Tr ¼ 60 8C a reference temperature, and R ¼ 0.0083143 the ideal

gas constant kJ/(mol K)

Adjustable model parameters

l0 (W/(m K)) thermal conductivity at moisture X ¼ 0 and

temperature T ¼ Tr

li (W/(m K)) thermal conductivity at moisture X ¼ 1 and

temperature T ¼ Tr

E0 (kJ/mol) activation energy for heat conduction in dry material at

X ¼ 0

Ei (kJ/mol) activation energy for heat conduction in wet material at

X ¼ 1
estimation are presented in Table 4.17 and Table 4.18.

Figure 4.22 through Figure 4.24 present the model-

calculated values for selected food materials as a

function of moisture content and temperature.
TABLE 4.18
Param eter Estima tes of the Proposed Mathe mat ical Mod

Material No. of Papers No. of Data li (W/(m K)) 

Cereal products

Corn 3 15 1.580 

Fruits

Apple 12 68 0.589 

Orange 4 13 0.642 

Pear 5 15 0.658 

Model foods

Amioca 5 29 0.718

Starch 4 24 0.623

Hylon 3 21 0.800

Vegetables

Potato 12 37 0.611

Tomato 5 28 0.680

Dairy

Milk 5 33 0.665

Meat

Beef 6 37 0.568

Other

Rapeseed 3 35 0.239

Baked products

Dough 3 15 0.800
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Thermal conductivity parameters lo and li vary

in the range of 0.05 to 1.0 W/(m K). It should be

noted that the thermal conductivity of air is about

0.026 W/(m K), whereas that of water is 0.60 W/(m

K). Values of thermal conductivity of foods higher

than 0.60 W/(m K) are normally found in frozen food

materials ( lice ¼ 2 W/(m K)).

The thermal conductivity increases, in general,

with increasing moisture content. Temperature has a

positive effect, which depends strongly on the food

material. The energy of activation for heat conduc-

tion E is, in general, higher in dry food materials.
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NOMENCLATURE

Ao effective surface area for heat and mass transfer,

m2

A’ vibration amplitude, m

ai constants in equations of Table 4.3 and in

Equation 4.17, various units of measure

aw air–water activity
 el

l0 (W/(m K)) Ei (kJ/mol) E0 (kJ/mol) s.d. (W/(m K))

0.070 7.2 5.0 0.047

0.287 2.4 11.7 0.114

0.106 1.3 0.0 0.007

0.270 2.4 1.9 0.016

0.120 3.2 14.4 0.037

0.243 0.3 0.4 0.006

0.180 9.9 0.072

0.049 0.0 47.0 0.059

0.220 0.2 5.0 0.047

0.212 1.7 1.9 0.005

0.280 2.2 3.2 0.017

0.088 3.6 0.6 0.023

0.273 2.7 0.0 0.183
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awe equilibrium air–water activity

bi constants in equations of Table 4.11 and Table

4.12 and in Equation 4.21, various units of

measure

BiH Biot number for heat transfer (see Table 4.10)

BiM Biot number for mass transfer (see Table 4.10)

ci constants in Equation 4.19, various units of

measure

cp specific heat, kJ/(kg �K)

DHs latent heat of vaporization, kJ/kg

d particle diameter, m

di constants in Equation 4.23, various units of

measure

D diffusivity in solids, m2/s

DA vapor diffusivity in air, m2/s

D ’ diameter of spouted bed, m

db dry base

DO Arrhenius factor in Equation 4.2, m2/s

E activation energy in Arrhenius equation, kJ/

kmol

eTi relative deviation between experimental and

calculated values of material temperature, 8C
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eXi relative deviation between experimental and

calculated values of material moisture content,

kg/kg db

F constant (Table 4.7)

f friction factor

f’ vibration frequency, 1/s

G mass flow rate of air, kg/(m2 s)

Gu Gukhman number (see Table 4.10)

hH heat transfer coefficient, kW/(m2 K)

hM mass transfer coefficient, kg/(m2 s)

H0 static bed height for spouted beds, m

hs specific enthalpy, kJ/kg

hVH volumetric heat transfer coefficient, kW/(m3 K)

hVM volumetric mass transfer coefficient kg/(m3 s)

J rate of mass transfer, kg/s

jH heat transfer factor (see Table 4.10)

jM mass transfer factor (see Table 4.10)

K drying constant, 1/s, 1/h

k effective thermal conductivity, kW/(m �K)

kA thermal conductivity of air, kW/(m �K)

ki thermal conductivity of phase i, kW/(m2 �K)

L slab thickness, m
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N number of measurements

Nu Nusselt number (see Table 4.10)

Nu ’ Nu ’ ¼ Nu «/(1 – «)

Pr Prandtl number (see Table 4.10)

Q rate of heat transfer, kW/s

R gas constant, kJ/(kmol �K)

Re Reynolds number (see Table 4.10)

Re’ Re’ ¼ Re (1 � «)

Res Re based on us instead of uA

Sc Schmidt number (see Table 4.10)

Sh Sherwood number (see Table 4.10)

St Stanton number (see Table 4.10)

ST standard deviation between experimental and

calculated values of material temperature, 8C
SX standard deviation between experimental and

calculated values of material moisture content,

kg/kg db

t time, s

TA air temperature, 8C
T material temperature, 8C
Ti experimental value of material temperature

during measurement i, 8C
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Ti,c calculated value of material temperature during

measurement i, 8C
uA air velocity, m/s

us air velocity for incipient spouting, m/s

V total volume of the material, m3

wb wet base

X material moisture content, kg/kg db

XA air humidity, kg/kg db

XAS air humidity at the solid interface, kg/kg db

Xe equilibrium material moisture content, kg/kg db

Xi experimental value of material moisture con-

tent during measurement i, kg/kg db

Xi,c calculated value of material moisture content

during measurement i, kg/kg db

O Thermal conductivity at moisture X ¼O

OO Thermal conductivity at moisture X ¼OO

Z constant (Table 4.7)
Greek Symbols

a specific area, m2/m3

« void fraction (porosity)

d constrictivity

m dynamic viscosity of air, kg/ms

rA density of air, kg/m3

r density of material, kg/m3

t tortuosity
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5.1 INTRODUCTION

Spreadsheet software has become an indispensable

tool for engineers, because of the availability of per-

sonal computers, ease of use, and adaptability to

many types of problems. Spreadsheet software has

achieved great popularity because of its availability

for microcomputers at reasonable cost, the ease of

learning and using the software, and its flexible appli-

cations to many problems.

Furthermore, general-purpose spreadsheet soft-

ware can be used effectively in process design (Maroulis

and Saravacos, 2003). For example, Microsoft Excel

with Visual Basic for Applications is an effective

tool for process design. Spreadsheets offer suffi-

cient process model ‘‘hospitality.’’ They are con-

nected easily and online with charts and graphic

objects, resulting in powerful and easy-to-use graph-

ical interfaces. Excel also supports mathematical and

statistical tools. For instance, Solver is an excellent

tool for solving sets of equations and performing

optimization. Databases are effectively and easily ac-

cessed. In addition, Visual Basic for Applications

offers a powerful object-oriented programming lan-

guage, capable of constructing commercial graphics

interfaces.

It is the objective of this chapter to present step-

by-step procedures in order to allow application of

various dryer models into the Excel environment.

This chapter refers to two main topics. The principles

for solution of a process design problem are presented

first and then the principles for Excel implementation

are described.
, LLC.
The reader needs to become familiar with the

following topics regarding Excel software, using the

related literature:

. Modeling and spreadsheets

. Analyzing the Solver

. Sensitivity analysis using Excel tables

. Controls and dialog boxes to input data

. Graphics to get the results

. Databases

. Visual Basic as a programming language
5.2 PRINCIPLES AND TECHNIQUES OF
SPREADSHEET-AIDED PROCESS DESIGN

Computer-aided design is based on computer simu-

lators, whereas computer simulators are based on

process modeling. The basic terms, such as modeling,

simulat ion, and de sign, are defi ned in Table 5.1. Mo d-

eling is the procedure of translating the physical laws

of a process to mathematical equations to analyze or

design the process. Simulation is the appropriate soft-

ware, which predicts the real performance of a pro-

cess. It is based on mathematical modeling plus the

appropriate graphics interface in a computer environ-

ment. Design is a procedure of sizing and rating a

process in order to achieve specific goals, such as

economic production, product quality, and protection

of the environment.

Modeling and simulation are useful tools in

process design. Table 5.2 summ arizes a step- by-step

procedu re for pr ocess modeli ng, wher eas Table 5.3



TABLE 5.1
Basic Defini tions

Modeling: is the procedure to translate the physical laws of a

process to mathematical equations

Simulation : is the appropriate software which guesses the real

performance of a process

Design: is a procedure to size and rate a process in order to obtain a

specific goal

Sizing: given the process specifications calculate the equipment size

and characteristics

Rating: given the process specifications and the equipment size and

characteristics calculate the operating conditions

TABLE 5.3
Process Simulation Procedu re in a Sp readshee t
Enviro nment

1. Model development in a spreadsheet

2. Implementation of alternative problem solutions or optimization

procedures

3. Development of graphics interface
summ arizes a step- by-step procedure for process sim u-

lation. These steps are further ana lyzed.

The equations constituting a model describe the

physical laws, which apply to the process. They are

derived from material and energy balances, thermo-

dy na mic e qui li br ium r ela tions hi ps , t ra nspor t phe nom -

ena, geometry, equipment characteristics, etc. Generally

some assumptions are also built into the model.

A degrees -of-fre edom an alysis is shown in Table

5.4 and in Figure 5.1. Suppos e that M variab les are

incorporated into the mathematical model of N equa-

tions; generally, M is greater than or equal to N, and the

difference M–N corresponds to the degrees of freedom

of the process . The degrees of freedom is ch aracteris -

tic of the process . In pro cess design, some varia bles

have given values , due to the de sign specifica tions ,

and the remaind er corres ponds to design variab les.

The number of design varia bles is charact eristic of

the problem . Several different pro blems c ould be de -

fined for every process (see, for example , Table 5.5) .

The values for the design varia bles are decided by the

design engineer . The remai nder N�N set of eq uations

is solved by using mathe mati cal techni ques. In chem-

ical an d food engineer ing the resul ting syst em is

sparse , that is every varia ble ap pears in a few eq -

uations . In that case the system can be solved
TABLE 5.2
Process Modeling

1. Process model formulation

2. Degrees-of-freedom analysis

3. Alternative problem formulations

4. Problem-solution algorithm

5. Cost estimation and project evaluation analysis

6. Process optimization
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sequenti ally (down trian gle matrix) or by using a

few trial varia bles.

The ab ove ap proach is suit able for impl ement a-

tion in a spreads heet en vironmen t. The resul ting

simulat or has generally the outline present ed in

Figure 5.2. Four diff erent units are dist inguished ,

with each one developed in a different sheet (Maroul is

and Saravacos , 2002).

The ‘‘Proc ess Mod el Worksheet ’’ is the he art of

the syst em calcul ations. It co ntains the proce ss model.

When no interactio ns are ne eded, the mod el solution

uses only works heet functi ons. In that case, when any

change in inpu t variab les (free va riables) occu rs, the

solution is obtaine d automa tically on this works heet.

Since the use of the simulator requ ires the solution

of diff erent pro blems, several different problem s are

formu lated in the ‘‘Problem Solution Visual Basic

Modu le.’’ Their solution is based on the sim plest

problem of the pro cess model worksh eet above, and

uses the Solver or the Goal Seek utilities of Excel via a

Visual Basic program, to obtain a solution for the

alternative problems.

All technical and required data are retrieved from

the ‘‘Database worksheet,’’ which contains all the

required information in the form of ‘‘data lists.’’

These data are extended and modified via appropriate

dialog boxes.

‘‘Graphics interface worksheet’’ is a user-friendly

way for human–machine communication. It usually

consists of three parts: (a) Problem specifications: The

specifications and the required data for the problem
TABLE 5.4
Degrees- of-Fre edom Analysis

Total number of variables M

Total number of equations N

Degrees of freedom F ¼ M–N Process characteristic

Degrees of freedom F

Problem specifications K

Design variables D ¼ F–K Problem characteristic



Total number of variables (M )

Total number of equations (N ) Degrees of freedom (F )
(Process characteristic)

Problem specifications (K )
(Problem characteristic)

Design variables (D )

FIGURE 5.1 Degrees-of-freedom analysis.
to be so lved are entere d by the use r or estimat ed from

the databas es. Data are inser ted via dialog box es or

buttons for changing some impor tant magn itudes. (b)

Problem- type selection: The type of pro blem to be

solved is selec ted via buttons . (c) Resul ts present a-

tion: The resul ts are obtaine d automa tica lly, an d are

present ed in the form of table s or ch arts. Since these

charts are updated automa tica lly, the user has at his

disposa l all the infor mation ne eded for sizi ng, rati ng,

sensitiv ity an alysis, or compari son of alte rnative

solution s.

The foll owing steps co mprise an Excel impl emen-

tation proced ure:
TABLE 5.5
Some Typical Problem s

Direct

Given the characteristics of input streams

the equipment characteristics

the operating conditions

Calculate the characteristics of the output streams

Design

Given the characteristics of input streams

the characteristics of output streams

Calculate the equipment characteristics

the operating conditions

Rating

Given the characteristics of input streams

the characteristics of output streams

the equipment characteristics

Calculate the operating conditions

Identification

Given the characteristics of input streams

the characteristics of output streams

the operating conditions

Calculate the equipment characteristics FIG
env
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1. Workboo k preparation

2. Process mo deling in a sp readsheet

3. Using ‘‘Solver’ ’ for process optimizat ion

4. Using graphs and table s for present ation of the

results

5. Introduc ing dialog box es and control s to mo d-

ify data

6. Toward a n integ rated graphic s inter face
Step 1: Workbook Preparation

Create a new workbook an d name it to de scribe the

process , e.g., ‘‘BeltDr yer.xls.’’ Insert an d na me blank

sheets are present ed in Tabl e 5.6.

Step 2: Process Modeling in a Spreadsheet

Into the spreads he et ‘‘Proc ess’’ consider seven separ-

ate ranges, as it is present ed in Table 5.7.

Eac h range consis ts of three columns and severa l

rows, one row for every varia ble in the range. In each

range the first column contai ns the variable names,

the second the varia ble values or variab le form ulas,

and the thir d the units use d. Name all cells in second

columns accordi ng to the names in the first c olumn.

(You can use the ‘‘Ctrl þ Shift þ F3’’ option .)
Graphics interface
worksheet

Problem solution
Visual Basic module

Process model
worksheet

Database
worksheet

URE 5.2 Simulator architecture on a spreadsheet

ironment.



TABLE 5.6
Sheets in ‘‘BeltDryer.xls’’ Workbook

Sheet Name Purpose

Spreadsheets

Process Process model

Flow sheet Process flow sheet

Report Summary report of results

Control Graphics interface

Visual Basic Modules

Optimize Process optimization subroutines

Controls Subroutines for dialog boxes and controls

Dialog box sheets

Spec Process specifications

Tech Technical data

Cost Economical data
The ranges ‘‘Technical Data,’’ ‘‘Design Vari-

ables,’’ ‘‘Process Specifications,’’ and ‘‘Economic

Data’’ contain only data. The ranges ‘‘Process
TABLE 5.7
Cell Content in ‘‘Process’’ Spreadsheet

Range Name Content

Technical data Data

Design variables Data

Process specifications Data

Economic data Data

Process model Formulas

Process constraints Formulas

Economic model Formulas

Technical data

Economic data

Process

specifications

Design variable

Process 

Economi

Process

constrain

EquatioData

FIGURE 5.3 Model implementation in the ‘‘Process’’ spreadshe
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Model,’’ ‘‘Process Constraints,’’ and ‘‘Economic

Model’’ contain formulas.

Having inserted data and formulas, the process

model implementation has been completed. The

resulting spreadsheet ‘‘Process’’ looks like that pre-

sented in Figure 5.3. The cell ranges can be colored

with different colors. The drawn arrows show the

information flow in the spreadsheet.

The spreadsheet process model is now ready for

use. Any changes in process data, economic data,

process specifications, design variables are taken

into account and the results are updated immediately.

Any optimization technique, graphical or tabu-

lated reports, any scenario analysis, or sensitivity an-

alysis, any sophisticated graphics interface can be

based on the ‘‘Process’’ spreadsheet. Some examples

follow.

Step 3: Using ‘‘Solver’’ for Process Optimization

Create a Visual Basic subroutine with the name

‘‘optimum’’ in the ‘‘Optimize’’ module. The approp-

riate code is shown in Table 5.8.
model

c model Excel solver

Excel table

Excel graph

Excel tools

ts

ns

et.

TABLE 5.8
Visual Basic Subroutine for Process Optimization

Sub optimum( )

1 Sheets(‘‘Process’’).Activate

2 SolverReset

3 SolverOk SetCell:¼Range(‘‘objective’’), MaxMinVal:¼ 1,

ByChange:¼Range(‘‘variables’’)

4 SolverAdd CellRef:¼Range(‘‘constraints’’), Relation:¼ 3,

FormulaText:¼ 0#

5 SolverSolve UserFinish:¼True

6 Beep

End Sub



TABLE 5.9
A Subroutine to Activate the Dialog Box

Sub DialogSpecifications( )

dbName ¼ ‘‘d_spec’’

DialogSheets(dbName).EditBoxes(‘‘W’’).Text¼Range(‘‘W’’).Value

DialogSheets(dbName).EditBoxes(‘‘Xo’’).Text¼Range(‘‘Xo’’).Value

DialogSheets(dbName).EditBoxes(‘‘Yo’’).Text¼Range(‘‘Yo’’).Value

If DialogSheets(dbName).Show Then

Range(‘‘W’’).Value¼DialogSheets(dbName).EditBoxes(‘‘W’’).Text

Range(‘‘Xo’’).Value¼DialogSheets(dbName).EditBoxes(‘‘Xo’’).Text

Range(‘‘Yo’’).Value¼DialogSheets(dbName).EditBoxes(‘‘Yo’’).Text

End If

Beep

End Sub
Statement 1 activates the ‘‘Process’’ spreadsheet.

Statement 2 resets the Solver. Statement 3 selects

the cell with the name ‘‘objective’’ to be the ob-

jective function [SetCell:¼Range(‘‘objective’’)], re-

quires the minimization of the objective function

[MaxMinVal:¼ 2], and selects the range ‘‘variables’’

to be the decision variables [ByChange:¼Range

(‘‘variables’’)]. Statement 4 suggests that all cells in the

range ‘‘constraints’’ [CellRef:¼Range(‘‘constraints’’)]

must be greater than [Relation:¼ 3] zero [Formula-

Text:¼ 0#]. Statement 5 activates the solver to find

the optimum.

The above-mentioned cell names must be defined.

Thus, in the sheet ‘‘Process’’ name:

. The cells that contain the values of the design

variables as ‘‘variables’’
. The cells that contain the process constraints as

‘‘constraints’’
. The cell that contains the profit as ‘‘objective’’

In the sheet ‘‘Process’’ insert a new button, name it

‘‘optimizer’’ and assign it to the subroutine ‘‘opti-

mum.’’

Press the button ‘‘optimizer’’ and the optimum is

reached in a few seconds.

Step 4: Using Excel Tables and Charts for Presenta-

tion of the Results

The process design results can be further analyzed

using the tools ‘‘Tables’’ and ‘‘Charts’’ supported by

Excel.

For example, a process flow sheet can easily be

constructed in Excel as follows: in the sheet ‘‘Flow

sheet’’ draw a flow sheet by using the drawing tool-

bar. Any information concerning process conditions

can be inserted in cells near the desired point of the

flow sheet. For each piece of information there need

to be three cells, one for the variable name, one for

the variable value, and one for the variable units.

That is, to insert a stream flow rate, select a cell near

the icon of the stream arrow and insert the symbolic

name of the stream flow rate, i.e., ‘‘F¼ ,’’ in a neigh-

boring cell insert the formula ‘‘¼F’’ to get the

value from the ‘‘Process’’ sheet, and in another cell,

nearby, insert the units, i.e., ‘‘kg/s.’’ You can add any

information you like. Any changes in data are up-

dated immediately.

In order to plot the effect of the design variable

(X) on a technical (Y) and an economic (Z) variable

the following steps can be used: construct a one-di-

mensional Excel table in which the ‘‘Column Input

Cell’’ is the cell with the name ‘‘X.’’ The second and

third output columns refer to the cells ‘‘Y’’ and ‘‘Z,’’

respectively. Next construct a ‘‘XY(Scatter)’’ chart in
� 2006 by Taylor & Francis Group, LLC.
which the first column of the table corresponds to

x-values and the second to y-values. Similarly, con-

struct a second ‘‘XY(Scatter)’’ chart in which the first

column of the table corresponds to x-values and the

third to y-values.

Any other tabulated results or desired reports can

be easily obtained as follows: select a spreadsheet to

incorporate the required information. Insert text or

graphics as you like. Get the information from the

‘‘Process’’ sheet, as described previously in the flow

sheet construction procedure.

Step 5: Introducing Dialog Boxes and Controls to

Modify Data

A dialog box can be used to modify the values of

process specifications, which are included in the

range ‘‘Process Specifications’’ in the spreadsheet

‘‘Process.’’

In the Dialog Module ‘‘db_spec’’ insert for every

variable one ‘‘Label’’ (from the toolbar ‘‘forms’’) for

its description, one ‘‘Edit Box’’ (from the toolbar

‘‘forms’’) for its value, and one ‘‘Label’’ for its units.

Name all the Edit Boxes with the name of the corre-

sponding variable.

In the Visual Basic Module ‘‘vb_controls’’ type a

subroutine to use the dialog box in the sheet

‘‘d_spec,’’ as described in Table 5.9.

In the spreadsheet ‘‘Process’’ insert a button,

name it ‘‘specifications,’’ and assign it to the subrou-

tine ‘‘DialogSpecifications.’’

Press the button ‘‘specifications’’ and a dialog

box appears in order to modify data for process

specifications.

A scroll bar can be used for each design variable in

order to modify the values of the design variables,

which are included in the range ‘‘Design Variables’’ in

the spreadsheet ‘‘Process.’’



A scrol l bar, in order to ha ndle the va riable X, can

be inserted as follows :

. Insert the scrol l bar icon from the too lbar

‘‘forms ’’
. Insert the mini mum allowabl e value in a cell

named ‘‘X.m in’’
. Insert the maxi mum allowabl e value in a cell

named ‘‘X.m ax’’
. Insert the coded value in a cell na med ‘‘X.C V’’

The co ded value ranges between 0 and 100 and is

defined as follows :

X.CV ¼ (X� X.min) /(X.max � Xmin)*1 00

. Insert a scroll ba r from the toolbar ‘‘forms’’ and

assign the ‘‘Cel l Link ’’ (in the ‘‘Form at Object’’

menu) to the coded value ‘‘X.CV ’’
. Repla ce the con tent of the cell named ‘‘X’’ wi th

the foll owing form ula:

¼ X.min þ X.CV *(X.ma x�X.m in)/100

It must be noted that the range ‘‘va riables’’ which

is hand led by the solver during optim ization must be

redefined to refer to coded values , instead of the ac-

tual values . This modificat ion g uarante es the prop er

perfor mance of the optimizat ion and of scrol l bars.

Step 6: Toward an Integrated Graphics Interface

Any desired graphics interface can be developed in the

spreadsheet ‘‘Control.’’ It can be constructed as follows:

. Draw a proc ess flow sheet in sheet ‘‘Contr ols,’’

as de scribed in Step 5
. Insert buttons to appear and disappea r the cru-

cial graphs
. Insert buttons to activate the desired dialog boxes
. Insert scrol l bars to modif y the desir ed pro cess

variab les
. Insert buttons to solve different pro blems, e.g. ,

process optimizat ion.

The user has now at his dispo sal a process sim ula-

tor. He can en ter da ta via scroll ba rs or dialog box es

and observe the resul ts via buttons , which acti vate the

desired grap hs or report s.

The graphic s interface could be furt her impr oved

to loo k professional using appropri ate program ming

code in Visual Bas ic.
FIGURE 5.4 Schematic representation of a belt dryer.
5.3 DESIGN OF A CONVEYOR BELT DRYER

In this section a design app roach is descri bed for a

conveyo r belt dr yer (Maroul is an d Sa ravacos , 2003).
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5.3.1 P ROCESS DESCRIPTION

A typic al flow sheet of a con veyor belt dryer is pre-

sented in Figure 5.4. The wet feed at flow rate F (kg/ s

db), tempe ratur e T0 (8 C) , and humidi ty X0 (kg/kg db)

is dist ributed on the belt as it en ters the dryer. The

dried produ ct exits the dry er at the same flow rate on

dry basis F (kg/ s db) , tempe rature T (8 C), and mois -

ture content X (kg/ kg db). The belt is moving a t a

velocity u (m/s) and req uires an elect rical power Eb

(kW). The dr ying air enters the dryer at a flow rate Ff

(kg/s db), temperature T (8C), and humidity Y (kg/kg

db). The drying air temperature is controlled in the

heater, and the drying air humidity is controlled

through the flow rate of the fresh air Fa (kg/s db).

An electrical power Ef (kW) is expended by the fan

and a thermal power Q (kW) is expended by the

heater. The air conditions for design can be consid-

ered constant due to the high air recirculation.

5.3.2 PROCESS MODEL

A mathematical model of the process presented in

Figure 5.4 is summ arize d in Tabl e 5.10.

Equation T10.1 calculates the vapor pressure at

drying temperature, whereas Equation T10.2 is the

psychrometric equation. Equation T10.1 and Equa-

tion T10.2 are used to calculate the water activity at

drying conditions (i.e., temperature T and air humid-

ity Y). Equation T10.3 calculates the equilibrium

material moisture content at drying conditions,

whereas Equation T10.4 estimates the drying time

constant at drying conditions. Both Equation T10.3

and Equation T10.4 are used in Equation T10.5,

which calculates the required drying time.

Equation T10.6 and Equation T10.7 constitute

the moisture balance at the dryer. Equation T10.6

refers to solid, and Equation T10.7 to air. The ther-

mal energy requirements for drying are summarized



TABLE 5.10
Belt Dryer Model

Psychrometric equations

Ps ¼ exp [a1�a2/(a3 þ T)] (T10.1)

Y ¼ mawPs/(P�awPs) (T10.2)

Drying kinetics

Xe¼ b1 exp[b2/(273þT)] [aw/(1�aw)]b3 (T10.3)

tc ¼ c0d
c1Vc2Tc3Yc4 (T10.4)

t ¼ �tc ln[(X�Xe)/(X0�Xe)] (T10.5)

Material balance

W ¼ F (X0�X) (T10.6)

W ¼ Fa(Y � Y0) (T10.7)

Thermal energy requirements

Qwe ¼ F(X0 � X) [DH0 � (CPL � CPV)T] (T10.8)

Qsh ¼ F [CPS þ X0CPL] (T � T0) (T10.9)

Qah ¼ Fa [CPA þY0CPV] (T � T0) (T10.10)

Q ¼ Qwe þ Qsh þ Qah (T10.11)

Air heater

Q ¼ AsUs(Ts�T) (T10.12)

Belt dryer

M ¼ tF (1þX0) (T10.13)

M ¼ (1�«)rsH (T10.14)

H ¼ Z0DL (T10.15)

Ab ¼ LD (T10.16)

ub ¼ L/t (T10.17)

Fan

DP ¼ f1Z0V
2 (T10.18)

Fi ¼ raVDL (T10.19)

Ef ¼ DPFf/ra (T10.20)

Belt driver

Eb ¼ e1L(1þX0)F (T10.21)

Electrical energy requirements

E ¼ Eb þ Ef (T10.22)

Performance indices

n ¼ Qwe/Q (T10.23)

r ¼ W/Ab (T10.24)
in Equat ion T10 .8 through Equation T10.11. Equa-

tion T10 .8 refers to wat er evap oration, Equation

T10.9 to solid s he ating, Equat ion T10.10 to rejec ted

air heating , an d Equat ion T10.11 refer s to the total

energy requir ed by the heater .

Equat ion T10 .12 is used for sizing the heater .

Equation T10 .13 throu gh Equation T10 .17 are used

for sizi ng the belt.

Equat ion T10 .13 correl ates the reside nce time

with the mass hold up, an d Equat ion T10.14 the

mass hol dup with the vo lume hold up. These eq ua-

tions are valid for all dryer types. Equation T10 .15 is

the geomet rical dist ribution of the volume holdu p on

the belt. Equation T10 .16 calcul ates the required belt

area, and Equat ion T10.17 the requir ed be lt veloci ty

to obt ain the desired resi dence time.
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Equat ion T10 .18 through Equat ion T10.20 are

used for sizing the fan. Equat ion T10 .18 calcul ates

the pressure loss of air through the load ed belt. Equa-

tion T10.19 co rrelates the airflow with the air vel-

ocity. Equation T10.20 esti mates the requir ed

electrica l power to ope rate the fan.

Equat ion T10.21 estimat es the required electrica l

power to mo ve the belt. Equat ion T10 .22 calcul ates

the req uired total elect rical power .

Fin ally, Equat ion T10.23 and Equation T10 .24

define two crucial dr yer perfor mance indice s. Equa-

tion T10 .23 defines the dryer thermal perfor mance,

whereas Equation T10 .24 calcul ates the evap orating

capacity per unit belt area.

Thi rty-seven variables pr esented in Tabl e 5.11 are

involv ed in the model of 24 equatio ns present ed in

Table 5.10. The corres ponding techn ical data are

summ arized in Tabl e 5.12. The process specifica tions

of a typical design prob lem are present ed in Table

5.13, wher eas a degrees -of-fre edom an alysis is sho wn

in Table 5.14, whi ch results in four de sign varia bles.

Table 5.15 suggest s a selec tion of de sign v ariables and

the corresp onding solut ion algorithm is pr esented in

Table 5.16. The total an nualiz ed cost (T AC) pr e-

sented in Table 5.17 is used as object ive function in

process optim ization. The requir ed cost data are

summ arized in Table 5.18.
5.4 EXCEL IMPLEMENTATION OF A BELT
DRYER DESIGN

In this sectio n the dryer design mo del pr esented in

Sectio n 5.3 is implement ed in an Exc el en vironme nt

accordi ng to the princi ples and techni ques present ed

in Se ction 5.2.

Steps 1–3 of Section 5.2 are applied and the dryer

model is created on the spreadsheet ‘‘process’’ as shown

in Figure 5.5. The ranges ‘‘Technical Data,’’ ‘‘Process

Specifications,’’ ‘‘Design Variables,’’ and ‘‘Cost Data’’

contain data according to Table 5.12, Table 5.13, Table

5.15, and Table 5.18, respectively. The range ‘‘Model

Solution’’ contains the solution of the model in Table

5.10 according to the solution presented in Table 5.16,

and the range ‘‘Cost Analysis’’ represents the analysis

presented in Table 5.17. Finally, the button ‘‘optimize’’

performs an optimization, i.e., it finds the (optimal)

values of the design variables (Y, T, V, D), which min-

imize the objective function (TAC). Figure 5.5 consti-

tutes a simple but accurate belt dryer design simulator.

Different problems (different material, financial envir-

onment, process specifications) can be solved instant-

aneously.

Step 4 of Section 5.2 is app lied, as an exampl e, (a)

to construct a dynamic process flow sheet (Figure 5.6);



TABLE 5.11
Process Variables

Drying air

Fa ton/h Fresh airflow rate

Ff ton/h Recycle airflow rate

T 8C Drying air temperature

Y kg/kg db Drying air humidity

V m/s Drying air velocity

P bar Drying pressure

T0 8C Ambient temperature

Y0 kg/kg db Ambient humidity

Ps bar Vapor pressure at drying conditions

aw — Water activity at drying conditions

Material

F ton/h Material flow rate

X0 kg/kg db Initial moisture content

X kg/kg db Final moisture content

Xe kg/kg db Equilibrium moisture content at

drying conditions

d m Particle size

tc h Drying time constant at drying

conditions

t h Drying time

Dryer

W ton/h Drying rate

L m Dryer length

D m Dryer width

M ton Dryer mass holdup

H m3 Dryer volume holdup

Ab m2 Belt area

As m2 Air heater transfer area

ub m/s Belt velocity

Z0 m Loading depth

DP bar Pressure loss of air flowing

through belt

Thermal load

Qwe kW Water vaporization

Qsh kW Solid heating

Qah kW Air heating

Q kW Total thermal load

Ts 8C Steam temperature

Electrical load

Eb kW Belt driver

Ef kW Fan

E kW Total power requirement

Performance

n — Thermal efficiency

r kg/h m2 Specific rate of evaporation

TABLE 5.12
Technical Data

Density (kg/m3)

rw Water

ra Air

rs Dry material

Specific heat (kJ/kg K)

CPL Water

CPV Water vapor

CPA Air

CPS Dry material

Latent heat (kJ/kg)

DH0 Steam condensation at 08C
Other

Us Heat transfer coefficient at air heater

(kW/m2 K)

« Void (empty) fraction of loading

Empirical constants

a1, a2, a3 Antoine equation for vapor pressure

of water

b1, b2, b3 Oswin equation for material isotherms

c0, c1, c2, c3, c4 Drying kinetics equation

e1 Belt driver power equation

f1 Pressure loss equation

TABLE 5.13
Process Specifications

F ton/h db Feed flow rate

X0 kg/kg db Initial material moisture content

X kg/kg db Final material moisture content

d m Material characteristic size

T0 8C Ambient temperature

Y0 kg/kg db Ambient humidity

Z0 m Loading depth

P bar Ambient pressure

Ts 8C Heating steam temperature

TABLE 5.14
Degrees-of-Freedom Analysis

Process variables 37 Degrees of freedom 13

Process equations 24 Specifications 9

Degrees of freedom 13 Design variables 4

TABLE 5.15
Design Variables

Y kg/kg db Drying air humidity

T 8C Drying air temperature

V m/s Drying air velocity

D m Belt width
(b) to investiga te the effe ct of one design variab le on

an eco nomic varia ble (Figur e 5.7); (c) to analyze the

effect of two design varia bles on a techni cal varia ble

(Figur e 5.8); (d) to summ arize the resul ts of the de sign

on a syno ptic report (Figur e 5.9). Any other analys is
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TABLE 5.16
Model Solution Algorithm

Equation

T10.1 ! Ps

T10.2 ! aw

T10.3 ! Xe

T10.4 ! tc

T10.5 ! t

T10.6 ! W

T10.7 ! Fa

T10.8 ! Qwe

T10.9 ! Qsh

T10.10 ! Qah

T10.11 ! Q

T10.12 ! As

T10.13 ! M

T10.14 ! H

T10.15 ! L

T10.16 ! Ab

T10.17 ! ub

T10.18 ! DP

T10.19 ! Ff

T10.20 ! Ef

T10.21 ! Eb

T10.22 ! E

T10.23 ! n

T10.24 ! r

TABLE 5.18
Cost Data

Utility cost

Ce $/kW h Cost of electricity

Cs $/kW h Cost of heating steam

Equipment unit cost

Cbel $/m2 Belt dryer

Cexc $/m2 Heat exchanger

Cfan $/kW Fan

Equipment size scaling factor

nbel — Belt dryer

nexc — Heat exchanger

nfan — Fan

Other

ty h/yr Annual operating time

ir — Interest rate

lf yr Lifetime
can be pe rformed in a sim ilar way acco rding to the

scope of the designe r.

Step 5 of Secti on 5.2 is also applie d exempl arily to

insert a ‘‘scroll ba r’’ for eac h of the design varia bles

and a ‘‘dialog box’’ to mo dify the process specifica -

tions. The results are shown in Figure 5.10. The

resulting graphics interface of Figure 5.10 could be

further improved by introducing more tools, tables,

and graphs. It can also become more professional

using appropriate programming in Vi sual Basic.
TABLE 5.17
Cost Analysis

Equipment cost

Ceq ¼ CbelA
nbel þ CexcA

nexc
s þ CfanE

nfan

f (T17.1)

Annual operating cost

Cop ¼ (CsQþ CeE)ty (T17.2)

Total annual cost (objective function)

TAC ¼ eCeq þ Cop (T17.3)

where the Capital Recovery Factor is calculated

from the equation

e ¼ ir(1þ ir)
lf

(1þ ir)
lf � 1

(T17.4)
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NOMENCLATURE

ai Antoine equation constants

Ab belt area, m2

As air heater transfer area, m2

aw water activity

bi Oswin equation constants

ci drying kinetics equation constants

Cbel belt dryer unit cost, $/m2

Ce cost of electricity, $/kW h

Cexc heat exchanger unit cost, $/m2

Cfan fan unit cost, $/kW

CPA specific heat of air, kJ/kg K

CPL specific heat of water, kJ/kg K

CPS specific heat of dry material, kJ/kg K

CPV specific heat of water vapor, kJ/kg K

CPW specific heat of liquid water, kJ/kg K

Cs cost of heating steam, $/kW h

D dryer width, m

d particle size, m

db dry basis

E total power requirement, kW

e capital recovery factor

e1 belt driver power equation constant

Eb belt driver power, kW

Ef fan power, kW

Er rotating driver power, kW

F material flow rate, ton/h db

f1 pressure loss equation power

Fa fresh airflow rate, ton/h

Ff recycle airflow rate, ton/h

H dryer volume holdup, m3

ir interest rate

L dryer length, m



pw 1.00 tn/m3 0.100 kg/kg db

90.0�C 
1.50 m/s

2.0 m

0.10 tn/h

10 kg/kg db

0.1 kg/kg db
0.010 m

25.0�C 

0.010 kg/kg db

y ps 0.70 bar
0.20 -

0.05 kg/kg db
0.54 h
2.87 h

0.99 tn/h

0.63 MW

0.08 MW
0.20 MW
0.91 MW
130 m2

3.16 tn
5.06 m3

12.6 m

25 m2

4.4 m/h

0.9 bar
137 tn/h

34.1 kW
27.8 kW

62.0 kW
0.69–  
39.1 kg/hm2

11 tn/h

ow
Xe

W

tc

Fa
Qwe

Qsh
Qah

Q
As
M
H

Ab

Ff

Ef
Eb

E

n

Ceq 599 k$

207 k$/y
357 k$/yTAC

Cop

r

Dp
o

L

t

v

D

F

Xo
X

db
To
Yo

Ce
Cs

Cbel

Nbel
Nexc

Nfan
ty
tr
lf

Cexc
Cfan

p
Zo

Ts

0.20 m

0.10 $/kW h
0.05 $/kW h

25.00 k$

2.00 k$

0.95–  
0.65–  

0.75–  

0.08– 

5.0 y

4000 h/y

1.00 k$

160�C

1.0 bar

Cost data

Technical data Design variables Model solution

Cost analysis

Process specification

T1.00 kg/m3

1.75 tn/m3

4.20 kJ/kg C

1.90 kJ/kg C
1.00 kJ/kg C
2.00 kJ/kg C
2.50 MJ/kg

0.10 kW/m2 K
0.40–

0.622–

1.19E+01–
3.99E+03– 
2.34E+02– 

7.35E+04– 
1.75E+03– 
4.00E+01–

0.50– 

1.40– 

−0.25– 

0.12– 
2.00–

2.00–

−1.65– 

po

ps

Cpl

Cpv

Cpo

Cps

Us

a1

a2

a3

b1

b2

b3

c0

c1

c2

c3

c4

e1

f1

ΔHo

m

e

Optimize

FIGURE 5.5 Dryer model implementation in the ‘‘Process’’ spreadsheet.

FIGURE 5.6 Process flow sheet implemented in the spreadsheet ‘‘Flow sheet.’’
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FIGURE 5.7 Analyze the effect of one design variable on some economic variables, using the ‘‘One-Dimensional Table’’ and

‘‘Chart’’ tools, supported by Excel.
lf lifetime, yr

m air–water molecular weight ratio

M dryer mass holdup, ton

n thermal efficiency

nbel belt dryer scaling factor

nexc heat exchanger

nf number of flights

nfan fan scaling factor

P pressure, bar

Ps vapor pressure at temperature T, bar
B
el

t a
re

 (
m

2 )

FIGURE 5.8 Analyze the effect of two design variables on a te

‘‘Chart’’ tools, supported by Excel.
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Q total thermal load, kW

Qah air-heating thermal load, kW

Qsh solid-heating thermal load, kW

Qwe water vaporization thermal load, kW

r specific rate of evaporation, kg/h m2

t drying time, h

T drying air temperature, 8C
tc drying time constant, h

T0 ambient temperature, 8C
Ts steam temperature, 8C
Drying are humidity (kg/kg db)

chnical variable, using the ‘‘Two-Dimensional Table’’ and
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Problem Folmulation

Material xxxxxxx

Process Specification
Feed Flow Rate

Initial Material Moisture Content
Final Material Moisture Content

Material Characteristic Size
Ambient Temperature

Ambient Humidity
Loading Depth

Ambient Pressure
Heating SteamTemperature

Design Variables
Drying Air Humidity

Drying Air Temperature
Drying Air Velocity

Belt Width

F  =
Xo  =
X  =
d  =

To  =
Yo  =
Zo  =
P  =
Ts  =

Y  =
T  =
V  =
D  =

0.1 ton/h
10 kg/kg db 
0.1 kg/kg db
0.01 m
25�C
0.01 kg/kg db
0.2 m
1 bar

90�C
0.1 kg/kg db

1.5 m/s
2 m

160�C

Belt Dryer Design Report page 2/5

Technical Data

Density
Water

Air
Dry Material

Specific Heat
Water

Water Vapor
Air

Dry Material

Latent Heat
Steam Condensation

Other
Heat Transfer Coefficient
Void Fraction of Loading

 Antoine Equation
for Vapor Pressure of Water

Oswin Equation
for Material Isotherms

Drying Kinetics Equations

Belt Driver Power Equation
Pressure Loss Equation

rw  =
ra  =
rs  =

Cpw  =
Cpv  =
Cpa  =
Cps  =

ΔHo  =

Us  =
ε  =

a1  =
a2  =
a3  =
b1  =
b2  =
b3  =
c0  =
c1  =
c2  =
c3  =
c4  =
e1  =
f1  =

1.00 ton/m3

1.00 kg/m3

1.75 ton/m3

4.20 kJ/kgK
1.90 kJ/kgK
1.00 kJ/kgK
2.00 kJ/kgK

2.50 MJ/kg

0.10 kW/m2K
0.40–

1.19E+01
3.99E+03
2.34E+02
7.35E−04
1.75E+03
4.00E−01
5.00E−01
1.40E+00

−2.50E−01
−1.65E+00

1.20E−01
2.00E+00
2.00E+00

Utility Cost 
Electricity

Heating Steam

Equipment Unit Cost
Belt Dryer

Heat Exchanger
Fan

Equipment Size Scaling Factor
Belt Dryer

Heat Exchanger
Fan

Other
Annual Operating Time

Interest Rate
Lifetime
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Cost Data 

Ce  =
Cs  =

Cbel  =
Cexh  =
Cfan  =

nbel  =
nexh  =
nfan  =

ty  =
ir  =
lf  =

0.10 $/kWh
0.05 $/kWh

25.0 k$/m2
2.00 k$/m2
1.00 k$/kW

0.95–
0.65–
0.75–

4000 h/y
0.08–
5.00 y
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Results
Drying Air

Fresh Air Flowrate
Recycle Air Flowrate

Drying Air Temperature
Drying Air Humidity
Drying Air Velocity

Drying Pressure
Ambient Temperature

Ambient Humidity
Water Activity at Drying Conditions

Material
Material Flow Rate

Initial Moisture Content
Target Moisture Content

Equiliblium Moisture Content
Particle Size

Drying Time Constant
Drying Time

Dryer
Drying Rate

Dryer Length
Dryer Width

Dryer Mass Holdup
Dryer Volume Holdup

Belt Area
Air Heater Transfer Area

Belt Velocity
Loading Depth

Thermal Load
Water Vaporization

Solid Heating
Air Heating

Total Thermal Load

Electrical Load
Belt Drive

Fan

Total Power Requirement

Performance
Thermal Efficiency

Specific Rate of Evaporation

Fa  =
Ff  =
T  =
y  =
V  =
P  =
To  =
Yo  =

 aw  =

F  =
Xo   =
X  =

Xe  =
d  =

  tc  = 0
t  =

W  =
L  =
D  =
M  =
H  =
Ab  =
As  =
u  =

Zo  =

Qwe  =
Qsh  =
Qah  =

Q  =

Eb  =
Ef  =

E  =

n  =
r  =

11
137

90
0.1
1.5

1
25

0.01
  0.20–

0.1
10

0.10
0.05
0.01
0.54
2.87

0.99
12.6

2
3.16
5.06
25.3
130

4.40
0.20

0.63
0.08
0.20

0.91

27.8
34.1

62.0

0.69−
39.1

ton/h
ton/h
�C
kg/kg db
m/s
bar
�C
kg/kg db

ton/h
kg/kg db
kg/kg db
kg/kg db
m
h
h

ton/h
m
m
ton
m3

m2

m2

m/s
m

MW
MW
MW

MW

kW
kW

kW

kg/hm2

FIGURE 5.9 A summary report of the process design results.
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Cost  Analysis Results

Equipment Cost
Belt Dryer

Heat Exchanger
Fan

Total

Operating Cost
Electricity

Heating Steam

Total

Annualized
Equipment
Operating

Total

538
47
14

Ceq  = 599 k$

25
182

Cop  = 207 k$

150
207

TAC  = 357 k$/y

FIGURE 5.9 (continued)

FIGURE 5.10 Toward an integrated graphics interface.
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ty annual operating time, h/yr

ub belt velocity, m/s

Us heat transfer coefficient at air heater, kW/m2 K

V drying air velocity, m/s

W evaporating capacity, ton/h

X final moisture content, kg/kg db

Xe equilibrium moisture content, kg/kg db

X0 initial moisture content, kg/kg db

Y drying air humidity, kg/kg db

Y0 ambient air humidity, kg/kg db

Z0 loading depth, m

DH0 latent heat of water evaporation at 08C, kJ/kg

DP pressure loss of air, bar

« void (empty) fraction of loading
� 2006 by Taylor & Francis Group, LLC.
ra air density, kg/m3

rm construction material density, kg/m3

rs dry material density, kg/m3

rw water density, kg/m3
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6.1 INTRODUCTION

Indirect (or contact or conductive) dryers, according

to the definition given by Hall (1980), are dryers in

which the heating medium (e.g., steam, hot gas, ther-

mal fluids) does not come into contact with the prod-

uct being dried. Instead, wet material is dried by

contact with a heated surface; heat transfer to the

wet material is mainly by conduction from this sur-

face. The temperature of heat transfer surfaces may

range from �408C (as in freeze drying) to about

3008C (as in the case of indirect dryers heated by

direct combustion of products such as waste sludges)

whereas the temperature of the solids in the dryer will

be close to the boiling temperature of the moisture

component being evaporated at the dryer operating

pressure. As no hot gas is required as a source of heat

in indirect dryers, only low gas flow (which is usually

heated before entering the drying chamber to minim-

ize localized condensation) or vacuum is needed to

carry away the moisture evaporated from the wet

material so that the drying chamber does not become

saturated with vapor. Comparing to their direct

(convective) counterparts, indirect dryers have a

number of advantages and are summarized below

(Walsh, 1992; Oakley, 1997; Vetere and Morris, 1997;

Mujumdar, 2000).

Generally, indirect dryers have higher energy effi-

ciency than the direct dryers, because the energy lost

through the exhaust gas stream is greatly reduced; the
, LLC.
heat load of the dryers is only from the material as it

dries. Waste heat source can also be used to cut

drying energy costs. The vapor produced from the

drying material can also be used as a heating medium

in a subsequent stage of drying, hence reducing the

consumption of the primary heat transfer medium. If

the vaporization rate is high, e.g., when drying pulp, a

two- or three-stage dryer may be economic.

Indirect dryers also need minimal cleaning of the

exhaust gas as the exhaust flow is low. The sizes of

the blower and interconnecting ductwork are also smal-

ler compared to those required for the direct dryers.

Additional relevant benefits are very low emission of

fines and particles from the dryer; this is especially

beneficial when drying toxic, explosive, flammable, or

dusty products. Any vapors released can be condensed

easily, thus alleviating serious environmental problems.

Vacuum drying can also be accommodated easily

with the use of indirect dryers. This is ideal for heat-

sensitive materials such as foods, pharmaceuticals,

and other biomaterials as drying can take place at

much lower temperatures (due to the reduced boiling

points of solvents being removed). Oxidative reac-

tions are minimized or eliminated due to low (or no)

oxygen content. The final achievable moisture content

of the product is also not limited by the state of the

heating medium as in the case of direct dryers. Risk of

fire and explosion hazards is eliminated as drying

can be conducted in a vacuum or a modified atmos-

phere (e.g., inerting with nitrogen) having low oxygen



content . It should be noted , howeve r, that it is quite

difficul t to ope rate an indir ect dryer in a continuou s

mode under vacuu m.

Ano ther noted ad vantage of ind irect dryers is the

higher prod uct quality a ttainable . This is because the

flows into an d out of the dryer are relative ly small;

when ope rating in a batch mode an indir ect dryer

is practi cally a closed syste m. As a result, this type

of dryer is suitable for situati ons wher e hy gienic

process ing c ondition s are requir ed.

Accompanying the above advantages of indirect

dryers are several limitations such as their limited abil-

ity to enhance the drying rates due to their limited

availab ility of the heat trans fer areas, especi ally in

large-sca le equipment . In direct dryers also pos sess

lower maxi mum drying tempe ratur e and maximum

throughpu t when compared to direct dryers . Many

types of indir ect dryers can only be ope rated in ba tch

mode; hence they have lowe r pro duction capabiliti es

than direct dryers . In addition , indir ect dryers have

typicall y higher capital costs than equival ent direct

dryers due to the need for he at exchan ge surfa ces.

A typic al indir ect dryer is a meta l-walled, heat-

jackete d chamber that is eithe r stationa ry or rotat ing

and in contact with the wet material being dried. In

some cases, the dry ing chamber is eq uipped with an

agitator. Condens ing steam (mos t popular heating

medium ), hot water, combust ion gases, molten salt ,

or electrici ty (les s popular due to high cost involve d)

can be used to heat the jacket , whi ch in turn trans fers

heat to the drying surfa ce (by condu ction or, in so me

cases, cond uction and radiat ion). The heati ng med-

ium and the produ ct to be dried are separat ed by a

drying surface as sho wn schema tica lly in Figure 6.1.

The agitator or the rotation of the drying chamb er
Retaining wall

Wet solids

Slurry
Paste
Wet cake
Free-flowing powders

Heat source

Liquids
Water
Brine
Hot oils

Condensing media
Steam
Hot oils

Noncondensing media
Hot air
Combustion gases

FIGURE 6.1 Schematic diagram of a typical indirect dryer;

material to be dried is separated from heat source by a

conducting wall.

� 2006 by Taylor & Francis Group, LLC.
moves and mixe s the bed of drying material , thus

eliminat ing mois ture gradie nts within the bul k of the

bed an d increa sing the drying rate. Low gas flow or

vacuum is used to carry away the mois ture evap or-

ated from the wet mate rial as mentio ned earlier. The

typical energy co nsumpt ion is in the range of 2800–

3600 kJ /kg of water evaporat ed compared to direct

dryers , which co nsume 4000–600 0 kJ/kg of water

evaporat ed. The labor for chargi ng an d discharging

the drying material and the sub sequent cleanup con -

stitute a major ope rating cost of this type of dryers

(Veter e an d Morris, 1997). Indire ct dryers have been

used su ccessfull y to dry a wid e varie ty of prod ucts

ranging from food an d da iry products such as baby

food, potato flakes, buttermilk powder , and coffee

grounds sludge to chemi cal and other miscell aneou s

products su ch as carbon black, colloid al clay, pig-

ments, peat, and many kind s of sludge (e.g., pulp

mill sludge, meta l oxide sludge). In additio n to dry-

ing, indirect dryers can also be used to co ok, hyd ro-

lyze, mix, react , stabili ze (physicall y, chemi cally , and

biochemi cally) as well as pasteur ize the mate rial being

process ed. In some units comb ination of these ope r-

ations can be perfor med (by, for exampl e, zo ning of

the drye r hous ing jacket ).

M ore recently, combined direct–ind irect dryers ,

e.g., fluidized-bed dryer with immersed heat exchan-

gers, are becoming popular as they combine advan-

tages of both dryer types. Such types of dryers are

presented elsewhere in the handbook.
6.2 CLASSIFICATION AND SELECTION
CRITERIA

The choice of an indirect dryer is generally deter-

mined by the material to be dried. Some common

indirect dryers and their applications to various feed-

stock form s are listed in Table 6.1. It shou ld be noted

that some additional operations, e.g., product back-

mixing, could be employed to change the material char-

acteristics, which permits the use of additional dryer

types than those listed here. Table 6.2 lists the types of

indirect dryers that are suitable for various require-

ments, both in terms of the operating conditions and

the types of feedstock.

Product quality is always of great concern when

selecting the type of dryer to be used. Controlling the

level of product volatiles is also, in some cases, import-

ant. To satisfy these demands the selected dryer should

provide the optimum conditions for the time–tempera-

ture exposure of the drying material (Kimball, 2001).

An indirect dryer that uses high heat-source tempera-

ture should be operated in such a way that the resi-

dence time of the drying material within it is



TABLE 6.1
Indirect Dryer Selection Based on Feedstock Form

Nature of Feed Liquids Cakes Free-Flowing Solids Formed-

Shaped

Solids
Solutions Slurry Pastes Centrifuge Filter Powder Granules Fragile Fiber

Crystal Pellet

Dryer types

Thin-film contact � � � � � � � �
Cone, batch � � � � �
Drum � � �
Steam-jacket rotary � � � � � �
Tray, batch � � � � � � � �
Tray, continuous � � � � � � �

Source: Adapted from Kimball, G., Chemical Engineering, May 2001, pp. 74–81.
minimiz ed; the dryer that operate s at low er tempe ra-

ture can be operate d with a long er resid ence time of

material within it. In applications that requir e low

produc t volat ile levels a dryer with long residen ce-

time capab ilities and gas co unterflow may be requir ed.

Table 6.3 lists the soli ds exposure time of some selec ted

indirec t dryers . It c an be seen that a wi de range of

residen ce tim e, i.e., from a few seconds to few hour s,

can be acco mmodated by using different types of

indirec t dryers .
TABLE 6.2
Indirect Dryer Selection Criteria

Dryer Type Plate Drum Tumbling V

Requirement

Continuous � � �
Discontinuous � � �
Vacuum � þ
Large surface area/volume þ � �
High specific capacity þ � �

Materials

Friable � � �
Fluid � � �

Viscous/pasty � � �
Crusty � � �

Processing

Mechanical � � �
Thermal þ � �
�, not suitable; �, sometimes suitable; þ, good; �, ideal.

Source: Thurner, F., Chemical Engineering, October 1993, pp. 20–22.
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The guidel ines for the selection of some specific

indirect dryers , e.g., agitated vacu um dryers , are

available in the literat ure (Fuller, 1999).

6.3 TYPES OF INDIRECT DRYERS

6.3.1 BATCH TRAY DRYERS

In this basic type of indirect dryers the material to be

dried is placed in pans or trays on the hollow shelves,
ibrating Conical Thin Film Paddle Mixer-Kneader

� � � � �
� � � � �

� � � �
� þ þ þ �
� þ � þ �

� � þ � �
� � � � �
� � � � �
� � � þ �

� � þ þ þ
þ þ � � �



TABLE 6.3
Solids Exposure Time of Some Indirect Dryers

Typical Residence Time of Dryer 0–10 s 10–30 s 5–10 min 10–60 min 1–6 h

Thin-film contact � � �
Cone, batch �
Drum �
Steam-jacket rotary �
Tray, batch �
Tray, continuous �

Source: Adapted from Kimball, G., Chemical Engineering, May 2001, pp. 74–81.
which are heated by the heating medium, which can

range from high-pressure steam for moderate-to-high

temperature operation to subatmospheric steam for

low-temperature operation to hot oil, or even by an

electric heater in the case of smaller units. The trays

are generally metal to ensure good heat transfer be-

tween the trays and the shelves. The number of

shelves ranges from 1 to more than 20 shelves in a

large unit.

For heat-sensitive materials drying can take place

at low temperature with the application of vacuum to

reduce the boiling point of the liquid to be removed,

which can be toxic or valuable solvents that must be

recovered. Vacuum is applied to the drying chamber

and vapor is removed through an exhaust pipe con-

nected to the chamber; this line is also connected to a

condenser where vapor is condensed and, possibly,

recovered. The noncondensable gas exits through

the vacuum source, which can be a vacuum pump or

a steam-jet ejector.

In a standard design all shelves are contained in a

single drying chamber, whereas in an alternative de-

sign the dryer may be divided into a number of
Vapor drum 

Throat 
piece 

Shell 

Feed 
conveyor 

Dryer driveThrust-end 
base 

FIGURE 6.2 Indirect-contact rotary dryer.
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separate chambers to allow more flexible operation as

individual trays can be loaded or unloaded separately.

Typically, each tray may be loaded up to a depth of

about40mmgivinga loadingofapproximately40kgof

wet material/m2 of tray area (Oakley, 1997).

This type of dryers, along with the use of vacuum,

is used extensively for drying heat-sensitive or easily

oxidized materials. They are particularly well suited

for materials, which require gentle handling and

where material loss must be minimized. Hygroscopic

materials may also be dried completely at temperatures

lower than the maximum permissible temperatures of

those materials. The major disadvantages of this type

of dryers are the high labor cost involved during the

loading and unloading of the drying materials and

the low capacities of the units.

6.3.2 INDIRECT-CONTACT ROTARY DRYERS

The most common type of indirect-contact rotary

dryers is the steam-tube dryer (Figure 6.2). This type

of dryer basically consists of a cylindrical shell, typic-

ally inclined slightly (18 to 58) to the horizontal to
Discharge 
port 

Steam inlet 

Condensate 
outlet 

Steam tubes 

 Free-end 
base 



facilitate the transportation of the wet feedstock

through its body, and in which a number of steam-

heated tubes are placed symmetrically (in one, two, or

three concentric rows) around its perimeter and rotate

with it. The length to diameter ratio of the rotating

shell can vary from 4:1 to 10:1. Steam-heated tubes

may either be simple pipes with condensate draining

by gravity into the discharge manifold or bayonet-

type; typical steam pressure used may be in the range

of 4–10 bar (van’t Land, 1991). When handling sticky

materials one row of tubes is preferred. Lifting flights

are usually inserted behind the tubes to aid agitation.

Typically, indirect rotary dryers would be used when

direct-contact rotary dryers are not suitable either

because direct contact with hot gases is not permis-

sible for product quality reasons or because of the

presence of fine particles, which can be entrained

along with the drying gas flows (Oakley, 1997).

Wet feed enters the dryer at the upper end of the

shell and tumbles around the steam tubes and dries.

Gentle airflow (generally countercurrent to solids

flow) is normally applied to the drying chamber to

carry away the evaporated moisture. This type of

dryer is used for continuous drying or heating of

granular or powdery solids, which cannot be exposed

to ordinary atmospheric or combustion gases. It is

especially suitable for fine dusty particles as only low

gas velocities are needed to purge the drying chamber.
TABLE 6.4
Indirect Steam-Tube Dryer Performance Data

Type 1

Type of materials processed High-moisture organic,

distillers’ grains, citrus

pulp

Feed description Wet feed is granular solid

and damp but not sticky

and dries to granular sol

Moisture content of wet feed (%, d.b.) 223

Moisture content of product (%, d.b.) 11

Normal temperature of wet feed (K) 310–320

Normal temperature of product (K) 350–355

Evaporation per kg of product (kg) 2

Heat load per kg of product (kJ) 4950

Heating surface required per kg of

product (m2)

0.34

Steam (at 860 kPa gauge) consumption

per kg of product (kg)

3.33

Source: Adapted from Moyers C.G., Baldwin, G.W., in R.H. Perry and

McGraw-Hill, New York, 1997, pp. 12-1–12-90.
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Comparing to their direct-contact counterparts

indirect-contact dryers possess some advantages

such as the reduced deterioration of the drying ma-

terial due to an excessive exposure of the material to

the high-temperature drying medium. In addition,

adsorption of such toxic substances in the drying

medium (in the case where direct combustion gases

are used) as NOx is eliminated.

The thermal efficiency of steam-tube dryers is in

the range of 70–90%, if well insulated. This number

does not allow for boiler efficiency, so it cannot be

directly compared with that of direct-heat units,

however. Heat transfer coefficients in steam-tube

dryers may range from 30 to 85 W/(m2 K) and

these values increase with increasing steam tempera-

ture due to an increased effect of radiation. The heat

flux of these dryers, carrying saturated steam at

140–1708C, may range from 6300 W/m2 for diffi-

cult-to-dry and organic products to between 1900

and 3800 W/m2 for fine inorganic materials. Typical

performance data of steam-tube dryers on some

selected applications are shown in Table 6.4 (Moyers

and Baldwin, 1997).

Mathematical models that specifically enable pre-

dictionof themoisture content and temperature profiles

of the material undergoing drying in an indirect-

contact steam-tube dryer are available in the literature

(e.g., Shene and Bravo, 1998; Canales et al., 2001).
Type 2 Type 3

Pigment filter cakes,

precipitated chalk

Finely divided inorganic

solids, floatation

concentrates

id

Wet feed is pasty and dries to

hard pellets

Wet feed is crumbly and

friable and dries to

powdery product of very

few lumps

100 54

0.15 0.5

280–290 280–290

380–410 365–375

1 0.53

2620 1375

0.4 0.072

1.72 0.85

D.W. Green, eds. Perry’s Chemical Engineers’ Handbook, 7th ed.,
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FIGURE 6.4 Cone dryer.
6.3.3 ROTATING BATCH VACUUM DRYERS

The rotating (or double cone) batch vacuum dryer is

essentially a rotating vessel containing materials to be

dried. This type of dryers is widely used to dry such

materials as free-flowing powders, granules, and crys-

tals. Due to the gentle tumbling motion this type of

dryers, however, is not suitable for processing sticky

materials, which may stick to the dryer walls or form

lumps. Vacuum is used in conjunction with drying

when low solid temperatures must be maintained

due to heat-sensitive nature of the products or to

avoid oxidation or fire or explosion.

Rotating batch vacuum dryers (Figure 6.3) consist

of a heated vacuum chamber, which rotates about a

horizontal axis. Wet material is loaded through the

charge opening and the vessel is closed and evacuated

down to the desired operating pressure. Heat for

drying is supplied by a surrounding heating jacket.

During the drying cycle the vessel rotates and imparts

a tumbling motion to the drying material, aiding heat

transfer, mixing, and vapor release. The speed of

rotation may vary from 5 rpm for a large unit to 30

rpm for a smaller unit. The temperature of the heating

jacket may be varied through the drying cycle; it is

also common to replace the heating medium by cool-

ing water in the final stage of drying to cooldown the

product.

The major disadvantages of this type of dryers are

the limited heat transfer areas, especially in larger

units. One possible solution to this problem is the

addition of internal heating panels; however, this al-

ternative is prone to fouling. The stickiness problem

can be alleviated by rotating the vessel slowly or

intermittently when the drying material is at high

moisture content. However, truly sticky materials

may not still be processed in this type of dryers.

The overall heat transfer coefficients of this type

of dryer, which may vary near 35 W/(m2 K), depend
Discharge
opening

Charge opening

Structural foundation

Vacuum
connection

Steam or hot
water inlet

FIGURE 6.3 Rotating batch vacuum dryer.
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largely on the resistance between the inner jacket wall

and the drying solids, which depends to a large extent

on the solid characteristics. The overall heat transfer

coefficients may drop considerably if the dryer walls

are fouled; the values in the range of 5–10 W/(m2 K)

are not uncommon.

6.3.4 AGITATED DRYERS

The first type of agitated dryers is the vertically agi-

tated dryer (shown in Figure 6.4 as a cone dryer).

Batch cone dryer (or conical mixer dryer) is a conic-

ally shaped vessel, with capacities ranging from 50 l to

25 m3, and is commonly used for drying solvent or

water-wet, free-flowing pharmaceuticals, and fine

chemical products, so the dryer is normally operated

under vacuum. Agitating action is provided by an

internally mounted screw, which can be heated to

provide additional heating (possibly in the range of

10–30%) to that available through the vessel wall,

which rotates about its own axis and also moves

around the dryer on an orbiting arm. The distance

between the screw and the vessel wall is kept small so

that the layer of material on the heating surface is

continually renewed. As the screw rotates around the

full circumference of the vessel it also provides self-

cleaning for the vessel walls as well. The cover is

also normally heated to avoid vapor condensation

in the process area. To avoid contamination of the

product good sealing of bearings is an important

consideration (Oakley, 1997).

The heating medium for this type of dryer is either

hot water, steam, or hot oil in the temperature range

of 50–1508C and pressure in the range of 3–30 kPa

absolute. The vapor generated during drying is evacu-

ated by a vacuum pump and, if necessary, passed



through a condenser for recovery of solvent. For design

purposes the values of the heat transfer coefficients can

be assumed to be around 60 W/(m2 K) (Moyers and

Baldwin, 1997).

Another type of agitated dryers is the horizontally

agitated dryer, which consists of a stationary horizon-

tal cylindrical shell in which a set of agitator blades

mounted on a central shaft mixes and conveys the wet

material to be dried. Heat is supplied to the dryer, and

indirectly to the drying material, by circulation of hot

water, steam, or heat transfer fluid through a jacket

surrounding the shell and, in larger units, through the

hollow central shaft. This class of dryer can indeed be

subdivided according to the agitator type viz., paddle

dryers and screw conveyor dryers. A variety of batch

and continuous units are available and are employed

to dry different types of sticky and free-flowing solids,

pastes, and suspensions. To use this type of dryers to

dry heat-sensitive material, again, the dryer may be

operated in a vacuum mode. Materials such as choc-

olate crumb, cornmeal, and confectionary materials

have successfully been dried in this type of dryers

(Oakley, 1997).

Figure 6.5 shows a typical setup of a paddle dryer.

The agitator consists of a rotating shaft to which

paddles are attached; discs or coils may be used in-

stead of paddles in other types of designs. Typical

rotational speeds of the agitators are between 10

and 30 rpm. The selection of the type of agitators

depends on the nature and handling behavior of the
Heating
medium

Product

Feed

1

2

543

FIGURE 6.5 Horizontal agitated dryer (1, horizontal agi-

tated dryer; 2, dust collector; 3, surface condenser; 4, liquid

ring vacuum pump; 5, water circulation pump).
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material being dried. In some modern design spring-

loaded shell scrapers or breaker bars may also be

installed to aid handling of sticky materials. To min-

imize the build-up of solids on the inner surface of the

jacket in order to maintain a high heat transfer rate

the gap between the vessel wall and the paddle must

be again kept very small, generally in a few milli-

meters range. Solids mixing and transport are ac-

complished by angling the paddles relative to the

rotor arm.

The wet feedstock enters, via the application of a

pump, a screw conveyor or a rotary valve, at one end

of the vessel and the discharge port is generally lo-

cated on the opposite side. As shown in Figure 6.5 for

a batch unit the discharge port is normally located at

the center of the housing, whereas for a continuous

unit the discharge port may be located at the end of

the dryer. The discharge of material from the dryer

also occurs by means of a screw conveyor, a rotary

valve, or a double butterfly valve. Exhausted vapor or

moisture is withdrawn from the dryer through the

exhaust situated on the top of the vessel, which is

connected to gas cleaning equipment, condenser,

vacuum pump, or exhaust fan. Inert gas such as ni-

trogen can be used to purge the drying chamber to aid

removal of vapor as well.

For design purposes the overall heat transfer co-

efficients of this type of dryer, which depend largely

on the film coefficient between the inner jacket wall

and the solids, which in turn depend largely on the

solid characteristics, can be assumed to be around

50 W/(m2 K) (Moyers and Baldwin, 1997). However,

higher values are expected for products that have

surface moisture (van’t Land, 1991).

6.3.5 OTHER TYPES OF INDIRECT DRYERS

Although not common it is possible to use super-

heated steam as the drying medium for certain dryers,

which are heated indirectly with high pressure con-

densing steam in the jacket, e.g., a flash dryer for pulp

or hog fuel. Relative motion between the heated sur-

face and the material being dried always helps in-

creasing both heat and mass transfer rates. Such

motion can be achieved by mechanical stirring, vibra-

tion, rotation or rolling of the material, fluidization,

or spouting. Generalized correlations for estimation

of the heat transfer coefficients under a wide assort-

ment of operating conditions are not available in the

open literature, however. It is important to note that

such data can be highly dependent on the physical

characteristics of the material, e.g., size and shape of

particles, moisture, stickiness, and tendency to adhere

to the heat transfer surface. Materials that may

undergo glass transition over temperature ranges



encountered may pose unexpected problems. In add-

ition, significant differences between the heat transfer

coefficients as well as thermal contact resistance be-

tween the wall and the material being heated may

occur for pasty materials and materials that have

tendency to form large lumps.

Under a wider definition of indirect dryers one

may technically include radiant and microwave/

radio frequency (RF) dryers as there is no direct

contact between the drying solid and the heat source

(or medium). However, these dryer types are covered

elsewhere in the handbook. Drum drying of thin

pastes also involves indirect drying but it is covered

under a different chapter in this handbook.
6.4 DESIGN AND MODELING
OF INDIRECT DRYERS

Generally, it is possible to calculate the rate of heat

transfer from the surface of an immersing body to

either packed or stirred bed of granular material (or

from the heating surface to the drying material in

other types of indirect dryers such as drum dryers)

using the following equation (Kimball, 2001):

Q ¼ UA(T1 � T2) (6:1)

where Q is the heat transfer rate, U is the overall heat

transfer coefficient, A is the heat transfer area, T1 is

the temperature of the heat transfer medium, and T2

is the temperature of the drying particles. The overall

heat transfer resistance is the sum of a number of film

and thermal resistances in the system as follows

(Walsh, 1992):

1

U
¼ 1

hh

þ 1

hw

þ 1

hf

þ 1

hm

þ 1

hv

(6:2)

where 1/hh is the resistance between the heating med-

ium and the conducting wall, 1/hw the resistance

across the conducting wall, 1/hf the resistance between

the wall and the surface of the bed of drying material,

1/hm the resistance across the bed of drying material,

and 1/hv the resistance at the evaporating surface.

Although there are five resistances in series, there

are indeed only two main resistances, i.e., the resist-

ance between the wall and the surface of the bed of

drying material (or contact resistance) as well as the

resistance across the bed of drying material (or bulk

penetration resistance). In some special cases hm may

be much larger than hf. In general, hm is infinitely

large as the bed is isothermal such as during the initial

start-up of the drying process when the bed is at its

initial temperature, when the heat capacity of the bed
� 2006 by Taylor & Francis Group, LLC.
approaches infinity as a result of chemical reactions

or evaporation, or when there is a perfect mixing of

the bed by stirring (Schlünder, 1984).

Schlünder (1984) gave the formula for the predic-

tion of the contact resistance and bulk penetration

resistance for packed beds and stirred beds of mater-

ials in contact with the surface of immersed bodies.

For the typical engineering applications the time-

averaged heat penetration coefficient for a packed

bed (or a moving bed with plug flow pattern) can be

predicted by

hm ¼
2

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(rcl)bed

p
ffiffi
t
p (6:3)

and

U

hf

¼ 1

1þ
ffiffiffi
p
p

2

ffiffiffi
t
p (6:4)

where r, c, and l are respectively the density (kg/m3),

heat capacity at constant pressure, (J/(kg K)),

and thermal conductivity, (W/(m K)) of the bed. t ¼
(hf

2/(r c l)bed)t is the dimensionless residence time of

the packed bed (or moving bed with plug flow pat-

tern) at the heated wall. By letting hm ¼ hf it is also

possible to derive a formula for the critical residence

time tc; if the residence time of the bed at the heated

wall is less than tc there is no difference in the value of

U whether the bed is stirred or not:

tc ¼
4

p

(rcl)bed

h2
f

(6:5)

To obtain the similar expressions for a stirred bed it is

first assumed that there exists some fictitious time

period tR during which the bed is assumed to be a

packed bed and the heat transfer to the bed is gov-

erned by Equation 6.4. After tR a perfect mixing of

the bed is assumed. This assumption yields oscillating

instantaneous heat transfer coefficient and the time

average of these values yields the overall heat transfer

coefficient of the stirred bed U1. The value of tR is

calculated by

tR ¼ Nmixtmix (6:6)

where Nmix is the so-called mixing number, which is

an experimentally determined parameter and is

dependent only on the mechanical property of the

system as well as on the Froude number. The mixing

number lies roughly in the order of 2–25 and is rather

independent of the hot surface temperature, operating

pressure, or the moisture content of the drying



material . It can be simp ly though t of as the number of

revolut ions of the stirrer requir ed to perfec tly mix the

bed of particles onc e. As a rou gh gu ess, Schlü nde r

and Mo llekopf (1984) recomm ended the foll owing

correla tion for the predict ion of the mixing numb er

Nmix ¼ CFr x (6 : 7)

where Fr ¼ ( (2p n)2D /2 g), D is the diameter of the

disc or the ro tary dru m and n is the numbe r of re-

volutio ns of the mixing device. The values of C an d x

for various types of dryers are listed in Table 6.5.

Fin ally, tmix is the tim e con stant of the stirrer ,

which may be taken as the time requir ed for one

revolut ion of the stirrer . The dimensionle ss residence

time in Equat ion 6.4 is rep laced by

tR ¼ N therm Nmix (6 : 8)

where Ntherm ¼ ( hf
2 tmix / (rc l )bed ). The form ula for the

predict ion of the overal l he at trans fer coeffici ent for a

stirred bed can then be written as

U1
hf

¼ 1

1 þ
ffiffiffi
p
p

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ntherm N mix

p (6 : 9)

To estimat e the value of the contact he at trans fer

coeffici ent, hf, the foll owing simp lified equati on is

used (Schlü nder, 1984):

hf ¼fA hfp þ (1 �fA )
2lG =dffiffiffi

2
p
þ (2l þ 2d)=d

þ hrad (6 : 10)

where hfp is the heat transfer coeffici ent for a single

particle and is calcul ated by

hfp ¼
4lG

d
1 þ2l þ 2d

d

� �
ln 1 þ d

2l þ 2d

� �
� 1

� �
(6 : 11)

where lG is the therm al co nductiv ity of the gas, fA is

a plate surfa ce co verage fact or, whi ch ha s the value of
TABLE 6.5
Typical Values of C and x in Equation 6.7

Dryer Type C x

Disc dryers 25 0.20

Rotary drum dryers 16 0.20

Paddle dryers 9 0.05
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around 0.8, d is the pa rticle diame ter, d is the rough -

ness of the parti cle surfa ce (can be assumed to be zero

in most cases or if at all ne cessary can be set at 1 mm),

and l is the modified mean free path of the gas mol-

ecules , which can be calcul ated by

l ¼ 2L
2 � g

g 
(6 : 12)

where L is the mean free path of the gas molec ules

and g is the so-called acco mmodat ion coeffici ent,

which lies in the range of 0.8–1 for normal gases at

moderat e temperatur es. The mean free path of the g as

molec ules is calcul ated from the followin g eq uation:

L ¼ 16

5

ffiffiffiffiffiffiffiffiffiffiffi
RT

2p M

r
m

p 
(6 : 13)

where m is the ga s dyn amic viscos ity, p an d T are the

gas pressur e and tempe ratur e, respect ively, M is the

gas molec ular weight, and R is the uni versal gas co n-

stant.

Fin ally, hrad , whi ch takes into accoun t the effe ct of

radiation, is calcul ated by the followi ng equatio n:

hrad ¼ 4C12 T 3m (6 : 14)

where the overal l radiat ion exchange coeffici ent, C12 ,

is calcul ated by

C12 ¼ s
1

1
«wall
þ 1

«bed
� 1 

(6 : 15)

in which s is the blackbody radiat ion coeffici ent of

5.67 � 10 � 8 W /(m 2 K 4) and  «wall and «bed are respect -

ively the emissivities of the wall and of the bed sur-

face. In most indirect dryer calculations, however, the

effect of radiation is small as the temperatures used

are often low.

To estimate the values of the thermal conductivity

of packed beds of either monodispersed or polydis-

persed spherical or nonspherical particles within the

temperature range of 100–1500 K and the pressure

range of 10�3 to 100 bar the following correlations

may be used (Schlünder, 1984):

lbed

lG

¼ (1�
ffiffiffiffiffiffiffiffiffiffiffi
1�c

p
)

c

c�1þlG=lD

þc
lR

lG

� �

þ
ffiffiffiffiffiffiffiffiffiffiffi
1�c

p
fK

ls

lG

þ (1�fK)
l
0

bed

lG

" #
(6:16)



and

l
0

bed

lG

¼ 2

K

�
B( ls =l G þ lR =lG � 1)(lG =lD )(l G =lS )

K 2

ln
( ls =lG þ lR =lG ) lG =l D

B [1 þ ( lG =lD � 1)(lS =lG þ lR =lG )]

þ B þ 1

2 B

lR

lG

lG

lD

� B 1 þ lG

lD

� 1

� �
lR

lG

� �� �

� B � 1

K

lG

lD

�

where

K ¼ lG

lD

1 þ lR

lG

� B
lD

lG

� �
lG

lS

� �

� B
lG

lD

� 1

� �
1 þ lR

lG

lG

lS

� �
(6 : 17)

B ¼ Cshape

1 � c

c

� �0: 9

f (jr ) (6: 18)

lR

lG

¼ 4cS

2=( «� 1) 
T 3m

xR

lG

(6 : 19)

lG

lD

¼ 1 þ 2L

xD

2

g
� 1

� �
(6 : 20)

where xR ¼ Rshape d and xD ¼ D shape d. In this ca se, d

is the eq uivalent particle diame ter, which equ als d ¼ffiffiffiffiffiffiffiffiffiffiffiffiffi
6V =p3

p
when V is the parti cle vo lume. Rshape and

Dshape are the shape factors for the inter stitial ene rgy

transp ort by radiat ion an d molec ular flow, respect -

ively. The values of the relat ive pa rticle to partic le

contact surface area, fK an d the three shape fact ors,

Cshape , R shape , and D shape , must be evaluat ed from the

experi ments. Typical values of all these parame ters

for spheri cal parti cles are: Cshape ¼ 1.25, Rshape ¼
1, Dshape ¼ 1, and fK ¼ 0.0077 (cera mic), 0.0013

(steel), and 0.0253 (copper) .

If the pa cked bed con sists of particles of various

sizes of mass fractions Dzi the values of xR and xD

must be calcul ated by the follo wing equati ons:

1

xR

¼
Xn

i ¼ 1

D zi

Rshape , i d i
(6 : 21)

1

xD

¼
Xn

i ¼ 1

Dzi

Dshape , i di

(6 : 22)

Finally , the parti cle size dist ribution functio n, f (jr ),

is calcul ated by the followi ng equati ons
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f ( jr ) ¼ 1 þ 3j 1 (6 : 23)

where the distribut ion coeffici ent, j1, is calcul ated by

j1 ¼

Pn
i ¼ 1

D zi

d 2
iPn

i ¼ 1
Dzi

di

	 
2 
� 1

2
64

3
75

1 =2

(6 : 24)

Predict ed an d ex perimental he at trans fer coeffici ents

are found to agree well (withi n +25%) within the

followin g ranges of pa rameters: Parti cle diame ter:

4 mm < d < 3100 mm; pressure: 10�3 Torr < p <
760 Torr. The experiments were performed with such

a wide range of materials as polystyrene, glass, sand,

copper, aluminum, bronze, and celite under the

atmospheres of air, helium, and Freon.

As mentioned earlier, for other types of indirect

dryers than agitated beds (e.g., dru m dryers ), Equa-

tion 6.1 can be used to calcul ate the rate of hea t

transfer from the heating surface to the drying mater-

ial. The values of the overall heat transfer coefficient

reported vary rather widely. For example, the values

between 105 and 345 W/(m2K) are reported for drum

dryers. The layer of drying material on the surface of

the drum also affects significantly the value of the

heat transfer coefficient due to the presence of the

moisture evaporation from the surface of the drying

material; the value of the heat transfer coefficient may

increase by four times when there is a layer of the

drying material on the drum surface (Tolmac and

Lambic, 1997). Walsh (1992) also reported an in-

crease in the value of the overall heat transfer coeffi-

cients of various types of indirect dryers by 2.5–3

times when feed moisture content increases from 10

to 65% (w.b.). Lecomte et al. (2004) indeed provided a

simple method for the design of a contact dryer for

sludge drying involving thin film boiling using a sim-

ple experimental device to measure the heat transfer

rate between a heated metal plate and a thin layer of

the sludge. Indirect drying of sludge offers advantages

such as high thermal efficiency, volatile organic

compound (VOC) concentration and volume reduc-

tion, and odor control. Their study showed that a

strong boiling period existed initially with very high

heat fluxes, which was followed by a transient phase

and finally a phase with low heat fluxes. This tech-

nique is useful for the design of indirectly heated

drum dryers.

For indirect-heat rotary steam-tube dryers the

values of heat transfer coefficients may range from

30 to 90 W/(m2 K) depending on the dryer rotational

speed, flow rate of air (used to carry away evapo-

rated vapor), and steam pressure used (Moyers and

Baldwin, 1997; Vega et al., 2000). In units carrying



saturated steam at 145–1758C the heat flux (UDT)

may range from 6300 W/m2 for difficult-to-dry and

organic solids to 1900–3900 W/m2 for finely divided

inorganic materials. Typical values of various resist-

ances (in terms of various heat transfer coefficients)

are given in Table 6.6.

For agitated-bed dryers, in the case when all the

liquid evaporates at the particle surface, i.e., in the

case of drying nonhygroscopic materials, the resist-

ances to heat and mass transfer are the aforementioned

contact resistance and the bulk heat penetration re-

sistance (the bulk permeation resistance to mass trans-

fer is generally very small and normally neglected). In

addition, with decreasing average moisture content of

the bed, an increasing number of already dried par-

ticles would prevent the still wet particles from con-

tacting the heated surface and hence reduces the

actual drying rate further. In such case the drying

rate _mm(X) can be predicted together with the bulk

temperature Tb following a stepwise calculation of

moisture content (from the initial moisture content)

and bulk temperature (from the initial bulk tempera-

ture, which equals the saturation temperature) as fol-

lows (Schlünder and Mollekopf, 1984; Tsotsas and

Schlünder, 1987):

_mm(X ) ¼ Uwet(Tw � Ts) exp (� z2)

l
(6:25)

The decrease in moisture content of the packing dur-

ing the contact period is predicted by

DX ¼ [ _mm(X )tRA]

Mdry

(6:26)
TABLE 6.6
Typical Values of Various Resistances

Heat Transfer

Coefficient

(Resistance)�1

Upper Limit

(W/(m2 K))

Lower Limit

(W/(m2 K))

hh 10,500 (steam) 570 (hot liquid)

hw 13,650 (3-mm steel) 1050 (corrosion-

resistant lining)

hf 280 (50% solid paste) 2.8 (dry solid)

hm 1050 (3-mm thick

layer of medium

conductivity

material)

4.5 (25-mm thick

layer of low

conductivity material)

hv 1050 1050

Source: Adapted from Walsh, J.J., Indirect Drying of Solids

Particles, Bepex Corporation, Minneapolis, 1992.
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and the change in average bulk temperature is calcu-

lated from

DTb ¼
l

cp,bed þ Xcp,L

1� exp (�z2)

exp (�z2)
DX (6:27)

where cp,bed and cp,L are the heat capacity of the dry

bed and of the evaporating liquid, respectively, Tw is

the contact surface temperature, Ts is the saturation

temperature, and l is the latent heat of evaporation of

water. The ratio of the overall heat transfer coefficient

of the wet bed to the contact heat transfer coefficient

is determined from

Uwet

hf

¼ 1

1þ (hf=Udry � 1)erf(z)
(6:28)

where

ffiffiffiffi
p
p

exp (z2) 1þ hf

Udry

� 1

� �
erf(z)

� �
¼ hf

Udry � 1

� �
1

j

(6:29)

j ¼ Xl

cp,bed(Tw � Tb)
(6:30)

Finally, the ratio of the overall heat transfer co-

efficient for dry bed to the contact heat transfer coef-

ficient is determined from

Udry

hf

¼ 1

1þ (
ffiffiffiffi
p
p

=2)
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NthermNmix

p (6:31)

For hygroscopic materials the effect of bound

moisture can be taken into account, for example in

the case of vacuum drying, by the use of an effective

heat capacity of the hygroscopic bed as (Tsotsas and

Schlünder, 1987)

cp,bed,h ¼ cp,bed þ cp,LXh � l
@Xh

@T

� �
p

(6:32)

where (@Xh/@T)p is the slope of the sorption isobar

and Xh is the bound moisture. If the sorption isobar is

assumed to be linear, Equation 6.32 can then be

written as

cp,bed,h ¼ cp,bed þ cp,LXh � C1l (6:33)

where C1 is a constant.



Fin ally, the decreas e of bound mois ture co ntent

can be obtaine d from

DXh ¼ C 1 D T (6 : 34)

and the sum of DXf and DX h gives the total de crease

of mois ture co ntent of the bed and can be used to-

gether with Equation 6.26 to calcul ate the overal l

drying rate.

Once the drying rate is obt ained it is possibl e to

determ ine the size of a contact dryer by finding the

value of the followin g integ ral:

I ¼
ðXin

Xout

dX

_mm (X ) 
(6 : 35)

In the case of a batch dryer this integ ral yiel ds the

produc t of the requir ed c ontact surface area A and

the req uired resi dence time tdry

Atdry ¼ M dry I (6 : 36)

where Mdry is the bone dry mass of the dry ing par-

ticles. For a continuous dryer ope rating at a throu gh-

put _MMdry the required co ntact area is

A ¼ _MM dry I (6 : 37)

For the calculati on of the drying rates of granula r

beds wetted with a binary mixt ure, the reader is re-

ferred to, for exampl e, Heimann an d Schlü nder

(1988).

Duri ng the constant rate period, when heat trans -

fer dominat es the drying process , a drye r with a large

heatin g surface is prefer red. On the other han d, dur -

ing the falling rate pe riod when inter nal resi stance s

control the rate of drying, a dryer that allows a lon ger

residen ce time of the drying mate rial within it is

recomm ended.

Exc ept for the dry ers operate d under vacuu m

some air leakage is not econo mically avo idable and

up to 6 m 3/min of air leakage is c onsider ed normal for

large-sca le indirec t dryers . When gentle airflow is

used to carry away evap orated vapor from the dry er

its velocity is general ly in the range of 3 to 6 m/m in

and its dew point in the range of 60 to 908C (Cook

and DuMont, 1991).

For sample calculations of some types of indirect

dryers, e.g., paddle dryers and indirect-contact rotary

dryers, the reader is referred to van’t Land (1991).

6.5 CONCLUSION

Indirect dryers, when they can be used, are thermally

more efficient because less or no convective heating
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medium is required to provide the needed thermal

energy for vaporization of moisture. Under vacuum

conditions there is no mixing of the condensable

(typically water) with noncondensable gas (e.g., air).

Thus, heat recovery from the dryer exhaust is more

efficient and cost-effective. Combined mode dryers,

for example, those utilizing convection along with

conduction or radiation or dielectric heating are be-

coming more popular as they tend to combine the

respective advantages of the different modes of heat

delivery. It is noteworthy that immersed surface heat

transfer between surface-wet solid particles and sur-

face-dry particles in fluidized beds or vibrated beds

can differ by factors of 4–8 depending on the particle

size, surface temperature, and texture; a much higher

rate is observed under the wet condition. This, how-

ever, lasts only for a short time if much of the

moisture to be removed is internal. For design pur-

poses, to obtain a conservative estimate of the im-

mersed surface heat transfer rate, it is recommended

that the abundant dry particle data and correlations

be used.
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7.1 INTRODUCTION

Rotary drying is one of the many drying methods

existing in unit operations of chemical engineering.

The drying takes place in rotary dryers, which consist

of a cylindrical shell rotated upon bearings and usu-

ally slightly inclined to the horizontal. Wet feed is

introduced into the upper end of the dryer and the

feed progresses through it by virtue of rotation, head

effect, and slope of the shell and dried product with-

drawn at the lower end. A simplified diagram of a

direct-heat ro tary dryer is present ed in Figure 7.1.

The direction of gas flow through the cylinder relative

to the solids is dictated mainly by the properties of the

processed material. Cocurrent flow is used for heat-

sensitive materials even for high inlet gas temperature

due to the rapid cooling of the gas during initial

evaporation of surface moisture, whereas for other

materials countercurrent flow is desirable in order to
, LLC.
take advantage of the higher thermal efficiency that

can be achieved in this way. In the first case, gas flow

increases the rate of solids flow, whereas it retards it

in the second case [3,19,20,35].
7.2 TYPES OF ROTARY DRYERS

Rotary dryers are classified as direct, indirect–direct,

indirect, and special types. This classification is based

upon themethodof heat transfer being direct when heat

is added to or removed from the solids by direct ex-

change between gas and solids, and being indirect when

the heating medium is separated from contact with the

solids by a metal wall or tube. There is an infinite

number of variations, which present operating charac-

teristics suitable for drying, chemical reactions, mixing,

solvent recovery, thermal decompositions, sintering,

and agglomeration of solids [35].
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FIGURE 7.1 Simplified diagram of direct-heat rotary dryer.
The main types of rotary dryers include the

following:

. Direct rotary dryer. It consists of a bare metal

cylinder with or without flights, and it is suitable

for low- and medium-temperature operations,

which are limited by the strength characteristics

of the metal.
. Direct rotary kiln. It consists of a metal cylinder

lined in the interior with insulating block or

refractory brick, in order to be suitable for op-

eration at high temperatures.
. Indirect steam-tube dryer. It consists of a bare

metal cylindrical shell with one or more rows of

metal tubes installed longitudinally in its inter-

ior. It is suitable for operation up to the avail-

able steam temperature or in processes requiring

water-cooling of the tubes.
. Indirect rotary calciner. It consists of a bare

metal cylinder surrounded by a fired or electric-

ally heated furnace and it is suitable for oper-

ation at temperatures up to the maximum that

can be tolerated by the metal of the cylinder,

usually 800–1025 K for stainless steel and

650–700 K for carbon steel.
. Direct Roto-Louvre dryer. It is, perhaps, the

most important of the special types, as the solids

progress in a crosscurrent motion to the gas, and

it is suitable for low- and medium-temperature

operations.

The rotary dryers can perform batch or continuous

processing of the wet feed, and the discharged product

should be solids relatively free flowing and granular.

If the material is not completely free flowing in its

feed condition, a special operation is necessary, which

includes recycling a portion of the final product,

a premixing with the feed or maintaining a bed of
� 2006 by Taylor & Francis Group, LLC.
free-flowing product in the cylinder at the feed end.

The direct-heat dryers are the simplest and most eco-

nomical and are used when the contact between the

solids and gases or air is not harmful. However, if the

solids contain extremely fine particles, excessive en-

trainment losses in the exit gas stream is possible, due

to the large gas volumes and high gas velocities that

are, usually, required.

The indirect types require only sufficient gas flow

through the cylinder to remove vapors, and have the

advantage to be suitable for processes requiring

special gas atmospheres and exclusion of outside air.

The auxiliary equipment of a direct-heated rotary

dryer includes a combustion chamber for operation at

high temperatures, while steam coils are used for low

temperatures. Gases are forced through the cylinder

by either an exhauster (especially when a low-pressure

drop heater is employed) or an exhauster–blower

combination, which is suitable for maintaining pre-

cise control of internal pressure even in the case of

high-pressure drop in the system. The material char-

acteristics determine the method of feeding of the

rotary dryer, which can be done by a chute extending

into the cylindrical shell or by a screw feeder for

sealing purposes or if gravity feed is not convenient.

The feedrate should be controlled and uniform in

quality and quantity. In the exit end of the dryer,

cyclone collectors are usually installed for the re-

moval of the dust entrained in the exit gas stream.

Bag collectors in case of expensive materials or ex-

tremely fine product may follow cyclone collectors.

Wet scrubbers may be used when toxic solids or gases

are processed, the temperature of the exit gas is high,

the gas is close to saturation or there is recirculation

of the gas. Insulation and steam tracing usually

required for cyclones and bag collectors, and an

exhaust fan should be used downstream from the

collection system.



For the reduction of heat losses the dryer (espe-

cially cocurrent direct-heat dryers) and its equipment

should be insulated, except when brick-lined vessels

or direct-heat dryers operating at high temperatures

are employed. In the last case, heat losses from

the shell cause a cooling of its material and prevent

overheating.

The rotary dryers (direct-heat dryers and kilns)

are controlled by indirect means, e.g., by measuring

and controlling the gas temperatures in their two

ends, whereas shell temperature is measured on indir-

ect calciners, and steam pressure and temperature as

well exit gas temperature and humidity are controlled

on steam-tube dryers. It is not possible to achieve

control by measuring the product temperature be-

cause not only this is difficult but also its changes are

slowly detected, although the product temperature is

used for secondary controls.

External shell knockers are often used for remov-

ing solids sticking on flights and walls. In case of

large cross section, internal elements or partitions

can be used to increase the effectiveness of material

distribution and reduce dusting.

For systems operating at temperature higher than

425 K and are electrically driven, the existence of

auxiliary power sources and drivers is necessary, as

loss of rotation will cause sagging of the cylinder.

Representative materials dried in direct-heat ro-

tary dryers are sand, stone, ilmenite ore, sodium sul-

fate, sodium chloride, and fluorspar, for which high

temperatures are used, cellulose acetate, sodium chlor-

ide, styrene, copperas, cast-iron borings, and ammo-

nium sulfate, for which medium temperatures are

required, and urea prills, vinyl resins, oxalic acid,
(a) straight (b) angled

(e) EAD(d) Semicircular

FIGURE 7.2 Common flight profiles.
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urea crystals, and ammonium nitrate prills, that are

dried at low temperatures [35].

7.3 FLIGHT DESIGN

Of all types of rotary dryers the ones that have been

studied more extensively are the direct-heat rotary

dryers equipped with peripheral flights, while very

little scientific work has been published for the other

types. Their purpose is to lift and shower the solid

particles through the gas stream promoting intimate

contact between wet solids and hot gases. The flights

are usually offset every 0.6–2 m and their shape de-

pends upon the characteristics of the solids. Radial

flights with a 908 lip are used for free-flowing mater-

ials and flat radial flights without lip for sticky ones.

It is a common practice to employ different flight

designs along the dryer length to accommodate with

the changing characteristics of the material during

drying. In the first meter or so at the feed end spiral

flights are used for better distribution of the material

under the feed chute or conveyor. The flights most

commonly used are presented in Figure 7.2 [35].

Flights a, b, c, and d of Figure 7.2 are frequently

used in cascading rotary dryers; the first one is suit-

able for sticky solids in the wet end of the dryer, while

the fourth one, which has a semicircular shape, has

been proposed by Purcell [45], because it is supposed

to be formed easier in comparison with types b and c.

The last two designs have been proposed on the basis

of theory for improving dryer’s performance, but their

profile is rather complex. They have been studied by

Kelly [19] and include the equal angular distribution

(EAD) flight and the centrally biased distribution
(c) right-angled

(f) CBD



(CBD) flight, which is shown in Figure 7.2e and Fig-

ure 7.2f, respectively.

To ensure that the dryer is loaded close to optimal

it is important to know the amount of solids that can

be held up in the flights. If they are underfilled, the

dryer will be performing inefficiently, below its cap-

acity. Excessive overload of the shell will result in a

proportion of the material transported by kiln action,

and the contact with the hot gases is limited. The

residence time of the solids will be reduced and

the quality of the product may be unacceptable. The

quality of solids retained on a flight is a function of its

geometry and angular position and the angle w

formed between the horizontal and the free surface

of the solids, as shown in Figure 7.3.

Schofield and Glikin [49] determine this angle

from an equilibrium balance of the forces acting on

a particle, which is about to fall from a flight. Gravi-

tational force wg, centrifugal force wc, and frictional

force wf act on the particle, which is the product of the

dynamic coefficient of friction g as it slides down the

surface of like particles by the normal reaction of this

surface on the particle wn. The force balance yields the

following equation:

tan w ¼ gþ n( cos u� g sin u)

1� n( sin uþ g cos u)
(7:1)

where u is the angle subtended by the flight lip at

the center of the drum, and n ¼ re v2/g is the ratio

of the centrifugal to the gravitational forces acting on

the particle.

Rotary dryers are usually operated in the range

0.0025 � n � 0.04, therefore the above equation gives

accurate results over the range of practical import-

ance, considering that Kelly [19] and Purcell [45]

found that it is valid for values of n up to about 0.4.

It has to be mentioned that this equation was tested

for free-flowing solids having a constant moisture

content. In practice the moisture content decreases
l�r
l

j
q

b

xre

j − b

FIGURE 7.3 Loading of flights in the first quadrant.
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as the particles move to the exit end, furthermore

the feed enters wet and may adhere to the flights.

Since the angle, w, is given by Equation 7.1, the design

value of the solids holdup per unit length of flight h*

can be calculated from the geometry of the system.

Glikin [11] expressed the following relationships for

right-angled flights as u increases from zero:
1. For u < w,
h* ¼ ll0
r� (1=2)l

r� l
þ 1

2
l2 tan (w� u) (7:2)
2. For u > w, if u � w � b < 0, then
h* ¼ ll0
r� (1=2)l

r� l
� 1

2
l2 tan (w� u) (7:3)

and if u � w � b � 0 and tan (u � w � b) < l0/l, then

h*¼ ll0
r� (1=2)l

r� l
�1

2
l2[ tanbþ tan(u�w�b)] (7:4)
3. For u > w, if u � w � b > 0 and tan (u � w � b)

� l 0=l, then
h* ¼ l 02

2 tan (u� w� b)
(7:5)

The flight becomes empty for u � w � b ¼ 908 where

b is the angle subtended by the flight at the center of

the drum and is given by the relationship

b ¼ tan�1 l0

r� l

� �
(7:6)

The maximum loading occurs at u ¼ 08 and is

equal to

h*
0 ¼

ll 0(r� (1=2)l)

r� l
þ 1

2
l2 tan w0 (7:7)

where tan w0 ¼ ( (g þ n) / (1 � ng)).

Analogous analysis has been done for other com-

mon flights, for example, Baker [3] described in the

same way for the angled- and extended-circular

flights.

The total amount of solids contained in the drum

is about 10–15% of its volume. It has been proved

empirically that this loading gives the most efficient

performance, therefore a sufficient number of flights

must be provided to contain and distribute these

solids. Assuming that there are nf flights in the shell,

the spacing between each will be



ui ¼ 360 �=nf (7 : 8)

In the case of right-angl ed fligh ts, it ha s been

proved by Gli kin [11] that the mini mum spacing be-

tween them must be such as to satisfy the eq uation

re tan ( ui � b) > l tan w0 (7 : 9)

in ord er for the fligh ts to load comp letely at u ¼ 08 .
The holdup of an y parti cular flight, in the uppe r

section of the drum, de creases, as the cylindrical shell

rotates, from its maxi mum value h*
0 to zero at a v alue

of u eq ual to or, usu ally, less than 180 8 . Accor ding to

Glikin [11] , the loading on any flight in the bottom

half of the dru m is the mir ror imag e of the flight

position ed vertical ly above it in the uppe r section ,

and if the numb er of flights is even, the total holdup

in the flights in a design- loaded drum wi ll be

H * ¼ 2
X

h* � h*
0 (7 : 10)

In this equati on, the sum includes the hold up of

each flight in the uppe r half of the shell, thus for 08 �
u � 180 8 .

A revised equ ation suggest ed by Kelly and

O’Don nell [22], which has the form

H * ¼ h*
0 ( nf þ 1)

2 
(7 : 11)

Thi s relation ship is more accurat e when the par-

ticles cascade across the whol e upper region. Never -

theless, in most practical cases cascad ing ceases for u

much less than 180 8 [19], an d then that equati on gives

a va lue of H* much higher than the correct one .

Glikin [11] proved that the discr epancy could get up

to 80% or more.

The design of the flights , not only determ ines the

holdup of the dryer, but also the manner in which

solids are shed from them. Kelly [19] has publis hed

many data ab out the dist ribution of cascadin g solid s

across the drum for right -angled, semicirc ular, and

angled fligh ts, but did not give detai led infor mation

on the geomet ry of them. It is not e asy to determ ine

which flight profile is the most effici ent. Of course,

particles cascad ing down the center of the shell will

present the longest con tact tim e with the hot gases,

but the fact that the cascadi ng is concentra ted in a

particu lar area, will cause con siderable shiel ding of

the parti cles by their neighbors , resul ting in ineffic ient

heat a nd mass trans fer.

The av erage lengt h of fall depen ds on charact er-

istics of the shell , flights , an d particles and is given by

the eq uation
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�YY ¼
R 0

h0
Y dh*R 0

h0
dh*

(7 : 12)

where h0 is the actual holdu p in the flight at u ¼ 08
and h* the design holdup at any other value of an gle

q. h0 may be less or equal to the design holdup h0
*.

Kell y [19] proposed the express ion Y ¼ De (si nu/

cos a) for underloaded and design- loaded dr um;

therefore

�YY ¼ De

cos a

R 0

h0
sin udh*R 0

h0
dh*

(7 : 13)

In general , the solut ion of the abo ve equatio n requir es

numeri cal integ ration; only in a few specia l cases

there is a n analyt ical solut ion, like for EAD flights

that was present ed by Kelly [19] . Thus, for a design-

loaded drum the following simple equation may

be used:

�YY ¼ 2De

p cos a
(7:14)

In an overloaded drum cascading commences at u ¼
08, while in an underloaded one cascading only starts

at some angle between 08 and 1808 at which the actual

holdup becomes equal to the design one. The follow-

ing revised expression gives the average distance of

fall in an overloaded drum:

�YY ¼ 2De

Mp cos a
(7:15)

where M ¼ H/H* � 1.

The next general expression gives the average dis-

tance of fall in cascading rotary dryers:

�YY ¼ k0De

M cos a
(7:16)

The constant k0 depends upon the flight geometry and

its value for different design-loaded flights are given

in Tabl e 7.1 [19].
7.4 RESIDENCE TIME MODELS

A rotary dryer is a conveyor of solid material and at

the same time promotes heat and mass transfer be-

tween the drying material and the hot gas. The par-

ticles move through the dryer by three distinct

and independent mechanisms, and are described as

follows.



TABLE 7.1
Values of k 0 for Different Design-Loaded Flights

Flight Profile k 0

Semicircular 0.570

Equal angular distribution (EAD) 0.637

Right-angled 0.760

Equal horizontal distribution (EHD) 0.784

Centrally biased distribution (CBD) 0.902
7.4.1 CASCADE MOTION

This is the result of the lifting action of the flights and

the slope of the dryer. The advance of a particle per

cascade is equal to De (sin u / tan a) assuming that the

descent path of the particle is vertical when there is no

gas flow. With cocurrent gas flow there is increased

advance of the particle due to the drag on the cascad-

ing solids, while the reverse action occurs with coun-

tercurrent flow.

7.4.2 KILN ACTION

It is the motion of the particles as they slide either

over the metal surface in the lower half of the shell, or

over one another. Due to the slope of the dryer the

particles proceed to its exit. This movement can also

appear in horizontal drums as a result of the ‘‘hy-

draulic gradient’’ of the solids. Kiln action is always

present, but is of major importance for overloaded

dryers.

7.4.3 BOUNCING

This motion occurs when a falling particle rebounds

from the shell surface or from the settler layer of

particles, instead of come to rest, and results in the

particle progress because of the dryer slope.

The average residence time (or, time of passage) �tt
is defined as holdup H divided by the solids feedrate

F, thus

�tt ¼ H

F
(7:17)

Theoretically, holdup can be measured directly.

Nevertheless, in an industrial dryer this measurement

is inconvenient, because the system must shut down

and its content has to be discharged and weighed. In

order to avoid that, a radioisotope or a small amount

(0.5–1.0 kg) of an inert detectable solid may be added

to the feed and analyzed in the product. The time

required for the maximum concentration to occur

represents the average time of passage [35].
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Most of the studies referred to particles residence

time, consider average holdups and residence time.

To determine the distribution of residence times, Mis-

kell and Marshall [31] used closely sized 496-mm sand

containing a radioactive tracer in a 0.14-m diameter

flighted drum, and found that the residence time is

normally distributed. Fan and Ahn [8] showed that an

axial dispersion model could describe the above re-

sults. Porter and Masson [43] concluded that devi-

ations from plug flow are not large after examination

of two cocurrent industrial dryers. However, it is not

safe to assume plug flow of the particles in industrial

dryers, because only narrowly sized materials were

studied; furthermore just two dryers were studied. In

practice there is a wider size distribution and a wider

range of residence times. Moreover, if the opera-

ting criterion is the maximum moisture content of

any particle instead of the bulk average value, it is

logical to consider that there will be deviations from

plug flow.

In order to express residence time as a function

of dryer’s characteristics Johnstone and Singh [16]

proposed the equation

�tt ¼ 0:0433(Ln)1=2

DN tan a
(7:18)

where �tt is the residence time (min), L is the length, D

is the diameter, N is the rotational speed (r/min), tan a

is the slope of the dryer, and n is the dynamic angle of

repose of the solids (degrees). This formula is derived

from the equation

�tt ¼ 0:0310(Ln)1=2

DN tan a
(7:19)

which is known as the ‘‘Bureau of Mines,’’ proposed

by Sullivan et al. [52] and refers to the passage of

solids through a rotary kiln not equipped with flights

or retaining dams. The modified constant in Equation

7.18 stands for the action of the flights. A much more

extensive experimental study on rotary dryer holdup

was done by Prutton et al. [44], who correlated

their data of a design-loaded shell by the following

empirical expression:

�tt ¼ kL

DN tan a
þmu

60
(7:20)

where k is a dimensionless constant, depending on the

number and design of the flights and varies from

0.275 for 6 flights to 0.375 for 12 flights and m

is a factor depending on the size and density of the

particles and the direction of the airflow varies (in the

range of the particular study) from�177 to�531 s2/m



for cocurrent flow and from 236 to 945 s 2/m for cou n-

tercurren t flow. This equati on does not express m as a

functio n of particle propert ies a nd, furthermor e, is not

consider ed to give accurat e results at air veloci ties

much higher than those used in the study, be cause,

althoug h it implies a linear relation ship between resi -

dence time and g as veloci ty, it ha s been proved that

there is a curvat ure in the plots between those two

parame ters, especi ally in the case of cou ntercurren t

flow at high gas rates . Perry and Chilton [35] proposed

the followi ng equa tion:

�tt ¼ 0: 23 L

DN 0: 9 tan a 
(7 : 21)

based on the experi menta l data obtaine d by Fried-

man a nd M arshall [9] who present a wide -ranging

study on resi dence times and recogni zed that the

dryer holdu p is affe cted by the number of flights ,

particu larly at low feedrates, even though most of

their data refer at values lower than those of indus-

trial dr yers.

The followin g eq uation:

Xa ¼ X 0 � KG (7 : 22)

express es the effect of air veloci ty for values up to

1 m/s , wher e Xa is the hold up with airflow , X 0 is the

holdup wi thout airflow, G is the gas flow rate (kg/

hm 2), and K ¼ 16.9/ dp
1/2rb is a dimens ional constant

in whi ch rb is the bulk de nsity (kg/m 3) and  dp is the

weight average particle size ( mm). For cocu rrent flow

the negati ve sign stands an d for cou ntercurren t the

positive. The constant K has not been proven quite

sufficie nt.

Sa eman and Mitc hell [47] propo sed the foll owing

express ion, based on a theoret ical an alysis of the

material ’s trans port through the dryer taking into

accoun t the increm ental trans port rates associa ted

with individu al cascade paths

�tt ¼ L

f ( H )DN ( tan a� m 0 u)
(7 : 23)

where f (H ) is the cascade factor varied be tween 2 for

lightly loaded dryers and p for heavily loaded ones

with small flights. The exact value seems to be affe cted

by the cascad ing pattern. The posit ive sign stands for

cocurrent flow and the nega tive sign for co untercur -

rent flow; m 0 is an emp irical co nstant dep ended on the

material. Saeman [48] developed a model for the esti-

mation of that constant, but concluded that it is easier

to measure it, due to the parameters required for the

estimation, which are difficult to obtain.
� 2006 by Taylor & Francis Group, LLC.
Schofield and Glikin [49] analyzed the fluid mech-

anics of falling granules and proposed the relation-

ship

�tt ¼ L

�YY ( sin a� K 0u2=g)

1

sN
þ tf

� �
(7:24)

where �YY is the average height of fall of the particle

given by Equat ion 7.16, g is the ac celeration due to

gravity, K0 ¼ 1.5 f rf /dp rp is a constant related to the

drag coefficient f, rf is the air density, rp is the par-

ticles density, 1/sN is the time spent by a particle on

the flights, where s ¼ 180/��� and ��� ¼ (1/h0)
Ð

0
h0 u dh is

the angle that the particle is carried in the flights, and

tf ¼ (2 �YY /g)1/2 is the average time of fall of the

particles, assuming that the vertical component of

the air drag is negligible as was proved by Kelly

[21]. Generally, tf �1/sN

A critical point in the analysis of the above resi-

dence-time equations is that residence time is calcu-

lated from the velocity of the average particle L/�tt,
whereas the residence time calculated from the aver-

age velocity L=t is much higher, because the particles

progress through the dryer not by a simple kiln ac-

tion, but there is a cascade motion of them. This

observation was made by Glikin [11] who showed

that for EAD flights the following expression stands:

(L=�tt) � 0:69(L=t) (7:25)

The average particle velocity is

(L=t) ¼ Z

h*
0

ðh*
0

0

sin u

u
dh* (7:26)

where Z ¼ pNDe [(sin a+K0 ur
2/g)/cos a] and the

relative velocity between the particles and the gas is

ur¼ u+ (1/2) sin a(2g�YY )1/2. In these equations the plus

sign applies for countercurrent flow and the minus sign

for cocurrent flow.

Glikin showed that for cocurrent flow the resi-

dence time �tt increases with particle size dp while the

reverse relationship seems to exist for countercurrent

flow.

In order to explain the discrepancies between his

equation of the form

Z ¼ Leff

Y sin a� f (u)

1

N
1� 1

2
m0

� �
þ tf

� �
(7:27)

which stands for EAD flights and experimental results,

Kelly [20] proposed that a rapid forward movement as

a result of kiln action, which should be taken into

account, follows the cascade motion of the particles.



Therefore, the effective length in that equation is Leff

instead of L, where Leff is the length of the shell over

which the average granule progresses due to the cas-

cade motion only and is given by the expression

Leff ¼ kcL (7:28)

The constant kc is a function of the loading and

rotational speed, but it is independent of the slope

of the drum, as Kelly’s experimental procedure

proved. He proposed the following empirical expres-

sion for that constant:

kc ¼ bM þ b0 (7:29)

in which b and b0 are functions of the rotational speed

N. The values of these constants are presented in

Table 7.2.

Kiln action becomes important in overloaded

drums as proved by experimental data and supported

by the model of Kelly and O’Donnell [23]. In under-

loaded drums, particle bouncing, especially on the

exposed metal surface of the shell, has an important

contribution to their motion.

Kelly and O’Donnell [23] present the most ad-

vance study of the particles motion through rotary

dryers that have flights. Their work includes an ex-

tensive experimental procedure as well as a theoretical

analysis of the behavior of the particles. They meas-

ure the cycle time and the advance per cycle for a

single average particle, which was compared to the

predictions of the model that incorporates cascade

motion, kiln action, and bouncing. The basic features

of their model are the following.

The Schiller and Naumann equation was used for

the estimation of the drag coefficient and the pressure

drop of the air flowing through the curtain of the

falling solids to that of air flowing through the free

cross section of the drum for estimation of the effect

of the particle shielding.

The movement of the particles after bouncing

from the shell, a flight or a bed of particles was

taken into consideration. This effect is not important
TABLE 7.2
Values of b and b0 in Equation 7.29

N (r/min) 0.4 < M < 1.0 1.0 < M < 1.6

b b0 b b0

8 0.530 �0.124 �0.280 0.672

24 0.719 �0.178 �0.426 0.932
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because, after contact, the particle loses most of its

velocity in the direction normal to the surface and, in

practice, the advance of the particle after the second

bounce is very limited.

There are three varieties of kiln action; the first

refers to the sliding motion of the particle inside the

shell after its bounce has stopped, the second occurs if

the particle moves contrary to the direction of rota-

tion of the drum and slips backward into the flight,

and the third, appears only for overloaded drums, for

which the holdup ratio M > 1, because there is a

rolling load of solids in the bottom of the drum and

the average particle bypasses one or more flights be-

fore being arrested by a flight. The particle advances

with each bypass due to the slope.

The above features were included in a computer

simulation for the calculation of the advance and time

for the average particle in a single cascade, as well as

the average residence time. It was proved that cascade

motion and bouncing are very important in the pilot

dryer; bouncing has a major effect in underloaded

kilns. Under these conditions, in a pilot and an indus-

trial dryer, about 50 and 22%, respectively, of the

particle advance was due to bouncing. At the same

time, kiln action accounted for less than 10% of the

advance, while it was becoming important for over-

loaded drums. The computed values of the residence

time given by the model are greater than the measured

ones, and the error becomes greater as the air velocity

increases. Although the model proposed by Kelly and

O’Donnell is quite advanced as long as it concerns

the mechanisms of particle transport in rotary dryers,

it is quite complex to be used for industrial design

purposes.

The kiln equations of Sullivan et al. [52] and of

Johnstone and Singh [16], which are experimentally

based, predict low values of the residence time in case

of zero gas flow. When gas flow is applied, these

relationships are inadequate, as there is no term to

express that flow and, furthermore, give the same

result for both cocurrent and countercurrent flow.

So, these equations are unreliable for gas velocity

greater than 1 m/s. The equations of Prutton et al.

[44], Saeman and Mitchell [47], and Friedman and

Marshall [9], which are also experimentally based,

give comparable results at zero and low gas velocities,

although the first and second seem to predict rather

wide ranges of residence time. Their application re-

quires judgment and experience, whereas their theor-

etical basis is not solid. These expressions have been

formed for gas velocity less than 1.5 m/s. The stand-

ard deviation between their predictions is about 25%

for gas velocities up to 1 m/s, but exceeds 100% at

3 m/s, so the extrapolation seems rather invalid. The

disagreement between real and calculated values is
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expecte d to be great er in the range of indu strial im-

portance , whi ch is 3–5 m/s.

The equations proposed by Schofield and Glikin

[49], Kelly [20], and Glikin [11] have theoretical basis

and seem to be the most accurate for zero gas flow.

Under these circumstances, Kelly’s model presents the

best agreement with the experimental data. To some

degree this occurs because of the presence of the empir-

ical constant kc, which has been evaluated by fitting the

model to those data. The models of Schofield and

Glikin [49], and Glikin [11] predict residence times

much higher than the experimental ones. Kelly and

Glikin used the equation of Schiller and Naumann for

the estimation of the friction factor. However, this ex-

pression refers to a single particle and it cannot predict

sufficiently the effect of the raining curtain of the solids

as they drop from the flights, particularly at high gas

velocities. If fact, Kelly [19] rejected his model in favor

of an empirical method. Figure 7.4 presents the effect of

dryer slope to the residence time for zero airflow accord-

ing to the above-mentioned equations, while Figure 7.5

shows the residence time versus airflow velocity for

cocurrent flow.

7.5 HEAT AND MASS TRANSFER
IN ROTARY DRYERS

Durin g drying, he at is suppli ed to the soli ds for the

evaporat ion of wat er or, in a few cases, some oth er

volatile compon ent, an d the remova l of the corre-

sponding vapo r from the dryer.
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The heat trans ferre d in direct -heat rotar y dryers is

express ed by the follo wing equati on:

Q ¼ Uv aV ( Dt ) m (7 : 30)

where Q is the rate of heat trans fer, J/s, Uva is the

volume tric heat trans fer co efficien t, J/(sm 3K) or W/

(m3K), V is the dryer vo lume, m 3, and (D t)m is the

true mean temperatur e difference between the hot

gases and the mate rial. Miller et al. [30] , Friedm an

and Ma rshall [9], and Se aman and M itchell [47] have

done co nsiderab le amou nt of resear ch for the evalu-

ation of Uva. The volume tric co efficien t Uva is the

product of the heat trans fer co efficient Uv based on

the e ffective area of contact be tween the gas and the

solids, and the ratio a of this area to the volume of

the dryer. When a considerable amount of surface

moisture is removed from the solids and their tempera-

ture is unknown, a good approximation of (Dt)m is

the logarithmic mean between the wet-bulb depressions

of the drying air at the inlet and outlet of the dryer [35].

Miller et al. [30] present the first extensive study of

heat transfer in rotary dryers and conclude that the

total rate of heat transfer is affected by the number of

flights. It is given by the following equations:

Q ¼ 1:02LD
(nf � 1)

2
G0:46Dtlm for 6 flights (7:31)

Q¼ 0:228LD
(nf � 1)

2
G0:60Dtlm for 12 flights (7:32)
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Comp aring the above two relationshi ps to the general

equati on (Equati on 7.30) , we can express the volu-

metric coefficient as

Uva ¼ 0:652(nf � 1)D�1G0:46 for 6 flights (7:33)

Uva ¼ 0:145(nf � 1)D�1G0:60 for 12 flights (7:34)

They also note that the rate of heat transfer is inde-

pendent of the slope and the rotational speed of the

shell, and therefore of the residence time, as well as of

the flight size. The increase of the gas flowrate in-

creases the efficiency of the dryer. Furthermore, they

study a number of dryers having diameters up to

2.13 m and propose that the equations for 6 flights

are more representative for the design of industrial

dryers. This proposal is in agreement with the study

of Prutton et al. [44]. Friedman and Marshall [9]

noted that in practice the number of flights is in

the range

6:56 � (nf=D) � 9:84 (7:35)

In case that nf	 1, the following simple equation can

be used:

Uva ¼ KsG
0:46 (7:36)

where 4.3 � Ks � 6.4.
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Friedman and Marshall concluded that the above

analysis has three major simplifications and cannot

predict the heat transfer quite accurately. First, the

heat losses from the dryer have not been taken into

account, second the use of the logarithmic mean tem-

perature difference Dtlm is not correct, as the tempera-

ture of the solids does not vary linearly with the gas

temperature, and third, they express doubts for the

correlations between the rate of heat transfer and the

number of flights, due to the fact that Miller et al. [30],

although they proposed the above equations based on

experimental data, accepted that the one for 12 flights

in not representative for industrial dryers. For their

experiments, Friedman and Marshall [9] used an ex-

tensively insulated dryer to reduce heat losses to

around 15%. They used advanced methods to achieve

accurate measurements of the gas, solids, and shell

along the length of the dryer, although due to circu-

lation patterns within the dryer they obtain erratic

results for the gas temperature, and had to calculate

it by heat balances. From the analysis of their data

they concluded that the use of coefficients based on

the terminal temperature differences does not prop-

erly predict the performance of pilot dryers, which

have a large shell-area-to-volume factor, although

the estimations are a lot better in commercial dryers,

which have relatively much smaller heat losses. There-

fore, the scale-up of heat transfer data requires cau-

tion and experience. They found that Uva varies

proportionally with the solids holdup (as a percent-

age of drum volume) X0.5 and increases with G0.16,



therefore is affected by gas rate in two independent

ways. The holdup increases with G for countercur-

rent flow causing an increase in the effective contact

area between the solids and the gas, which is ex-

pressed by parameter a. Friedman and Marshall [9]

also suggested that the heat transfer coefficient Uv

increases with gas rate, although this is not generally

accepted. The rate of rotation has little effect on Uva,

as it has opposing effects on the holdup and the

cascade rate. They examined the effect of the number

of flights on Uva and concluded that the major in-

crease occurs.

The simplest and rather conservative equation has

the form

Uva ¼ KGn=D (7:37)

where K is a proportional constant, G is the gas mass

velocity (kg/m2h), D is the dryer’s diameter (m), and n

is a constant. Based on the data of Friedman and

Marshall [9] the constants are: K ¼ 44 and n ¼
0.16 [35].

According to McCormick [29], the constant K

determines flight geometry and shell speed. These

parameters in addition to the number of flights seem

to affect the overall balance, although there are no

available data for evaluating these variables separ-

ately. As long as it concerns the gas velocity it seems

that its increase breaks up the showering curtains of

solids more effectively and exposes more solids sur-

face, therefore there is an increase of a in Ua rather

than U.

Saeman and Mitchell [47] suggested a more ad-

vanced approach to the heat transfer mechanism in

rotary dryers (and coolers). The heat transfer takes

place mainly between the cascading solids and air

entrained by them. This mass of air attains thermal

equilibrium with the particles surface in a very short

period and when it reaches the bottom of the dryer it

diffuses into the main horizontal airflow, which con-

fines to the voids between the cascades. To support

this theory, they measure the air temperatures in the

voids near the bottom of the shell, which were higher

than those at the top. Also, the bulk of the heat

transfer occurs within about 0.3–0.6 m of the origin

of the cascade, as it was proved by temperature meas-

urements in the cascading streams. Therefore, the

heat transfer rate is a function of the cascade rate,

which depends on the flights number and size, the rate

of rotation, and the holdup, and the ratio of air–

material entrainment in the cascading streams,

which depends mainly on flight size. Other param-

eters, such as the surface area of the particles, have

less influence. They employ a heat transfer coefficient

based on unit length of the dryer, thus
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Q ¼ ULaLDtm (7:38)

where ULa is in W/(mK). The two coefficients Uva

and ULa are related by the equation

ULa ¼ pD2

4
Uva (7:39)

For modern commercial dryers that have a flight

count per circle of 2.4 to 3.0 D and operate at shell

peripheral speeds of 60–75 ft/min, the following equa-

tion has been proposed:

Q ¼ (0:5G0:67=D)VDtlm ¼ 0:4LDG0:67Dtlm (7:40)

where Q is in Btu/h, L is the dryer’s length in ft, D is in

ft, G is in lb (h ft2 of cross section), and Dtlm is the log

mean of the drying gas wet-bulb depressions at the

inlet and outlet of the dryer.

A different method for the estimation of heat

transfer during drying can be obtained by dimension-

less equations of the type Nu¼ a0Rem0Prn
0
, which can

be transformed as

jH ¼ aRen (7:41)

thus the heat transfer factor correlates to Reynolds

number. This analysis can be done for two reasons.

First, it is a very simple expression and the Reynolds

number is easy to be estimated in most cases, through

three parameters that can be measured quite easily,

the particles diameter, the velocity of the drying med-

ium, and its temperature. The second reason is that

using this equation, we calculate directly the heat

transfer factor that is important when we use analo-

gies among momentum, heat, and mass transport.

The most common is the well-known Chilton–

Colburn analogy (or simply Colburn analogy) that

is based on empirical correlations, and not on mech-

anistic assumptions that are only approximations.

Thus, it represents the experimental data extremely

well over the range in which the empirical correlations

are valid. This analogy stands for both laminar and

tubular flows and for Prandtl and Schmidt numbers

between 0.6 to 100 and 0.6 and 2500, respectively. The

Chilton–Colburn analogy can be expressed as

jH ¼ jD ¼
f

2
(7:42)

where f is the friction factor, jD is the mass transfer

factor, and jH is the heat transfer factor, given by the

expression

jH ¼ StPr2=3 ¼ h

ru1Cp

Pr2=3 (7:43)



TABLE 7.3
Constant of Equatio n 7.41 an d the Cor respondi ng
Reynolds Numbe r Ran ge fo r Some Produ cts

Product/Reference a n min Re max Re

Fish

Shene et al. 0.00160 �0.258 80 300

Soya

Alvarez et al. 0.00960 �0.587 10 100

Shene et al. 0.00030 �0.258 20 80

Sugar

Wang et al. 0.805 �0.528 1 500 17 000

Rotary 0.001 �0.161 10 300
where St ¼ h/ ru1 Cp is the Stanton num ber, h is the

heat trans fer coeffici ent, r is the a ir de nsity, u1 is

the air velocity, and Cp is the specific he at of the air.

Note that the second equaivalence, f/2, in Equation

7.42 stands only in the case of flow around relatively

simple shapes, like flat surfaces or inside tubes.

Knowing the heat transfer factor we know the

mass transfer factor, as well, and can calculate param-

eters concerning mass transfer, like the diffusion

coefficient. This is important considering that rotary

drying includes both heat and mass transfer, as the

material receives heat and losses moisture, simultan-

eously.

Data retrieved from the literature for the drying of

some mate rials in rotar y dryers are shown in Table

7.3, whi ch present s the con stants of eq uation jH ¼
aRen, and the range in which it is vali d. A general

express ion for the process is also given.
Rotary drying
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FIGURE 7.6 Heat transfer factor versus Reynolds number for t
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Figu re 7.6 present s the he at trans fer fact or versus

Reynol ds numb er for rotar y drying process es and

various mate rials, Figure 7.7 shows the ranges of

variation of the heat trans fer fact or versus Reyno lds

number for the rotary dr ying process in comp arison

with other therm al process es, an d Fi gure 7.8 present s

the estimat ed equati on of heat trans fer fact or for the

rotary drying versus Reynold s number, in compari -

son with other therm al pro cesses.

The inlet gas temperature in a direct-heat rotary

dryer is generally fixed by the heating medium, i.e.,

400–450 K for steam and 800–1100 K for oil- and gas-

fired burners. Lower temperatures should be used only

if there are limitations by the shell’s material. The exit

gas temperature, which is a function of the economics

involved, may be determined by the relationship

Nt ¼ ( t1 � t2 )=( Dt ) m (7 : 44)

where Nt is the numbe r of he at transfer units based on

the gas, t1 is the initial gas tempe ratur e (K), and t 2 is

the exit gas tempe ratur e (K), allowi ng for heat losse s.

The most economic al ope ration of rotar y dryers can

be achieve d for Nt in the range 1.5–2.5 as it has been

found empir ically.

The diameter of a rotary dryer may vary from less

than 0.3 m to more than 3 m whereas the lengt h-to-

diame ter ratio , L/D , is most effici ent between 4 and 10

for ind ustrial dryers. In a dryer design the value of Nt

may change until the rati o menti oned ab ove fall

within these limit s.

The volume of the dryer that is filled with material

during operation is 10–15%. Lower fillage is insufficient

to utilize the flights, while a greater one causes a short-

circuit in the feed of solids across the top of the bed [35]
on food
aterial

Sugar

jH = 0.877Re−0.5281

1,000 10,000 100,000

he rotary drying process and various materials.
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u ¼ 0:23L

SN0:9D
� 0:6

BLG

F
(7:45)

B ¼ 5(Dp)
�0:5 (7:46)
7.6 ENERGY AND COST ANALYSIS

The power required to drive a dryer with flights may

be calculated by the following equation, proposed by

the CE Raymond Division, Combustion Engineering

Inc.,

bhp ¼ N(4:75Dwþ 0:1925D0W þ 0:33W )

100,000
(7:47)
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where bhp is the break horsepower required (1 bhp ¼
0.75 kW), N is the rotational speed (r/min), D is the

shell diameter (ft), w is the load of the material (lb), W

is the total rotating load (equipment plus material)

(lb), and D0 is the riding-ring diameter (ft), which

for estimating purposes can be considered as D0 ¼
(D þ 2).

The estimated cost of a steam-heated air rotary

dryer, including auxiliary subsystems such as finned

air heaters, transition piece, drive, product collector,

fan and duct, ranges from about $100,000 for a dryer

size 1.219 m 
 7.62 m to $320,000 for a dryer size

3.048 m 
 16.767 m. Their evaporation capacity is

136 and 861 kg/h, respectively, whereas they have a

discharge value ranging from 408 kg/h for the smaller

dryer to 2586 kg/h for the bigger one. In case that

combustion chambers and fuel burner are required

for operation at higher temperatures the cost is

higher. The total installation cost that includes allo-

cated building space, instrumentation, etc., is 150–

300% of the purchase cost. Operating costs include

fuel, power, and 5–10% of one worker’s time, the

yearly maintenance cost is 5–10% of the installation

cost, and the power required for fans, dryer drive, and

feed and product conveyors ranges from 0.5D2 to

1.0D2. The above prices are referring to carbon steel

construction; when 304 stainless steel has to be used

the prices are increased by about 50%.

High-temperature direct-heat rotary dryers pre-

sent thermal efficiency in the range 55–75%, which is

reduced to 30–55% for dryers that employ steam-

heated air as heating medium.



7.7 A MODEL FOR THE OVERALL DESIGN
OF ROTARY DRYERS

One way to esti mate the tim e for the mate rial to be

dried is through the drying constant , kM, that ca n be

determ ined experi menta lly using an apparat us in

which air passes through the drying material and air

tempe rature, hum idity, and veloci ty are control led,

while the mate rial moisture con tent is monito red.

A numbe r of experi ments have to be carried out for

different tempe ratur es, hum idities, and velocitie s.

The a pplication of these methods proved that the

drying constant dep ends on those parame ters of

the drying air and that it ca n be express ed as a func-

tion of them throu gh a gen eral equati on of the type

kM ¼ f ( TA , YA , uA ) (7: 48)

A de rived analyt ical co rrelatio n that can be pr o-

duced by fittin g the above equatio n to experi menta l

data is given by the follo wing equati on:

kM ¼ k
0

0

T

T0

� �k 
0
1 Y

Y0

� �k0
2 u

u0

� �k 
0
3

(7 : 49)

where T0, Y 0, u0 are the parame ters which ex press

the mean values of the inter vals of a ir tempe ratur e,

humidi ty, and veloci ty that are used for the experi -

ments, and k0

0
, k1

0
, k2

0
, and k3

0
are pa rameters. Figu re

7.8 present s typic al curves, whi ch express the dry ing

constant versus tempe rature for various air humid-

ities an d velocitie s.

Krok ida et al. [28] prop osed a model for the

design of a rotary dryer, based on the esti mation of

the drying kinetics of the mate rial that express da ta

from laborato ry experi ments, and the calcul ation of

residen ce time of the dryer from empir ical equati ons.

The dryer size and charact eristic s as well as the ope r-

ating co ndition s ca n be calcul ated for given pro cess
Burner

Air (FAO, TO, YO)

Fuel
(Z)

Flue gas
(FAC, TAC, YAC)

Wet material
(Fs, XO)

Ro

FIGURE 7.9 Simplified diagram of the dryer and burner consti
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specifica tions by mini mizing the total drying cost. The

specifica tions include the soli ds feedra te Fs (kg/h db),

and the inlet and outlet moisture con tent of the ma-

terial, X0 (kg/ kg db) an d Xs (kg/kg db). Among

the characteristics of the dryer are its diameter D

(m), the length-to-diameter ratio L/D, the total-

holdup-to-volume ratio H/V, the number of flights-

to-diameter ratio nf/D, and the slope of the cylindrical

shell s (%). The drying conditions include the inlet

temperature TAC (8C) and the gas velocity u (m/s) at

temperature TA (8C).

A simplified diagram of the dryer is shown in

Figure 7.9. The mathematical model of the process

consists of two parts, the model of the burner and the

model of the dryer.
7.7.1 BURNER

Assuming that the fuel is hydrocarbon with heat of

combustion DHf (kJ/kg) and fraction of hydrogen CH

(kg/kg) and that the combustion reactions are C þ !
CO2 and H2 þ 1/2O2 ! H2O, then 9 CH kg of water

vapor are produced per kg of fuel. Thus

Rw ¼ 9CHZ (7:50)

where Rw is the production rate of water vapor (kg/h)

and Z is the feedrate of fuel (kg/h).

The total and moisture balances over the burner

are given by the following equations, which describe

the combustion process:

FAC(1þ YAC) ¼ FAO(1þ YO)þ Z (7:51)

FACYAC ¼ FAOYO þ Rw (7:52)

where FAO and FAC are the inlet and outlet flowrate

of gases at the burner (kg/h db), and YO and YAC are
Exhaust air
(FAC, TA, YA)

Dried material
(Fs, Xs)

tary dryer

tuting the drying process unit.



the inlet and outlet humidity of the gases at the

burner (kg/kg db), respectively.

Assuming that the gases have the same ther-

mophysical properties as air, the corresponding en-

ergy balance over the dryer is given by the following

relationship:

FAC(1þ YAC)CPA(TAC � T0) ¼ ZDHf (7:53)

where TAC is the outlet gas temperature at the burner

(8C), T0 is the ambient temperature (8C), and CPA is

the specific heat of the gases (kJ/kg K).

7.7.2 DRYER

The following equations describe the mass and energy

balances upon the dryer.

Mass balance on water

FAC(YA � YAC) ¼ FS(XO � XS) (7:54)

where YAC is the inlet humidity of the gases at the

dryer (equal to the outlet humidity of the gases at

the burner) (kg/kg db), and YA is the outlet humidity

of the gases at the dryer (kg/kg db).

Energy balance (simplified)

FACCPA(1�YAC)(TAC �TA)þ FSDHV(XO �XS) ¼ 0

(7:55)

where CPA is the specific heat of the air–vapor mix-

ture (kJ/kg K), DHV is the latent heat of vaporization

of water at the reference temperature (kJ/kg), and

TA is the mean air–vapor temperature at the dryer

output.
7.7.3 DRYING KINETICS

The following well-known first-order kinetic model is

selected to express the drying kinetics:

(X � XSE)

(X0 � XSE)
¼ exp (� kMt) (7:56)

where X is the material moisture content (kg/kg db)

after a time interval t (h), kM is the drying constant

(per hour), and XSE is the equilibrium material mois-

ture content.

The drying constant is a function of gas condi-

tions and the following empirical equation can be

used:

kM(T ,Y , u) ¼ k
0

0T
k
0
1Yk

0
2uk

0
3 (7:57)
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where T, Y, u are the temperature (8C), humidity

(kg/kg db), and velocity of the drying gas, and k0

0
,

k1

0
, k2

0
, and k3

0
are parameters, which express the

effect of various factors on the drying constant.

The equilibrium moisture content of the solids, as

a function of water activity and temperature of the

surrounding air, can be calculated by the following

correlation:

XSE ¼ b1 exp (b2=TA)[aw=(1� aw)]b3 (7:58)

where aw is the water activity of the gas stream and b1,

b2, and b3 are characteristic constants.

The absolute humidity of the drying airstream can

be evaluated by the relationship

Y ¼ m[awP0(TA)]=[P� awP0(TA)] (7:59)

where m ¼ 0.622 is the water-to-air molecular ratio

and P0 (TA) is the water vapor pressure at tempera-

ture TA.

The water vapor pressure at temperature TA can

be obtained from the Antoine equation

ln P0(TA) ¼ A1 � A2=(A3 þ TA) (7:60)

where A1, A2, and A3 are constants.
7.7.4 RESIDENCE TIME

The residence time (�tt) is defined by the equation

�tt ¼M=FS (7:61)

where M is the total product mass in the dryer, which

relates to the product holdup of the dryer (H) by the

following expression

M ¼ (1� «)rPH (7:62)

where rp is the density of the material (kg/m3) and « is

its porosity.

Generally, the residence time in a rotating dryer is

a function of its length, diameter, slope, and rotating

velocity. An empirical equation can be used [24] for

this correlation as follows:

�tt ¼ kL

NDs
(7:63)

where k is an empirical constant.

An empirical equation is also used by Kelly to

correlate the total holdup to the flights load per unit

length. This relationship underestimates the true



holdup value as it ignores the parti cles cascad ing

through the gas. The equ ation can be writt en as

H ¼ 0: 5(nf þ 1) h0 L (7 : 64)

where h0 is the holdup per mete r (m 2).

7.7.5 GEOMETRICAL C ONSTRAINTS

The followin g geomet rical constraints sho uld be

added to the mathe mati cal model:

5% < H =V < 15 %

2 < L =D < 20

5 < nf =D < 10

Cost estimation

The process unit cost of wet product ($/k g wb) ha s

to be mini mized

Cp ¼
CT

top

FS (1 þ XS ) (7: 65)

where CP is the co st of the product due to the dr ying

process , top is the operati ng tim e per year (h/y), and

CT is the total ann ual co st of the drying process that

can be express ed by the follo wing equati on:

CT ¼ eCeq þ Cop (7 : 66)

where eCeq is the yearl y cap ital cost ($/yr), C op is the

operati ng cost ($/yr), and e is the cap ital recover y

factor that is given by the equati on

e ¼ i (1 þ i ) N

(1 þ i )N � 1 
(7 : 67)

where i is the annual inter est rate an d N is the time of

the loan (yr) .

The equipment cost is affected by the size of the

dryer and the co nsumpt ion rate of fuel, assum ing that

a furnace is used for heat supply. Thus ,

Ceq ¼ aD A nD þ anZ Z n Z (7 : 68)

where aD, aZ are unit costs and nD , nZ are scaling

factors for the dryer and burner, respectivel y.

The operati ng cost involves elect rical energy and

fuel cost:

Cop ¼ hp Ce t op þ ZC Z t op (7 : 69)

where Ce an d Cz are the electrici ty and fuel cost,

respect ively.
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The electrica l power hp for the cylin der ro tation is

given as follo ws (Kelly [24] ):

hp ¼ qND (M þ W 0 ) (7:  70)

where q is an empir ical constant and W 0 is the drye r

weight (kg).

The calcul ation of the dryer weight is based on its

geomet rical charact eristics and is given by

W ¼ rM

2p D 2

4
þ p DL

� �
d x (7 : 71)

where dx is the dryer wall thickne ss (m), and rM is the

metal density (kg/ m 3).

A degree of freedom analysis suggests that five de-

sign variables are available for the design problem de-

scribed above. It can be proved that an effective solution

algorithm can be based on the following selection of

design variables: TAC, u, H/V, L/D, and  nf/D, where the

first and second express the operating conditions and

t he r es t t he dr ye r s ha pe .
7.8 CASE STUDY 1

The solution of a typical dryer problem for an indus-

trial olive cake rotary dryer is presented. The data

required for process design calculations are given in

Table 7.4. The results of calculations using the model

proposed by McAdams [28] are presented in Table 7.5,

and are obtained by minimizing the process unit cost,

and evaluating the design variables.

A sensitivity analysis of the process unit cost is

achieved by changing the two significant decision

variables: the drying air temperature and the velocity.

As the air-drying temperature is allowed to vary,

air velocity is maintained constant and each time all

other variables are calculated. It must be noted that as

the air temperature increases and thus the operating

cost increases, whereas the size of the equipment and,

consequently, the cost of equipment decreases. For a

given air velocity, the total cost reaches a maximum at

a specific air temperature (see Figure 7.10). In Figure

7.11 the total unit cost is presented as function of air

temperature for different air velocities.

The model was adapted to an industrial rotary

dryer with the following characteristics: length 22 m,

diameter 2.5 m, and number of flights 24.

The drying conditions are 6508C inlet drying air

temperature, 2.4 m/s mean gas–vapor velocity, and

the fuel consumption rate is 1500 kg/h. The operating

conditions obtained from process design calculations

are close to the real ones.



TABLE 7.4
Data for Process Des ign Calcu lations

Process specifications

Solids flow rate Fs 5000 kg/h

Input material moisture content X0 1.00 kg/kg db

Output material moisture content X 0.10 kg/kg db

Fresh air characteristics

Temperature T0 25 8C
Humidity Y0 0.01 kg/kg db

Thermophysical properties

Water to air molar fraction m 0.622 —

Air specific heat CPA 1.18 kJ/kg 8C
Water specific heat CPV 1.98 kJ/kg 8C
Heat of combustion DHf 15 MJ/kg

Latent heat of vaporization of water DH0 2500 kJ/kg

Porosity « 0.48 —

Empirical constants

Empirical constant in Equation 7.14 k 0.003 —

Empirical constant in Equation 7.24 q 1 —

Economic data

Dryer unit cost aD 8 k$/m2

Dryer scaling factor nD 0.62 —

Burner unit cost aZ 200 $/kg

Burner scaling factor nZ 0.4 —

Lifetime N 10 yr

Interest rate i 8 %

Operating time top 2000 h/yr

Electricity cost Ce 0.07 $/kW h

Fuel cost Cz 0.05 $/kg

TABLE 7.5
Results of Process Design Calculations

Design variables

Input air temperature TAC 700 8C
Mean air–vapor velocity u 2.4 m/s

Total holdup to volume fraction H/V 15 %

Length-to-diameter fraction L/D 20 —

Number of blades to

diameter fraction

nf/D 10 1/m

Drying air characteristics

Mean air temperature TA 298 8C
Humidity outlet Y 0.37 Kg/kg db

Operating characteristics

Residence time t 0.3 h

Total holdup H 8.4 m3

Rotating velocity N 8.6 rpm

Dryer characteristics

Diameter D 1.5 m

Length L 30.6 m

Blade number nf 15 —

Utilities

Fresh air flow rate FA0 15,048 kg/h

Fuel rate Z 1066 kg/h

Economics

Electricity cost Ce 6286 $/yr

Fuel cost Cz 106,606 $/yr

Operating cost Cop 112,891 $/yr

Cost of equipment Ceq 55,619 $/yr

Total cost CT 168,510 $/yr

Unit cost Cp 0.00843 $/kg wb

7.9 CASE STUDY 2

For the drying of catal yst pellets, the engineer s of a

certain indust ry de cided that a direct rotary dryer will

be appropri ate, and studi ed the perfor mance of a

pilot plant ro tary dryer in order to obta in data for

the scale-up . The produ ction F will be 350 kg/h on a

dry basis . The pelle ts ha ve cylind rical shape, abo ut

1 cm long an d 1 cm in diame ter, their bulk density rb

is 570 kg /m 3, the specific heat Cps is 1 kJ/kg K, and the

initial mois ture content X0, as a resul t of the prev ious

unit operati on, is 0.65 kg/kg db. The final pro duct, in

order to be stable, must have mo isture content X no

more than 0.05 kg/kg db. It is nonsti cking, but it is

sensitiv e at high tempe ratures. Ther efore, co current

operati on has to be used and the init ial air tempe ra-

ture T1 will not exceed the range of 15 0–170 8 C. The

heatin g medium wi ll be hot air. A steam -air he at ex-

changer is go ing to be used for the heati ng. The air

velocity has to be lim ited to avoid entraining of the

material by the air. Table 7.6 present s the values of

the operating parameters of the pilot plant rotary dryer.

The followin g calcul ations aim at a preli minary

design of the dryer.
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The overal l mate rial mass (kg/h ) that is fed is

F1 ¼ F (1 þ X0 ) (7: 72)

whereas the mass (kg/ h), which exit s the dryer is

F2 ¼ F (1 þ X ) (7: 73)

Therefor e, the evapo rating water mw (kg/h ) is

mw ¼ F1 � F 2 (7 : 74)

The he at supp lied by the hot air is used for five

different operation s:
1. To evapo rate the water, that leaves the material
Q1 ¼ m w DH w (7 : 75)
2. To heat the vapor from the init ial wet-bul b

temperatur e of the air to the e xit air tempe rature



TABLE 7.6
Data Obtained by the Pilot Plant Dryer

Inlet temperature of drying air T1 160 8C
Exit temperature of drying air T2 65 8C
Wet-bulb temperature of inlet air Tw 40 8C
Exit temperature of product T2 45 8C
Permitable air mass velocity uperm 3 kg/m2s

Retention time of product t 0.35 h
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3. To heat the water that evaporates, from its

initial temperature, as it enters the dryer, to

the inlet wet-bulb temperature of the air, in

order to evaporate
Q3 ¼ mwCpw(Tw � Tm1) (7:77)
4. To heat the dry solid from its inlet temperature

to its exit temperature
Q4 ¼ FCps(Tm2 � Tm1) (7:78)
5. To heat the water that remains in the final

product from the inlet to the exit temperature

of the material
Q5 ¼ FXCpw(Tm2 � Tm1) (7:79)

where DHw is the latent heat of vaporization (kJ/kg),

Cpv, Cpw, Cps, are the specific heat of vapor, water,
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and solid (kJ/kg 8C), respectively, Tw is the inlet wet-

bulb temperature of the drying air, T2 is the outlet

temperature of the air (8C), and Tm1, Tm2 are the inlet

and exit temperature (8C) of the material (dry solid

and moisture content), respectively.

The overall heat transferred to the product is

given by the correlation

Q ¼ (1þ a)(Q1 þQ2 þQ3 þQ4 þQ5) (7:80)

where a is a factor that represents the heat losses due

to the conduction between the outer surface of the

dryer and the atmospheric air and especially, because

of radiation. These losses are estimated to be about

7.5–10% of the heat consumption for the reasons

mentioned above. The largest amount of heat is

used for the evaporation of moisture content and is

expressed by the ratio

b ¼ Q1=Q (7:81)

The air mass rate G required in order to transfer

sufficient amount of heat for the drying is

G ¼ Q

Cp,air(T1 � T2)
(7:82)

where T1 is the inlet air temperature (8C) and Cp,air is

the specific heat of air (kJ/kg 8C).

For the estimation of the diameter D of the dryer

(m) two points have to be examined. First it must be

large enough so that the air mass velocity u (kg/m2s)

will not exceed the value that causes entrainment of

the product, and second we must assume that only a

percentage of the dryer cross section represents a free

area for the air to pass. This percentage is about 85%

( j ¼ 0.85), as can be estimated by operating rotary

dryers. Therefore the diameter of the cylindrical shell

is calculated by the following equation:

D ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4G

3600pju

s
(7:83)

where 3600 is a factor for the arrangement of the units.



TABLE 7.7
Data for Process Design Calculations

Product specifications

Production rate (dry basis) F 350 Kg/h db

Initial moisture content X0 0.65 kg/kg db

Final moisture content X 0.05 kg/kg db

Inlet product temperature Tm1 25 8C

Thermophysical properties

Evaporation heat of water DHw 2350 kJ/kg

Specific heat of product Cps 1.0 kJ/kg 8C
Specific heat of water Cpw 4.18 kJ/kg 8C
Specific heat of vapor Cpv 1.88 kJ/kg 8C
Specific heat of air Cp,air 1.01 kJ/kg 8C
Bulk density rb 570 kg/m3

Properties of air

Atmospheric air temperature T0 15 8C
Humidity of inlet air Y1 0.01 kg/kg db

Constants

Dryer holdup H 0.075 —

Factor a 0.1 —

Factor j 0.85 —

TABLE 7.8
Results of Process Design Calculations

Overall inlet material F1 578 kg/h

Overall exit material F2 368 kg/h

Evaporating water mw 210 kg/h

Overall heat consumption Q 577,500 kJ/h

Heat for evaporation Q1 493,500 kJ/h

Heat for vapor Q2 9,870 kJ/h

Heat for liquid Q3 13,167 kJ/h

Heat for product solid Q4 7,000 kJ/h

Heat for product water Q5 1,463 kJ/h

Air mass rate G 6,019 kg/h

Diameter D 0.9 m

Volume V 3.0 m3

Length L 4.6 m

Number of heat transfer units NT 1.6 —

Heat load of exchanger Qhe 881,447 kJ/h

Heat consumption Fst 316 kg/h

Thermal efficiency nth 0.60 —
The humidity of the exit air should be checked for

not exceeding the maximum mass of vapor the air can

hold under the specific condition on the exit (for

%RH ¼ 100). The initial air humidity Y1 is about

0.01 kg/kg dry air (for T1 ¼ 1608C and Tw ¼ 408C).

The humidity of the exit air Y2 is

Y2 ¼ Y1 þ
mw

G
(7:84)

The volume V of the dryer (m3) is calculated by the

expression

V ¼ tF2

Hrs

(7:85)

where t is the retention time of the product (h), and H

is the dryer holdup, that is assumed to be about 0.07–

0.08 of the dryer volume, as values in this range give

good performance in industrial dryers. The retention

time could be calculated by the geometric character-

istics of the dryer, but it is desirable to obtain it by

experiments rather than through theoretical calcula-

tions. In this case study it is estimated on the basis of

pilot plant data, and the volume is calculated by the

above expression. The length L of the dryer (m) is

given by the correlation

L ¼ 4V

pD2
(7:86)

In practice the ratio L/D should be within the range 4

to 10, for optimum performance. The number of heat

transfer units NT is defined by the equation

NT ¼ ln
T1 � Tw

T2 � Tw

(7:87)

and should be in the range 1.5 to 2.5 [35]. These

ranges have been estimated through practical experi-

ence by the study of industrial direct rotary dryers in

order for efficient operation to be achieved.

For the heating of the air, a steam-air heat ex-

changer is to be used. Its energy load should be suf-

ficient for the heating of the airstream from the initial

atmospheric temperature T0 (8C) to the inlet air tem-

perature in the dryer T1, and given by the equation

Qhe ¼ GCp,air(T1 � T0) (7:88)

Steam at temperature Tst (8C) will be used as heating

medium in the exchanger. The consumption of steam is

Fst ¼
Qhe

DHst

(7:89)
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The thermal efficiency of the dryer is

nth ¼
Q1 þQ2 þQ3 þQ4 þQ5

Qhe

(7:90)

Table 7.7 presents the specifications, thermophysical

properties, and factor j for the design of the dryer,

and Table 7.8 shows the values of the parameters

calculated by the above equations.



7.10 CONCLUSION

Until recently, the design of the industrial dryers was

based on the experience of manufacturers and sup-

pliers of these units, who used both data obtained in

pilot plant rotary dryers and operating characteristics

from units already installed. Because of the variety in

drying equipment and solid materials that are pro-

cessed, little consideration was given to mathematical

models and theoretical approaches. It was common

practice for the dryer to be built a bit oversized and

inefficient, but mechanically sound and well proven in

operation, instead of an optimization process to be

followed, even if the capital and operating costs were

larger. In resent years, many models and simulation

techniques have been published, which can be useful

for the design of dryers, especially when the drying

material is the same or similar to the one the model

refers to. Nevertheless, the development of a universal

model of the rotary dryer, that combines the cascad-

ing motion of the particles with the heat and mass

transfer, is questionable. The mathematical expres-

sions and models that have been described can pro-

mote the understanding of the individual processes

that take place during drying and the particular effect

of each design parameter to the drying process.
NOMENCLATURE

A1 constant in Equation 7.60

A2 constant in Equation 7.60

A3 constant in Equation 7.60

aD unit cost for the dryer, $/m2

aZ unit cost for the burner, $/kg

b constant in Equation 7.29

b0 constant in Equation 7.29

bhp break horsepower

b1 constant in Equation 7.58

b2 constant in Equation 7.58

b3 constant in Equation 7.58

Ce electricity cost, $/kW h

Ceq equipment cost, $

CH hydrogen mass fraction, kg/kg

Cop operating cost, $/yr

CP process unit cost, $/kg wb

CT total annual cost, $/yr

CZ fuel cost ($/kg)

D drum inside diameter, m

D0 riding-ring diameter, ft

De effective drum diameter, m

dp particle diameter, mm

dx dryer wall thickness, m

e capital recovery factor

F solids mass feedrate, kg/s
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f drag coefficient, or friction factor

f( ) function of parameter indicated in parentheses

G gas flowrate per unit area of dryer cross section,

kg/hm2

g acceleration due to gravity, m/s2

H actual volumetric holdup of drum, m3

H* design volumetric holdup of drum, m3

h* design volumetric holdup of solids per unit

length of flight, m3/m

h0
* value of h* at u ¼ 08

h0 actual volumetric holdup in the flight of solids

per unit length of flight at u ¼ 08, m3/m

hp electrical power, kW

i annual interest rate

j percentage of the dryer cross section represents

a free area for the air to pass

jD mass transfer factor

jH heat transfer factor

K constant in Equation 7.22

K proportional constant in Equation 7.37

K 0 constant in Equation 7.24

Ks constant in Equation 7.36

k dimensionless constant in Equation 7.20

k empirical constant in Equation 7.63

k0 constant

kc constant

kM drying constant, per hour

k0
0 constant in Equation 7.49

k1
0 constant in Equation 7.49

k2
0 constant in Equation 7.49

k3
0 constant in Equation 7.49

L drum length, m

l radial flight depth, m

l0 height of flight lip, m

Leff length of drum over which particle travels by

cascade motion, m

M ratio of actual drum holdup to the design

holdup

M total material mass in the dryer, kg

m constant in Equation 7.20

m constant in Equation 7.59

m0 empirical constant in Equation 7.23

m0 ratio of actual flight holdup to the design

holdup at u ¼ 08
mw rate of water vaporization, kg/h

N period of the loan, y

N rotational speed, rpm

Nt number of heat transfer units based upon the gas

n dynamic angle of repose of the solids (degrees)

n constant in Equation 7.37 and in Equation 7.41

n0 constant

nD scaling factor for the dryer

nf number of flights

nth thermal efficiency

nZ scaling factor for the burner



P0 water vapor pressure, kPa

Q rate of heat transfer between gas and solids, J/s

Qi partial rates of heat transfer in Case Study 2,

kJ/h

q empirical constant in Equation 7.70

r drum inside radius, m

re effective drum radius

Rw production rate of water vapor in burner, kg/h

s slope of the cylindrical shell, %

T0 ambient temperature, 8C
T temperature, 8C
tf average falling time of the particles

top annual operating time, h/yr

UL overall heat transfer coefficient based on dryer

length

Uv overall heat transfer coefficient based on dryer

volume

u gas velocity, m/s

uperm permitable air mass velocity, kg/m2s

ur relative velocity between particles and gas

V drum volume, m3

w load of the material, lb

W total rotating load, lb

W0 dryer weight, kg

X material moisture content, kg/kg

X0 solids holdup expressed as percentage of drum

volume without airflow

Xa solids holdup expressed as percentage of drum

volume with airflow

Y absolute humidity of air, kg/kg db

Y particle length of fall, m
�YY average particle length of fall, m

Z parameter in Equation 7.25

Z flowrate of fuel, kg/h

GREEK SYMBOLS

a ratio of the effective area to the volume of the

dryer

a constant in Equation 7.80 and Equation 7.41

a drum slope (degrees)

a0 constant

aw water activity of airstreams

b angle subtended by flight at center of the drum

b factor in Equation 7.81

g dynamic coefficient of friction of particle

DHf heat of combustion of fuel, kJ/kg

DHV latent heat of vaporization of water, kJ/kg

(DT)m true mean temperature difference between

the hot gases and the material, 8C
DT1m logarithmic mean temperature difference

between the wet-bulb depressions of the

drying air at the inlet and outlet of the

dryer, K

« porosity
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u angle subtended by flight lip with horizontal

at center of the drum
��� angle to which average particle is carried in

flights before cascading

ui angular spacing between flights

n ratio of centrifugal to gravitational forces

acting on particle

r air (or gas) density, kg/m3

rb bulk density of solids, kg/m3

rM metal density, kg/m3

rp particles density, kg/m3

s parameter in Equation 7.24

�tt residence time of average particle (or, time of

passage)

w angle between horizontal and free surface of

solids

w0 angle between horizontal and free surface of

solids at u ¼ 08
wc centrifugal force on particle, N

wf frictional force on particle, N

wg gravitational force on particle, N

wn normal reaction of surface on particle

v angular speed of drum

SUBSCRIPTS

a gas

air air

he heat exchanger

s solid

st steam

AC drying airstream

A0 fresh airstream

SE at equilibrium

v vapor

w wet-bulb

1 inlet

2 outlet

DIMENSIONLESS NUMBERS

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

St Stanton number
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8.1 INTRODUCTION

Fluidized bed dryers (FBD) are used extensively for

the drying of wet particulate and granular materials

that can be fluidized, and even slurries, pastes, and

suspensions that can be fluidized in beds of inert

solids. They are commonly used in processing many

products such as chemicals, carbohydrates, foodstuff,

biomaterials, beverage products, ceramics, pharma-

ceuticals in powder or agglomerated form, health-

care products, pesticides and agrochemicals, dyestuffs

and pigments, detergents and surface-active agents,

fertilizers, polymer and resins, tannins, products for

calcination, combustion, incineration, waste manage-

ment processes, and environmental protection pro-

cesses. Fluidized bed operation gives important

advantages such as good solids mixing, high rates of

heat and mass transfer, and easy material transport.

For drying of powders in the particle size range

of 50 to 2000 mm, fluidized beds compete suc-

cessfully with other more traditional dryer types,

e.g., rotary, tunnel, conveyor, continuous tray (see

Table 8.1).

Conventional fluidized bed is formed by passing a

gas stream from the bottom of a bed of particulate

solids. At low gas velocities the bed is static (packed).
TABLE 8.1
Comparison of Fluidized Bed Dryers (Conventional Type
for Particulate Solids

Criterion Rotary Flasha

Particle size Large range Fine particles

Particle size distribution Flexible Limited size distribution

Drying time (approx.) Up to 60 min 10–30 s

Floor area Large Large length

Turndown ratio Large Small

Attrition High High

Power consumption High Low

Maintenance High Medium

Energy efficiency Medium Medium

Ease of control Low Medium

Capacity High Medium

aFlash dryer is used only for removing surface moisture from smaller par
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The bed of particles rests on a gas distributor plate.

The fluidizing gas passes through the distributor and

it is uniformly distributed across the bed. Pressure

drop across the bed increases as the fluidizing gas

velocity is increased. At a certain gas velocity, the

bed is fluidized when the gas stream totally supports

the weight of the whole bed. This state is known as

minimum fluidization and the corresponding gas vel-

ocity is called minimum fluidization velocity, umf. Pres-

sure drop across the bed remains nearly the same as

pressure drop at minimum fluidization even if the gas

velocity is increased furth er. Figure 8.1 sho ws v arious

regimes of the parti culate bed from packed to bubbling

bed when the gas velocity is increased. The graphs

show the bed pressure drops and bed voidage under

various regimes.

A fluidized bed is operated at superficial gas vel-

ocities higher than the minimum fluidization velocity,

umf, normally at 2–4 umf. The minimum fluidiza-

tion velocity is typically obtained from experiments.

There are several ways to determine the minimum

fluidization velocity experimentally. It can also be

estimated using various correlations. A list of min-

imum fluidization velocity can be obtained from

Gupta and Sathiyamoorthy [1]. It should be noted

that these correlations have limitations such as
s and Modified Types) with Other Competing Dryers

Conveyor Conventional FBDs Modified FBDs

500 mm–10mm 100–2000 mm 10 mm–10mm

Flexible Limited size distribution Wide distribution

Up to 120min Up to 60 min Up to 60min

Large Small Small

Small Small Small

Low High High

Low Medium Medium

Medium Medium Medium

High High High

High High High

Medium Medium High

ticles at relatively short drying times typically in the range of 10–30 s.
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FIGURE 8.1 Various regimes of a bed of particles at differ-

ent gas velocities.
particle size, column dimens ions, operati ng param-

eters, etc. Thus , they are va lid in a certa in ran ge of

criteri a and ope rating conditio ns. The effe ct of wet ness

of the parti cles is, howeve r, not included.

Par ticles wi th high initial moisture content require

a higher minimum fluid ization veloci ty than simila r

bed of dry particles . Due to dominant co hesive forces

exerted by wet ted surfa ces, onl y the top layer of the

bed of soli ds is fluidized bed. The bottom layer s may

remain stationar y during the initial stage of dry ing

when the soli ds are quite wet.

For the case of dr y (or parti ally dry, no surface

moisture) particles , if the fluidizin g gas is furth er

increa sed, the be d of particles goes through diff erent

types of fluidiza tion regimes depe nding on the types

of pa rticles wi th refer ence to the Gelda rt class ification

of powder s [2,3]. Based on fluidiza tion quality, pow-

ders can be classified into four group s: group A (aera -

table pa rticles, easy- to-fluid ize when dry), g roup B

(sandlike particles , easy-to-flui dize when dry), group

C (fine and ultr afine particles , difficult- to-fluidize due

to dominat ed cohesiv e forces between particles ), and

group D (larg e and dense pa rticles, poor fluidiza tion
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quality due to form ation of large bubbl es in the bed).

Figure 8.2 shows the various fluidiza tion regimes

exhibi ted by a bed of dry parti cles of diff erent class es

with increasing gas velocity. Flu idized bed dryers

are nor mally operate d in the regimes of smoot h and

bubbling fluidiza tion.

After passin g through the fluidized bed, the ga s

stream is intr oduced into gas-cleani ng syste ms to sep-

arate fine particles (dusts) from the exit gas stream

before dischar ging it to the a tmosph ere. Figu re 8.3

shows a typical setup of fluidized bed drying system.

A typical fluidized bed drying system consists of a gas

blower, heater, fluidized bed column, gas-cleaning

systems such as cyclone, bag filters, precipitator, and

scrubber. To save energy, sometimes the exit gas is

partially recycled.

The bubbling fluidized bed (Figure 8.3) is divided

vertically into two zones, namely a dense phase and

a freeboard region (also known as lean phase or

dispersed phase). The dense phase is located at the

bottom; above the dense phase is the freeboard in

which the solids hold-up and density decreases with

height (Figure 8.3).

Fluidizing gas after passing through the bed of

particles enters the freeboard region, and carries

with it fine particles which are terminal velocities

smaller than the operating gas velocity. This phenom-

enon is known as elutriation. Solids hold-up in the

freeboard region decreases as the freeboard height is

increased until a height beyond which the solids hold-

up remains unchanged. This point is known as the

transport disengagement height (TDH). TDH can be

estimated from several empirical correlations; these

correlations are expressed in terms of one or two

operating parameters thus, the predictions are gener-

ally poor. However, there is no universally accep-

ted equation for calculating TDH. As a result, it is

best to determine the transport disengaging height

experimentally.

In designing a fluidized bed dryer for solids dry-

ing, it is important to take note about the occurrence

of entrainment of fine particles, especially if the solids

are polydispersed (i.e., have wide particle size distri-

bution). The gas exit should be placed at a height

above the TDH to minimize elutriation of fines.

On the other hand, by means of fines elutriation,

solids in fluidized bed can be classified into fine and

coarse products. Particles that are elutriated by the

fluidized gas stream are known as fine products

whereas particles retained in the bed are known as

coarse products. This process is called fluidized bed

separation or classification or dedusting. For pro-

cesses that require a certain degree of dedusting (re-

moval of undesirable fine particles) or classification,

operating gas velocity and location of gas exit should
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FIGURE 8.2 Various fluidization regimes exhibited by different classes of particles with increasing gas velocity.
be chosen carefully in order to achieve the appropri-

ate product cut size. Cut size refers to the critical size

that separates the fine (elutriated) and coarse (remain

in bed) particles.

To ensure uniform and stable fluidization, the

type of distributor has to be chosen carefully. This is

to prevent poor fluidization quality of solids in certain

regions in the fluidized bed, to prevent plugging of

distributor-perforated holes, and to avoid solids from

dropping into windbox or gas plenum located be-

neath the fluidized bed. There are many types of

distributors available. Figure 8.3 (lower right image)

shows four common types of distributors, namely,

ordinary (i), sandwiched (ii), bubble cap tuyere (iii),

and sparger (iv). It should be noted that pressure drop
Solids reservoir Cyclone

Feeder

Windbox

Gas fe

Heater Blower

FIGURE 8.3 Typical fluidized bed drying setup. Zones in a fluid

upper right side image. Types of perforated distributor plates th
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across the distributor must be high enough to ensure

good and uniform fluidization.

As a rule of thumb, for upwardly and laterally

directed flow, pressure drop across the distributor

must exceed 30% of the pressure drop across the bed

[4]. Whereas for downwardly directed flow, the pres-

sure across the distributor must be greater than 10%

of the pressure drop across the bed. Upwardly direc-

ted flow is normally found in ordinary perforated

plates (Figure 8.3, lower right image-i). Sandwich-

type distributor is used if reinforcement of the

distributor is needed due to heavy load of bed of

particles (Figure 8.3 lower right image-ii). Laterally

directed flow is normally obtained with bubble caps

and nozzle types of distributors (Figure 8.3, lower
(a) Freeboard; (b) dense phase 

Solids hold up 

ed 
Distributor plate 

ized bed with its corresponding solids hold-up are shown in

at can be used are shown in lower right side image.



right image-i ii), whereas the sparger type gives lat-

erally or downward ly directed flow (Figur e 8.3,

lower right imag e-iv).
8.2 ADVANTAGES AND LIMITATIONS
OF FLUIDIZED BED DRYERS

Commo nly recogni zed advan tages of fluidized bed

drying include: high rate of moisture remova l, high

therma l effici ency, easy mate rial trans port inside

dryer, ease of control , and low maintena nce cost.

Limitat ions of fluidized bed dryer include: high pres-

sure dro p, high electrica l power co nsumpt ion, poor

fluidiza tion qua lity of some particulat e pro ducts,

nonuni form product quality for certa in types of flu-

idized bed dryers , erosion of pipes an d vessel s, en-

trainment of fine pa rticles, attrit ion or pulveri zation

of particles , agglom eration of fine particles , etc. See

Mujumdar and Devahas tin [5] for detailed discus sion.

Bes ides drying, fluidized bed has found wide

ranges of ind ustrial ap plications in v arious indust ries

for mixi ng, de dustin g, granula tion, co ating, agglom -

eration , cooling , chemi cal react ions, incine ration ,

combust ion, gasific ation, etc. M any of these process es

can be incorpora ted with fluidized bed drying in one

unit process or to accompl ish two or more pro cesses in

the same unit. Processes that can be advan tageous ly

incorpora ted with fluidized bed drying a re de scribed

briefly in the followi ng pa ragraphs .

The mixi ng effec t in a fluidized be d is general ly

good for pa rticle sizes betwe en 50 and 2000 mm. For

fine particles (particl e size less than 50 mm), or for

particles that a re difficul t-to-flui dize when wet, vibra-

tion is nor mally app lied to impr ove the fluidiza tion

quality and the mixin g effe ct. For large particles ,

insertion of inter nals or use of the spouti ng mode

can help to improve the operation. For fluidized bed

drying, good particle mixing is essential. Thus, know-

ledge on particle fluidization characteristics and their

properties is required to ensure good performance of

a fluidized bed dryer. In addition, the bed of particles

can be fluidized by a pulsating flow or by fluidizing

sections of the bed periodically such that the entire

bed is fluidized in sequence once over a cycle. Clearly,

this operation results in saving of drying air and

hence electrical power but it also leads to a longer

operating time due to the intermittent mode of heat

input. Besides, intermittent fluidization can reduce

problem of mechanical damage to the particles due

to continuous vigorous particle–particle collision as

well as attrition-induced dusting.

Spray drying, granulation, coating, and agglom-

eration share the same basic operating principle.

A fine spray of solution–paste–slurry–suspension is
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atomized and sprayed in the fluidized bed of the

drying material itself or inert particles, which are

already loaded in the drying chamber. Formation

and growth of solid particles takes place in the cham-

ber as evaporation and drying carry away moisture.

In granulation, growth of solid particles is carried out

by successive wetting and coating of liquid feed onto

the solid particles, and solidification of the coated

layer by hot drying air. In coating, a layer of expen-

sive active agent can be coated on a less expensive

substrate, or to add a surface agent on solid particles,

which is needed for downstream processing. By spray-

ing a suitable binder onto the bed of solid particles,

agglomerated or granulated solid particles of large

particle size are produced.

In most cases, spray drying alone is not energy

efficient to remove all moisture content inside the

solids. This is because considerable amount of heat

and time is needed to remove internal moisture that

is trapped inside the solids internal. Fluidized bed

drying can be incorporated as the second-stage drying

to remove the internal moisture. This can be fol-

lowed by a third-stage fluidized bed cooling to avoid

the condensation problem during packaging in some

applications.

8.3 HEAT TRANSFER IN FLUIDIZED BEDS

Heat transfer in gas-fluidized bed can occur by con-

duction, convection, and radiation depending on the

operating conditions. The contribution of the respect-

ive modes of heat transfer to the coefficient of heat

transfer depends on particle classification, flow con-

dition, fluidization regimes, type of distributor, oper-

ating temperature, and pressure. Heat transfer

between a single particle and gas phase can be defined

by the conventional equation of heat transfer:

q ¼ hpAp(Tp � Tg) (8:1)

where q is the rate of heat transfer (W), hp is the heat

transfer coefficient (W/(m2K)), Ap is the surface area

of a single particle (m2), Tp is the temperature of the

particle (K), and Tg is the temperature of gas (K).

The value of heat transfer coefficient of a single

particle in a fluidized bed system is generally not high.

It is in the range of 1 to 700 W/(m2K). However, due

to the large interfacial surface area, in the order of

3,000 to 45,000 m2/m3, extremely high rates of heat

transfer are achieved in this system. The heat capacity

is in the order of 106 J/(m3K). As a result, thermal

equilibrium is reached quickly. In designing fluidized

bed dryers, an isothermal condition is often assumed.

The heat transfer coefficient, hp, is a function of

the operating parameters, particulate characteristics,



and dr yer geomet ry. It can be estimat ed from the

followi ng co rrelatio ns dep ending on the parti cle

Reynol ds num ber, Rep :

hp ¼
kg

dp

Nup (8 : 2)

where kg is the gas therm al condu ctivity (W/(m K)) ,

dp is the particle diame ter (m) , and Nu p is the parti cle

Nusse lt numbe r, and Prg is the gas Prand tl numb er [6].

For 0.1 � Rep � 50, Nu p ¼ 0.0282 Rep
1.4 Prg

0.33and

for 50 � Rep � 1 � 10 4, Nup ¼ 1.01 Rep
0.48 Prg

0.33

Tubes, singl e or multiple , as well as fla t channels can

be immersed in a fluidized bed to provide addition al

heat for drying by condu ction. These surfa ces may be

vertical ly or horizont ally orient ed. Em pirical cor-

relations are available in the literat ure for v arious

geomet ries and operati ng conditio ns.

The surfa ce-to-bed heat transfer coeffici ent,

hw ¼ q/ aw (T b � T w ), is based on the surface a rea of

the submer ged object . Thi s coe fficient consis ts of two

compon ents, convecti ve and radiative if the tempe ra-

ture is high . Here aw is wall surface area (m2) and  TW

is wall tempe rature (K) , Tb is bed tempe ratur e (K).

The convecti ve he at trans fer coeffici ent, hc , can be

estimat ed us ing correl ation by Vreed enberg [7] for

horizont al imm ersed obj ects:

hc dt

kg

¼ 420
rs

rg

Prg

m  
2
g

gr 2s d 3p

 !0 :3

Re0 :3
t if

rs

rg

Rep � 2550

(8 : 3)

hc dt

kg

¼ 0:66 Pr 0: 3g

rs (1 �«)

rg «

 !0 :44

Re 0: 44
t if

rs

rg

Rep � 2050

(8 : 4)

In these eq uations, dt is the column diameter (m) , rs is

the particle den sity (kg/m 3), rg is the gravi tation al

accele ration (m/s 2), mg is the g as viscos ity (Ns /m 2),

« is the void fraction, and Re is the Reynold s numb er

defined by

Ret ¼
dt r  g ug

mg

(8 : 5)

and

Rep ¼
dp r  g ug

mg

(8 : 6)
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The radiant heat transfer coefficient, hr (W /m2 K) ca n be

estim ate d u sing the following e quation among o the rs [8 ]:

hr ¼
eb e w

eb þ e w � e b e w

� �
s ( T 4b � T 4w )

( Tb � Tw )
(8 : 7)

where s is the Stefan–Boltzmann constant. Radiative

heat transfer is insignificant at temperatures, T, lower

than 7008C. Typically bed emissivity, «b, is approxi-

mately 0.9 and wall emissivity, «w, is between 0.9 and

1.125 [8]. Since most drying processes are carried out

at temperatures lower than 7008C, radiant heat trans-

fer can be neglected.

The effect of various operating parameters on the

heat trans fer co efficient is given in Tabl e 8.2.

8.4 MATHEMATICAL MODELS
OF FLUIDIZED BED DRYING

Many mathematical models of fluidized bed drying

have been proposed in the literature and verified with

experimental data. These models have been developed

based on different assumptions.

8.4.1 DIFFUSION MODEL

This model assumes that drying of single particles in a

fluidized bed is totally controlled by diffusion of

moisture inside the particle. For the analysis of par-

ticulate drying, diffusion equation for spheres of an

equivalent diameter can be used. Zahed and Epstein

[23] developed a diffusion model for spout bed drying

and later Martinez-Vera et al. [24] applied the same

model for fluidized bed drying.

This model assumes

. Solids are spherical, isotropic, uniform size, and

homogeneous. They are perfectly well mixed in

fluidized bed.
. Physical properties of the dry solids remain

constant with time.
. Solids shrinkage and temperature gradient in-

side the solid are negligible.
. Drying kinetics is governed by internal moisture

diffusion. Thus, moisture at the solid surface is

in equilibrium with the bed air humidity.
. Air is perfectly mixed. Exhaust air is in thermal

equilibrium with bed.
. The dryer is perfectly insulated.

The diffusivity is assumed constant. The following

diffusion equation defines moisture transport:

@X

@t
¼ D

@2X

@r2

� �
þ 2

r

@X

@r

� �� �
(8:8)



TABLE 8.2
Effect of Operating Parameters on Particle Heat Transfer Coefficient

Parameter Effect on Heat Transfer Coefficient, h Reference

Particle

Diameter, dp For fine particles, h is higher; for coarse particles, h is lower 9

Shape Higher for rounded and smooth surface particles 10,11

Specific heat, cp h /cp
n, where 0.25 < n < 0.8 12,13

Thermal conductivity, kp No influence for small Biot number 14,15

Gas

Velocity, ug Increases above umf to a maximum value at an

optimum velocity, uopt and decreases thereafter

9

Density, rg Increases with increasing, rg 10,11

Viscosity, mg Increases with decreasing, mg

Specific heat, cg At moderate pressure and velocity, no information available 16,17

At high pressure, increases with increasing cg

Thermal conductivity, kg h / kg
n, where 0.5 < n < 0.66 14,18

h Increases as bed temperature increases, due to increasing of kg

Fluidized bed

Bed height, Hb No influence 12,19

Bed diameter, db No information available

Bed temperature, Tb Gas-convective: increases for small particles; decreases for coarse particles 20

Bed pressure, Pb No influence on particle-convective heat transfer 21

Gas-convective heat transfer increases

Heat transfer surface

Length, L No influence 22

Tube diameter, dtube Increases with decreasing dtube 17
where X is the free mois ture content , i.e., that in

excess of the equilib rium value, D is the diffusiv ity

(m2/s), and r is radial dimens ion (m).

If diffusiv ity is varia ble and depend ent on the

radial dist ance of drying bounda ry from the center

of the so lids, the foll owing diffusion equatio n is used

instead :

@ X

@ t
¼ D

@  
2 X

@ r 2

� �
þ 2

r

@ X

@ r

� �� �
þ @ D
@ X

@ X

@ r

� �2

(8 : 9)

Once the diffu sivity is know n, numerica l an alysis is

applie d to the diffusion eq uation in order to find

moisture content pro file insid e the so lid. Dif fusivity

of various food products can be obtaine d from

Sablani et al. [25] . Average moisture con tent, X , can

be obtaine d from the followin g eq uation:

X ¼ 4p

Vp

ðrp

0

r2 X d r (8 : 10)

where Vp is the parti cle volume (m 3). Note that mois -

ture content and temperatur e-depen dent diffusiv ity

values can be used to solve the equati on num erically.
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8.4.2 E MPIRICAL MODEL

In this model, the drying pro cess is divided into dif-

ferent periods wher e drying mechani sms in each dry-

ing pe riod are different .

The general solution of Fick ’s diffu sion express es

the mois ture content in terms of the drying time in

exponen tial functi on. The solut ion for spheri cal solid s

is given in the folowing the eq uation [26–28 ]:

Sphere:

X � Xeq

Xo � Xeq

¼ 6

p  2

X1
n ¼ 1

1

n2 
e 
� n2 (p2 D eff t= r 

2
sph 

)
(8 : 11)

where rsph is the sphere radius (m), Deff i s t he e ff ec ti ve

di ff us iv it y ( m2/s ) a nd L is slab half thickness. Subscript

‘‘eq’’ denotes equilibrium and ‘‘o’’ indicates initial state.

Since the general solution of the diffusion equa-

tion is expressed as a series of exponential functions,

experimental data obtained from fluidized bed drying

can be correlated as an exponential function. Many

empirical exponential equations have been proposed.

Equat ion 8.12 is a simp le exponenti al equati on. It

assumes that the drying rate is proportional to the



difference between the average mois ture content and

the eq uilibrium mo isture content [29] :

X � Xeq

Xind � X eq
¼ e � kt (8 : 12)

where subscri pt ‘‘in d’’ denotes inductio n pe riod.

Equation 8.13 is a modified version of Equation

8.12 by Henders on and Pabi s [30] . This equ ation is

also an alogous to the theoret ical diffusion equ ation

solution for an infin ite slab [26,31]. Com paring Equa-

tion 8.13 and Equation 8.11, b ¼ Deff p
2/r 2sph [32]:

X � Xeq

Xind � X eq
¼ ae � bt (8 : 13)

Equation 8.12 tends to overpredi ct the early stage and

underp redict the late r stage of drying. Equation 8.14

is an empirical modificat ion of Equation 8.12 by

introd ucing an expo nent y [33]. It ha s been used

most commonl y because most exp erimental data can

be fitted very well with the follo wing equati on:

X � Xeq

Xind � Xeq

¼ e � xt y 

(8 : 14)

Equation 8.15 uses the first two term s from Fi ck’s

second law of diff usion. This eq uation has be en used

regardl ess of solids geomet ry [34] :

X � Xeq

Xind � Xeq

¼ a1 e 
� b 1 t þ a2 e 

b2 t (8 : 15)

It should be noted that drying constant s in the models

mentio ned ab ove are empirical and dep end on the

type of material s, ope rating co ndition s as wel l as

dryer dimens ions. If one of these models is used for

fluidized be d dryer design, experi mental invest igation

on drying kineti cs has to be condu cted to obt ain the

drying constant for the particu lar mate rial prior to

the dr yer design.

8.4.3 K INETIC MODEL

Chandr an et al. [35] developed a kin etic model for

fluidized be d drying of solid s. For a batch fluidized

bed kinetic model, it is assum ed that the drying pr o-

cess ha s bot h constant and falling rate pe riods. Dry-

ing rate in the falling rate period falls linearly wi th

decreas ing mois ture content . Feed conditio ns and

total contact area betwee n soli ds and hot a irstream

remain the same throughou t the whol e drying pr o-

cess. In the batch drying operation, there is little

interaction between the particles (wet and dry par-

ticles) in the system. Thus, data on drying kinetics is
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sufficient to estimate the residence time of solids in

order to achieve the desirable final moisture content.

Moisture content of solids in different drying periods

can be estimated from the following equations.

In the constant rate period,

X ¼ Xo � at (8:16)

In the falling rate period,

X ¼ Xeq þ (Xcr1 � Xeq)e
�a(t�tcr1)=(Xcr1�Xeq) (8:17)

where subscript ‘‘cr1’’ denotes the first critical point

that distinguishes constant and falling rate periods.

For a single-stage continuous fluidized bed kinetics

model, solids exit the fluidized bed system with a

distribution of moisture content due to the wide

residence time distribution. An average value of the

moisture content and residence time is used.

The average moisture content of solids in a con-

tinuous fluidized bed drying is given by

X

Xo

¼
ð

X

Xo

� �
b

E(u) du (8:18)

where (X/Xo)b is the moisture ratio in batch fluidized

bed dryer, E(u) is the residence time density for the

solids, and E(u) ¼ e�u. u ¼ t/tcr1 is dimensionless

time. Subscript ‘‘b’’ denotes batch process [36].

In the constant rate period,

X

Xo

¼ 1� a�tt

Xo

(8:19)

In the falling rate period,

X

Xo

¼ 1� a�tt

(btþ 1)Xo

(8:20)

For a continuous fluidized bed that exhibits both

constant and falling rate periods, the moisture content

is then given by the following equation:

X

Xo

¼ 1þ a�tt

Xo

b�tte� uc

b�ttþ 1
� 1

� �
(8:21)

where b ¼ a/(Xcr1 � Xeq), uc ¼ t/tcr1,X is the average

moisture content, �tt is the average residence time, and

a is the drying coefficient.

Once the average moisture content is known,

equations obtained from mass and energy balances

in the following models can be used to calculate the

humidity and temperature of the exhaust air as well as

the solids temperature. The simplest model is the



single-phase model that treats the fluidized bed as a

continuum. As the number of phases considered in

the model goes higher, the fluidized bed drying model

becomes more complex and involves more transport

properties. Complicated fluidized bed drying models

that account for many transport processes that occur

within and across the phases are beyond the scope of

this chapter.

8.4.4 SINGLE-PHASE MODEL

In a single-phase model, the fluidized bed is regarded

essentially as a continuum (Figure 8.4). Heat and

mass balances are applied over the fluidized bed. It

is assumed that particles in the bed are perfectly

mixed. Equation 8.22 and Equation 8.23 are the

equations of moisture balance and energy balance,

respectively [24].

Moisture Balance:

�Ms

dX

dt
¼ Gg(Yout � Yin) (8:22)

where Ms is the mass hold-up of dry solid in bed (kg),

X is the average moisture content (kg/kg), Gg is the

mass flow rate of dry air (kg/s), and Y is the air

humidity (kg(water vapor)/kg(dry air)).

Energy Balance:

Mscps

dT

dt
¼ Gg(cg þ Yincv)(Tin � Tout)

� Gg(Yout � Yin)l (8:23)
Inlet drying air
Yin, Tin, Gg

Outlet drying air
Yout, Tout

Solid particles
ms, Ts, cs

FIGURE 8.4 Schematic diagram of the single-phase model

of fluidized bed dryer.
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where cp is the heat capacity at constant pressure (kJ/

(kg K)) and l is the latent heat of vaporization

(kJ/kg). Subscript ‘‘s’’ denotes wet solid, ‘‘g’’ denotes

dry air, and ‘‘v’’ denotes water vapor. Equation 8.23

neglects sensible heat of the water in solids.

8.4.5 TWO-PHASE MODEL

A simple two-phase model of fluidized bed drying

treats the fluidized bed to be composed of a bubble

phase (dilute phase) and an emulsion phase (dense

phase). The bubble phase contains no particles or

the particles are widely dispersed. This model assumes

that all gas in excess of minimum fluidization velocity,

umf, flows through the bed as bubbles whereas the

emulsion phase stays stagnant at the minimum fluid-

ization conditions [37]. Figure 8.5 shows a schematic

diagram of the simple two-phase model.

Zahed et al. [38] have presented mass and energy

balance equations for the dense phase and the bubble

phase for fluidized bed drying. Mass balance of liquid

in the bubble phase gives the following equation:

rg«bb

dYbb

dt
þ rg

Vg�bb

Vbt
(Ybb � Yin)

¼
6Kcrg«bb

dbb

(Yd � Ybb) (8:24)

where subscript ‘‘bb’’ denotes bubble phase and ‘‘d’’

denotes dense phase. The rate of change of mass in

the bubble phase can be assumed to be negligible [38]

and Equation 8.24 can be rearranged to express hu-

midity in the bubble phase, Ybb in terms of humidity

in the dense phase, Yd. In the equation, Vg�bb/Vb is the

gas flow rate in bubble phase per unit volume of bed.
Dense phase
particulate solids

Dilute phase
bubbles

Gas crossflow

Gas flow

FIGURE 8.5 Schematic diagram of a two-phase model for

fluidized bed drying.



Kc is the mass transfer coeffici ent across the bubble

bounda ry.

M ass balance of liquid in the interstiti al gas in the

dense phase gives the followi ng equatio n:

6Kc r g «bb

dbb

( Ybb � Y d ) � r g

Vg �d
Vb t 

( Yd � Y in ) þ _mm

¼ rg «mf (1 � «bb )
DYd

dt 
(8 : 25)

Likew ise, the rate of change of mass in the interstiti al

gas can be assum ed to be negligible . In this equatio n,

_mm is the mass rate of evap oration of wat er per unit

volume of bed, which in turn can be obtaine d from

mass balance on de nse phase. Vg� d /V b is the gas flow

rate in dense phase per unit volume of bed.

M ass ba lance of liquid in the dense-phas e pa rticles

yields the followin g eq uation:

_mm ¼ �rp (1 � «mf )(1 � «bb )
dX

dt
(8 : 26)

The coupled mass and energy balance in dense pha se

that consis ts of parti cles and interstiti al gas pha ses is

given in the followin g eq uation:

rp (1 � «mf )(1 � «bb )(c ps � c plX )
dTp

d t

¼ rg

Vg �d
Vb t 

( c pg þ Y in c pv )( Tg �in � Tp ) � DH evap

� rg

Vg� d
Vb t 

( Yd � Yin ) �
6Kc r  g «bb

dbb

( Ybb � Y d )

� �

(8 : 27)

The above equa tion express es the change of parti cle

tempe rature in the dense phase in terms of average

moisture content , X , whi ch can be determ ined from

any one equ ation from Equation 8.8 through Equa-

tion 8.21 depen ding on the ope rating con ditions and

the drying model, humidi ty of dense and bubble

phases, Yd , Y bb, en thalpy of evaporat ion, DH evap ,

bubble diame ter, dbb , and mass transfer co efficien t

of bubble bounda ry. Solving Equat ion 8.27 yield s

the so lids temperatur e at diff erent drying times.

8.5 EFFECT OF OPERATING PARAMETERS
ON FLUIDIZED BED DRYING

8.5.1 E FFECT OF B ED HEIGHT

For mate rials wi th high mobil ity of inter nal mois ture

such a s iron ore, ion-ex chan ge resin s, silica gel, most

drying takes place close to the dist ributo r plate . Bed

height has no effect on its drying rate that increasing
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bed height beyond a particular value leads to no

differences in drying rates. For materials with main

resistance to drying within the material, e.g., grains,

drying rate decreases with increasing bed height.

8.5.2 EFFECT OF PARTICLE SIZE

For group B particles (sandlike particles, according

to Geldart Classification of Powdes), drying time that

is required to remove a given amount of moisture

increases as the square of the particle diameter pro-

vided that all other conditions remain unchanged.

However, this effect is much smaller for group A

(aertable particles, according to Geldart Classifica-

tion of Powdes) particles because these particles are

finer than group B and it exhibits smooth fluidization

before entering bubbling fluidization regime.

8.5.3 EFFECT OF GAS VELOCITY

Gas velocity has a dominant effect on removing sur-

face moisture. Increasing the gas velocity increases

the drying rate. However, gas velocity has no effect

at all for particles with high internal resistance to

moisture transfer. High internal moisture resistance

dominates at the end of the falling rate period.

8.5.4 EFFECT OF BED TEMPERATURE

Bed temperature is increased by high external heat

fluxes. This in turn leads to higher moisture diffusiv-

ities and hence higher drying rate. This effect is com-

plex and depends on the relative significance of

external and internal resistances to moisture transfer.
8.6 TYPES OF FLUIDIZED BED DRYERS:
CLASSIFICATION AND SELECTION

Various types of fluidized bed dryers have been studied,

developed, and operated in many industrial processes

according to the respective process, product, oper-

ational safety, and environmental requirements. It is

important to become familiar with the specific charac-

teristics of different fluidized bed types in order to make

a logical and cost-effective selection. It should be noted

that in many instances several different types may pro-

vide similar performance at the same cost.

Some novel fluidized bed dryers, which have not

found application in industrial drying, are used to

overcome disadvantages and difficulties that may

occur in conventional fluidized bed dryers. It should

be noted that not all modified fluidized bed dryers

are necessarily better than the conventional dryers

in terms of product quality, or energy efficiency, or

drying performance.



TABLE 8.3
Classification of Fluidized Bed Dryers

Criterion Type of Dryer Subclassification

Processing mode/feed

and discharge

. Batch FBDs (well-mixed)

. Semicontinuous FBDs

. Continuous . Well-mixed FBDs
. Plug flow FBDs or
. Single stage
. Multistage FBDs
. Hybrid/combined FBDs

Particulate flow regime . Well-mixed FBDs
. Plug flow FBDs
. Circulating FBDs
. Hybrid . Multistage FBDs (well-mixed—plug flow)

. Hybrid/combined FBDs

Operating pressure . Low (for heat-sensitive products,

low pressure strategy)
. Near atmospheric (most common)
. High (5 bars, superheated steam FBDs)

Fluidization gas flow . Continuous
. Pulsed FBDs

Fluidizing gas temperature . Constant
. Time-dependent . Step down

. Step up

. Periodic (zigzag)

. Combined

Heat supply . Convective
. Convective/conduction (immersed FBDs)

or

. Continuous

. Intermittent (multiple variable strategy)

Fluidization action . By gas flow (pneumatic) . Ordinary FBDs
. Circulating FBDs

. By jet flow . Spouted FBDs
. Recirculating FBDs
. Jetting FBDs

. With mechanical assistance . Vibration (vibrated FBDs)

. With external field . Agitation (agitated FBDs)
. Rotation (centrifugal FBDs)
. Microwave–radio frequency field (MW–RF FBDs)
. Acoustic field
. Magnetic field

Fluidized material . Particulate solid (most common) . Group A and B (most common, conventional FBDs)
. Group C (vibrated FBDs, agitated FBDs)
. Group D (vibrated FBDs, baffled FBDs, spouted FBDs)

. Paste/slurry . Spray onto a bed of inert particles (inert solids FBDs)
. Spray onto absorbent particles (silica gel, biomass)
. Spouted FBDs

Fluidizing medium . Heated air/flue gases/direct combustion gas
. Superheated steam/vapor
. Dehumidified cool air (heat pump FBDs)
. Air below freezing point of liquid being

removed (fluidized bed freeze dryers)
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Rotation Wet solids
Tabl e 8.3 class ifies the divers e varia nts of fluid ized

bed dryers according to various criteria.

Exhaust
air

Dry solids

Heated air

FIGURE 8.7 Semicontinuous fluidized bed dryer.

Exhaust air
8.7 CONVENTIONAL FLUIDIZED
BED DRYERS

8.7.1 BATCH FLUIDIZED BED DRYERS

A batch fluidized bed dryer is used when production

capacity required is small (normally 50 to 1000 kg/h)

or several products are to be produced in the same

production line. It is preferable to operate batchwise

if upstream and downstream processes are operated

in batch mode, or several processes are to be carried

out in sequence (e.g., mixing, drying, granulation/

coating, cooling) in the same processing unit.

Drying air temperature and flow rate are normally

fixed at a constant value. However, by adjusting the

airflow rate and its temperature, it is possible to save

energy and reduce attrition. Mechanical assistance

such as agitation or vibration is normally applied

for processing materials that are difficult-to-fluidize.

Figure 8.6 shows a typical batch fluidized bed dryer

with expanded freeboard and built-in internal bag fil-

ters. Expanded freeboard is used to reduce elutriation

of fine particles.

8.7.2 SEMICONTINUOUS FLUIDIZED BED DRYERS

In semicontinuous fluidized bed drying system, the

drying chamber consists of a series of subprocessors.

The wet product is accurately dosed and charged into

the batches. The product is either transported batch-

wise from one processor to another processor or the

batches (the processors with the batches of product)

rotates along the process line [39]. This gives uninter-

rupted continuous operation over a long period.

Figure 8.7 shows a schematic diagram of a semicon-
Bag
filters

Fluidized
bed

FIGURE 8.6 Batch fluidized bed dryer.
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tinuous fluidized bed dryer where the batches are

rotated. In addition, gas temperature and velocity at

different batches can be varied.

8.7.3 WELL-MIXED, CONTINUOUS FLUIDIZED

BED DRYERS

The well-mixed continuous fluidized bed dryer

(Figure 8.8) is one of the most common fluidized

bed dryers used in the industry. As the bed of particles

is perfectly mixed, the bed temperature is uniform and

is equal to the product and exhaust gas temperatures.

However, particle residence time distribution is neces-

sarily wide, thus resulting in wide range of product

moisture content. On the other hand, as the feed

material is continuously charged into the fluidized

bed of relatively dry particles, this gives the added

advantage of enhanced fluidizability and better fluid-

ization quality. In some cases, a series of well-mixed

continuous dryers may be used with variable operat-

ing parameters. In addition, a well-mixed continuous
lot air or
flue gasDry solids

Wet solids

FIGURE 8.8 Well-mixed fluidized bed dryers.



fluidized bed dryer can be incorpora ted with othe r

types of dryers su ch as plug flow fluidized be d dryers

to give bette r drying perfor mance.

8.7.4 P LUG FLOW F LUIDIZED BED DRYERS

In plug flow fluidized be d dryers , verti cal ba ffles are

inserted to create a narrow pa rticle flow path, thu s

giving relative ly narrow parti cle residen ce time distri-

bution. Particles flow co ntinuous ly a s a plug from the

inlet toward the outlet through the path. This en sures

nearly equ al residen ce time for all particles irre s-

pective of their size and ensures unifor m produ ct

moisture content . Various paths can be de signed such

as straight or spiral paths. Length-to -width ratio is

normal ly in the range of 5:1 to 30:1. Figu re 8.9

shows a plug flow fluidized be d dr yer of stra ight and

reverse paths.

Opera tional problem s might occu r at the feed inlet

because wet feedsto ck must be fluidized direct ly ra-

ther than when mixe d with drier mate rial as in the

case of a well-mixe d unit. To ov ercome the pr oblem of

fluidiza bility at the feed inlet , the inlet region may be

agitated with an agitator, or by applying backmixing of

solids, or by using a flash dryer to remove the surface

moisture prior to plug flow fluidized bed drying.
8.8 MODIFIED FLUIDIZED BED DRYERS

Various types of modified fluidized bed dryers have

been developed an d ap plied in many indust rial pr o-

cesses. M odified fluidized bed dryers are app lied to

overcome some of the prob lems and disadva ntages

encoun tered in conven tional fluidized beds.

8.8.1 MULTISTAGE AND MULTIPROCESS FLUIDIZED

B ED DRYERS

As fluidized beds offer many dist inct features and

advantag es for process ing of parti culate mate rials,
(a)

Exhaust gas Wet solid

Hot air

Perforated
distributor

Dry solid

Ex

D

FIGURE 8.9 Plug flow fluidized bed dryers. (a) Straight path; (

� 2006 by Taylor & Francis Group, LLC.
two or more process es can be carri ed out a nd accom-

plished in a fluid ized bed column. Thi s can be

achieve d by sim ply ch anging the operati ng co ndition s

of fluidized bed to mix, dry, gran ulate, or coat [40] , or

cool in a singl e unit without dischar ging the material

from the unit.

In a fluidized bed spray dryer, spray drying is

carried out in the upper part of the ch amber fol-

lowed by fluidized bed drying or agglom erati on (Fig-

ure 8.10a). The large -scale fluidized bed coal dryer is

also a particle class ifier (Figure 8.10b). Dryi ng and

classificat ion (separati on of fine s) are ca rried out in

the same fluid ized bed. By chan ging the fluidizi ng g as

velocity, cut size (part icle size that separat es fine and

coarse particles ) can be adjust ed in the class ification

process . Anothe r examp le is upper stage of fluidized

bed drying that can be follo wed by a low er stage

of fluidized bed cooling (Figure 8.11a). A fluidized

bed dryer or cooler consists of first-stage fluidized bed

dryer followed by second-stage fluidized bed cooling

(Figure 8.11b).

In add ition, diff erent types of fluidized bed sys-

tems can be incorpo rated in a process ing uni t as well.

For inst ance, first-st age well- mixed fluidized bed pre-

drying can be incorpora ted with second-s tage plug

flow fluidized be d drying (Figur e 8.11a) . By inco rpor-

ating different process es an d co mbinin g diffe rent

types of fluid ized beds, sp ace requir ement , install a-

tion costs, an d energy co nsumpt ion can be reduced

appreci ably.

8.8.2 HYBRID F LUIDIZED BED DRYERS

Hybrid fluidized bed dryers are useful for through

drying of solids that con tain surface and intern al

moistures . Surface mois ture can be remove d in the

first-st age drying using a flash or cyclone dryers . Se c-

ond-stage drying is then carried out in fluidized

bed dryers in which residence time can be easily

control led. Figure 8.12 sh ows an exampl e of hyb rid
(b)

Perforated
distributor

haust gas Wet solid

Hot air

ry solid

Partition plate/ 
internal baffle

b) reversing path.
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Exhaust gas

Liquid

Hot gas

Dry solids

Solids
inlet

Exhaust gas

Fluidized bed
coal dryer

Solids outlet

Heated air

FIGURE 8.10 (a) Spray fluidized bed dryer; (b) fluidized bed coal dryer and classifier.
cyclone fluidized bed dryer [39]. Wet solids are first

charged into the cyclone dryer by exiting flui dizing

gas from fluidized bed dryer. Surface mois ture

content of soli ds is quickly remove d with the gas

in the c yclone dryer. Solids and gas are separat ed in

the cyclone. Par tially dried soli ds are then pne uma-

tically co nveyed into the fluidized bed for second -

stage drying. Othe r types of hybrid fluidized bed

dryers include flash-flui dized bed dryer, filter-flu idized

bed dryer [41] .

A mult istage spray fluidized bed dryer con sists of

a spray chamb er followe d by first- stage fluidized bed

drying a nd second-s tage fluidized bed coo ling (Fig-

ure 8.13). When soli d powder s a re form ed in the sp ray

dryer, these powder s still con tain some intern al mois -

ture. It is costl y to use a spray dryer to remove all of

the inter nal mois ture. Instead, using a second-s tage

fluidized bed dryer is mo re co st-effecti ve. Lisbo a et al.

[42] applie d fluidiza tion techniq ue in a con ventio nal

rotary. The dryer is known as roto- fluidized dryer.
(a)

Product Heated air

Lower
stage

Upper
stage

Inlet solids

Wet solid

Exhaust air

FIGURE 8.11 Two-stage fluidized bed dryers. (a) Upper stage

fluidized bed; (b) first-stage dryer followed second-stage cooler.
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It was foun d that the roto- fluidized dryer perfor ms

better than the co nventi onal rotar y dryer.

8.8.3 P ULSATING F LUIDIZED BED DRYE RS

Pulsating fluidized bed dryers are used to overcome the

problems of restricted particle size and size distribu-

tion, as well as aggregative fluidization and channeling

that occur in a conventional fluidized bed dryer when

processing certain types of powders. By pulsating the

fluidizing gas stream, the fluidized bed either the whole

bed or part of the bed is subjected to variable fluidizing

gas velocity (Figure 8.14) [43–46]. This contributes to

effective energy costs saving and enhanced drying per-

formance without affecting the fluidization quality and

process performance or added extra capital costs. For

larger particles (group D particles), intermittent spout-

ing of the bed with a rotating spouting jet has been

shown to reduce energy consumption with only a mar-

ginal increase in drying time for batch drying.
(b)

Hot air

s
Exhaust air

Cooling air Cooling air

Exhaust air

well-mixed fluidized bed followed by lower stage plug flow
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FIGURE 8.12 Hybrid cyclone fluidized bed dryer.
8.8.4 F LUIDIZED BED DRYERS WITH IMMERSED

HEAT EXCHANGERS

Fluidi zed beds equipped with inter nal heater s or im-

mersed tubes transfer he at indire ctly to the drying

material . Hori zontal tube bundl es (Figur e 8.15) are

used extens ively compared to vertical type. Tube

pitch is an important design parame ter. Fluidizing

gas stream fluidizes the material and carries over the

evaporat ed moisture. As a resul t, total sensible he at

of gas and thus qua ntity of ga s require d are redu ced.

Immersed tubes or intern ally heated fluidized bed

dryers are use d to dr y smaller size or fine powder s.

This is because he at trans fer coefficie nt decreas es wi th

increa sing pa rticle size. Inste ad of tubes, verti cal

plates are also used as immersed heater s.

Heat transfer is highly dep endent on the parti cle

heat capacity an d mixing. Vigorous bubbl e action

gives bette r pa rticle circul ation an d mixi ng, an d thu s
Feed

Liquid

Heated air
Aglomeration
chamber

Vibro-fluidi

CooHeated air

Recycled fine, crushed coarse

FIGURE 8.13 Multistage fluidized bed spray dryer.
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increa ses the co ntacting efficien cy betw een the bed

and the he at trans fer surface. However, heat trans fer

coeffici ent reaches a maxi mum value. Bey ond this

point, increa sing superfici al gas veloci ty will hind er

heat transfer betw een the bed and the heati ng surfa ce.

This is be cause of increa sing prepon derance of bubble

(not pa rticles ) at the heatin g surface, which de crease s

particle- to-wal l heat transfer.

8.8.5 MECHANICALLY ASSISTED FLUIDIZED

B ED DRYERS

Fluidi zation quality of fine and large pa rticles can be

enhance d by the assistanc e of extern al means such as

vibration or agitati on. Mo reover, these pa rticles can

be imm ersed in a bed of fluidiza ble inert pa rticles to

impro ve their fluidiza tion qua lity [47] .

8.8.6 V IBRATED FLUIDIZED B ED DRYERS

Vibratio n co mbined wi th upwar d flow of air in an

aerated bed enables particles to pseudofl uidize

smoot hly. The gas velocity requ ired for minimum

fluidiza tion is consider ably lower than the mini -

mum fluidiza tion veloci ty in conventi onal fluidized

bed dryer. Attri tion due to vigorou s acti ons between

particle–pa rti cle and pa rticle–wal l is thus mini mized

appreci ably. Hence, application of fluid ized bed can

be extende d to fragile, abrasi ve, and heat-sensi tive

material s. The problem of fine particle entrain ment

is also avoided. For pol ydisperse powder s, low g as

velocity fluid izes the fine particles gentl y wherea s

vibration keeps the coarse parti cles in a mobil e stat e.

Vi brating fluidized beds are gen erally plug flow

type (Figur e 8.16). Vi brating fluidized beds are rela-

tively shallow as the effect of vibration imparted by

the vibrating grid decays with distance from the grid.
Exhaust gas Exhaust gas

zer

Cyclone
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FIGURE 8.14 Pulsating fluidized bed. Parts of the bed are fluidized periodically.
There are some acoustic noise issue s associ ated wi th

such devices . Thes e units can ope rate in batch as well

as co ntinuous modes.

8.8.7 A GITATED FLUIDIZED B ED DRYERS /SWIRL

F LUIDIZERS

Anothe r way to impr ove fluidiza tion quality of fine

particles is to impar t mechani cal agit ation to the bed

(Figur e 8.17) . By agit ation, a hom ogeneou s fluidized
Exhaust gas

Solids
inlet

Solids flow

Gas flow

Immersed tube

Hot gas
Solids out

Heating
fluid

FIGURE 8.15 Immersed tubes fluidized bed dryer.
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bed is form ed withou t chan neling or form ation of

large bubbles. Mo reover, agitated fluid ized bed dryers

are useful for drying pastes or cakes con sisting of fine

particles [48] . In this case, agit ation helps to disi nte-

grate an d disperse the pasty feed. The agitator serves

as a mixer in the dryer [49]. Moreover, deeper bed

depth is possibl e if the bed is ag itated wher eas its

fluidiza tion qua lity is maintained.

8.8.8 F LUIDIZED BED DRYERS OF INERT P ARTICLES

In recent years, the app lication of fluidized bed drying

has be en extended to drying of fine powder s, pastes ,

slurries, suspen sions, pulp, an d enzymes -containing

aqueou s med ium [50–55 ]. Thi s is accompl ished by

using inert pa rticles of high he at capacit y (Figur e

8.18) [56] . Inert pa rticles must be able to fluidize

well in a fluidized bed . By mixi ng the inert pa rticles

whose fluidiza tion qua lity is gen erally good wi th the

material s men tioned ab ove, the fluid ization qua lity of

the mate rials is impr oved ap preciab ly [57,58]. In ad d-

ition, the inert particles with high heat ca pacity serve

as energy carriers that enhance he at trans fer [59,60].

Drying on inert particles can be performed in a var-

iety of fluidized be ds namel y ordinar y fluidized bed ,

spouted bed, spouted fluidized bed , jetting- spouted

bed, as well as v ibrated fluidized bed [61].

The liquid to be dried is sprayed into the fluidized

bed; it coats the inert particle surfaces. The coated

layer dries as a result of combined convective heat

transfer from hot air and contact heat transfer due to

sensible heat of the particles. When the thin layer is
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FIGURE 8.16 Vibrating fluidized bed.
dry, it becomes brittle , cracks, and is pe eled off

due to attrit ion by particle–pa rticle an d parti cle–wal l

collisions . As a resul t, a fine powder is formed and is

carried over by the exh aust gas to be collected

and separat ed in suitable gas-c leaning de vices such

as cyc lones or bag filters.

8.8.9 S POUTED B ED DRYERS

Spouted be d dryers are useful for drying of large

(Geldart ’s group D) pa rticles ( >5 mm), which exhibi t

sluggin g unde r nor mal fluidiza tion. In a spo uted be d,

a high gas veloci ty jet of gas pe netrates throu gh an

opening at the bottom of the bed of parti cles and
Exhaust
air

Solids inlet

Rotation

Agitator

Heated air

Product

FIGURE 8.17 An agitated fluidized bed dryer.
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transp orts the parti cles to the bed surfa ce. Ener getic

spouti ng at the be d surfa ce thrust s the parti cles

into the freeboa rd region at the center of the bed

(Figur e 8.19) . After losi ng their momen tum, these

particles fall back onto the bed surfa ce. Thr ough

this fountain-l ike acti on, good solid mixin g is in-

duced. A cyc lical flow of particles is thus created .

Details of spou ted bed dr ying are discus sed elsewh ere

in this handbo ok.

The spout bed has be en applie d to drying, gran u-

lation, co ating as well as to dr ying of pastes , solu-

tions, slurr ies, and su spensio ns. M ujumdar [62] ha s

classified spouted beds into at least 30 different vari-

ants, each with a specific set of advantages and limi-

tations. Periodically spouted beds, multiple spouted
Exhaust gas

Liquid

Fluidizing gas

FIGURE 8.18 Inert solids fluidized bed.
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FIGURE 8.19 Spouted bed dryers.
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FIGURE 8.20 Recirculating fluidized bed dryer.
beds, two -dimensiona l sp outed be ds, and oscillat ing

spouted be ds are some of the ideas introd uced by

Mujumdar in 1985, which have been examin ed in

the lite rature in recent years.

8.8.10 RECIRCULATING FLUIDIZED B ED DRYERS

Insertion of a tubular draft tube into an ordinar y

spouted fluidized bed changes its ope ration al and

design characteris tics. This type of fluidized bed is

known as recircu lating fluidized bed (or inter nally

circulati ng fluid ized bed, see Figure 8.20) . Unlike

spouted beds, recir culating fluidized beds do not

have limitation of maxi mum spoutabl e be d height

and minimum spouti ng veloci ty. As spouti ng gas

stream passes throu gh the draft tub e, it is co nfined

within the tube and does not leak out horizont ally

toward the downcom er. After passin g throug h the

draft tube, particles foll ow a certa in flow patte rn in

the be d and flow down ward in downcom er region.

Sinc e there is more flexibility in ope rating recir cu-

lating fluidized bed , it is applic able to ha ndle all
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groups of powder s and particles . Its a pplication in

drying has been repo rted in co ating of table ts in

pharmac eutic al indust ries, and in drying of dilute

solutions co ntaining soli ds. How ever, it is not a

common dryer type now.

8.8.11 JETTING FLUIDIZED B ED DRYERS

In an ord inary flui dized bed, inlet gas is passed

through noz zles, which are perfora ted e venly across

the distribut or plate . Jett ing regions appea r above

every nozzle. In a spouted bed , inlet gas stre am is

suppli ed through a cen trally located jet, spout in di-

lute pha se is thus created, and pe netrates the center

region of the spo uted bed (Figur e 8.19). How ever, if a

fairly large jet replaces the co nical centra lly located jet

in a spou t bed , a jetting fluidized bed is form ed. One

distinct ive featu re of jetting flui dized bed is that

bubbles are formed inst ead of dilut e pha se spout

(Figur e 8.21). Small-s cale jetting fluidized beds have

been applie d in co ating and granula tion process es.

8.8.12 FLUIDIZED B ED DRYERS WITH

INTERNAL BAFFLES

Internal baffles can be inserted into a fluidized bed to

divide the bed into several compartments. Various

types of baffles can be used, e.g., wire mesh, perfor-

ated plate, turn plate, louver plate, and ring [63]. In
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FIGURE 8.21 Jetting fluidized bed dryer.
additio n, the internals can be placed horizont ally or

vertical ly (Figur e 8.22) . Horizo ntal ba ffles are fre-

quently used. The object ive of inserting baffles (hori -

zontal and vertical ) is to limit bubbl e grow th and

coales cence [64,65]. Hen ce, the baffled fluidized bed

is useful to proce ss group B an d D particles becau se

large bubbl es a re form ed with such partic les. The

effect of baffles on the ga s and so lids flow is v ery

complex and is de pendent on bed diame ter, distance

between baffles, baffle opening and operati ng co ndi-

tions. The optim um co ndition s for operatin g an
(a)

Solids

Gas in

Gas distributor

Horizontal
baffles

Bubbles

FIGURE 8.22 (a) Horizontal baffled fluidized bed dryer; (b) ver
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efficien t baffled fluidized bed dryer can only be deter-

mined by carryin g out pilot test ing.

8.8.13 SUPERHEATED S TEAM F LUIDIZED BED DRYERS

Superhe ated steam as the fluidizin g medium offers a

number of advan tages, e.g. , no fire or explosi on ha z-

ards, no oxidat ive damage, bette r operatio n perfor m-

ance (highe r drying rate) and prod uct qua lity,

environm ental friend liness, high en ergy consu mption

efficien cy, suitabil ity for drying of prod ucts contai n-

ing toxic or expensi ve or ganic liqui ds, abili ty to per-

mit pa steurizat ion, sterilizati on, and deod orization of

food products [66,67]. Details are available elsewhere

in this handbook.

The application of superheated steam fluidized

bed dryer has been reported for drying of paper and

pulp, wood- based biofuels (F igure 8.23), sugar be et

pulp, and paddy [65,66]. Superheated steam fluidized

bed drying of foodstuff, coal, bagasse, sludges, spent

grains from breweries, lumber, tortilla, vegetables,

herbs, and spice is also possible [67,70].

8.8.14 FLUIDIZED BED FREEZE DRYER

Freeze-drying is one of the low-temperature drying

techniques suitable for drying of highly heat-sensitive

materials such as drugs, pharmaceutical, biological,

and food products. Freeze-drying removes mois-

ture captured inside the solids by sublimation of

moisture from solid state (ice) to vapor state.

Ordinary freeze-drying is carried out in vacuum.

Over the years, new developments showed that freeze-

drying can be carried out at atmospheric pressure

and as well as in a fluidized bed (e.g., Refs. [71–73]).

Here the drying rate is very slow. Wolff and Gibert

[74] showed that fluidized bed freeze-drying at
(b)

Solids out

Gas
in

 in

tical baffled fluidized bed dryer.
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FIGURE 8.23 Pressurized superheated steam fluidized bed

dryer.
atmosp heric pre ssure wi th the use of adsorben ts can

increa se the drying rate ap preciab ly (abo ut seven fold

compared to that without ad sorbent ). In this case,

adsorbent particles play a dua l role as transfer ag ent

for both heat and mass trans fers. But there is diffi-

culty in separat ing adso rbent pa rticles and frozen

dried pr oducts at the en d of the process . It is thu s

suggest ed to use parti cles that are edible or compat -

ible with human consumpt ion su ch as starch. Fluid-

ized be d freeze-dryi ng assisted by adsorbent involv es

three stage s, namel y freez ing of pr oduct, subli ma-

tion of free-fr ozen water, and secondary dehy dration

by desorpt ion.

W olff and Giber t [75] suggested that fluidized bed

freeze-dryi ng sho uld be carried out at higher tempe ra-

ture, but low er than the freez ing point. They sho wed

that fluidized bed freez e-dryin g wi th ab sorbent co n-

tributes to about 35% saving in heat requir ement ,

respect ively, althoug h much longer drying tim e is

needed as compared to vacuum freeze-dryi ng.

8.8.15 HEAT P UMP F LUIDIZED B ED DRYER

An ord inary fluidized bed drying system consis ts of a

blower, heater , de humidifi er (opti onal), fluidized be d-

chamber, and cyclone, whereas an ord inary he at

pump drying system consists of evapo rator, compres -

sor, conden ser, and an exp ansion valve. By combin-

ing fluid ized bed and heat pump drying syst ems,

where the evaporat or acts as a de humidi fier an d the

conden ser as a heater , a hea t pum p fluid ized bed

dryer is formed .

The worki ng fluid (refrigerant) at low pr essure is

vaporiz ed in the evaporat or by heat draw n from the

exhaust humid air. At the same time, cond ensation of

moisture oc curs as the exhaust air temperatur e go es

below dew poi nt tempe rature . Thus, the proce ss air

is deh umidifi ed. The working fluid then goes to
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compres sor. The co mpresso r raises the enthal py of

the workin g fluid an d dischar ges it as superheat ed

vapor at high pressur e. Heat is remove d from the

working fluid and retur ned to the process air, which

has been dehumidified previously at the condenser.

As a result, the process air temperature increases. The

working fluid is then throttled using an expansion

valve to the low-pressure line and enters the evapor-

ator to complete the cycle, whereas the dehumidified

and heated process air is charged into the fluidized

bed drying chamber to remove moisture of solids.

Details on heat pump drying are available elsewhere

in this handbook.

Figu re 8.24 shows a typical he at pum p fluidized

bed dryer. The fluidized bed drying chamber receives

wet solids and discharges dried product whereas de-

humidified and heated air is charged into the chamber

from the bottom of the chamber. The drying tempera-

ture can be adjusted by monitoring the capacity of

condenser, whereas the desired humidity of inlet air

can be obtained by controlling the motor frequency

of compressor.

The advantages offered by heat pump fluidized

bed dryer are: low energy consumption due to high

specific moisture extraction rate (SMER), high coef-

ficient of performance (COP), wide range of drying

temperature (�20 to 1108C), environmental friendli-

ness, and high product quality. Thus this type of

dryer is suitable for heat-sensitive products such as

food and products of bio-origin.

As chloroflurocarbons (CFC) and hydrochloro-

flurocarbons (HCFC) are to be phased out very soon,

working fluids such as carbon dioxide, ammonia,

R717, and R744 can be used as substitutes [76].

Many products have been tested at the Norwegian

Institute of Technology, such as food products, fish,

fruits, and vegetables [77,78].

8.9 DESIGN PROCEDURE

Design procedures for batch and continuous dryers in

constant and falling rate periods vary widely. The

discussion here is restricted to particulate solids drying.

8.9.1 DESIGN EQUATIONS

8.9.1.1 Residence Time

If the particles are small, very porous, and sufficiently

wet to contain free moisture, the drying rate remains

constant throughout the drying process. On the other

hand, if the solid particles initially contain surface

moisture, falling rate period will occur after a short

period of constant rate period. In this case, the design

calculation should include two steps: one for the
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FIGURE 8.24 Heat pump fluidized bed dryer.
constant rate and the other for the falling rate. Table

8.4 sho ws the equ ations for calculati ng residence time

at different operating conditions.

8.9.1.2 Sizing of Bed

Sizing of bed is based on simple hold-up mass bal-

ance. Cross-sectional area of the fluidized bed can be

determined from the following equation after solids

flow rate (dry basis), Fs, bed density, rb, and bed

height, Hb, are specified, and particle residence time,

tR, is determined:

A ¼ FstR

rbHb

(8:28)

8.9.1.3 Gas Flow Rate

Gas flow rate (dry basis) is calculated from the fol-

lowing equation. The operating gas velocity, ug, is

specified as a multiple of the minimum fluidization

velocity, normally it is 2–3umf for fluidized bed

drying. Anyway, the suitable operating gas velo-

city can be determined from laboratory-scale fluidized

bed testing as long as the gas velocity yields good

fluidization quality during the operation:

Gg ¼ rgugA (8:29)

where rg is the density of gas.
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8.9.1.4 Mass Balance, Continuous

Drying, Well-Mixed Bed

Fs(Xin � Xout) ¼ Gg(Yout � Yin) (8:30)

In this equation, Fs is the solids flow rate (kg/s), X is

the moisture content (kg/kg), Gg is the gas flow rate

(kg/s), and Y is the absolute humidity (kg/kg).

8.9.1.5 Heat Balance, Continuous

Drying, Well-Mixed

Heat balance for the single-phase model gives the

following energy balance:

FsHs�in þ GgHg�in þQh ¼ FsHs�out þ GgHg�out þQw

(8:31)

In this equation, Qh is the rate of heat input from

immersed tubes (kJ/s), Qw is the rate of heat loss from

wall (kJ/s), and H is the enthalpy (kJ/kg). Enthalpy of

solids at the inlet and outlet can be obtained from

Equation 8.32 and Equation 8.33, respectively:

Hs�in ¼ (cps þ Xincl)Ts�in (8:32)

Hs�out ¼ (cps þ Xoutcl)Ts�out (8:33)



TABLE 8.4
Equations to Determine Residence Time Required for Drying

Remarks Drying Time Required

Batch Drying

1. Constant rate period Only surface moisture present tR ¼
(Xo � X )Msl

Ggcpg(Tin � Tout)

2. Falling rate period (i) From diffusion model
X � Xeq

Xo � Xeq

¼ 6

p2

X1
n¼1

1

n2
e[�(np)2Dt=R2]

tR is obtained by trial and error

(ii) Simplified equation tR ¼
Mscps

Ggcpg

ln
Tp � Tin

Tpo � Tin

� �

(iii) Empirical formulation tR ¼ 1
k

ln
Xcr1 � Xeq

X ��Xeq

� �

Continuous drying

(a) Well-mixed Design curve:X ¼
Ð1
0

X (t)E(t)dt [79]

1. Constant rate period Only surface moisture tR ¼
Xo � X

k

2. Falling rate period tR ¼
1

k

Xin � Xeq

Xout � Xeq

� 1

� �
[80]

3. Batch drying curve (1) Obtain a record of the changing bed temperature Tb during constant inlet air temperature run

(2) Divide the constant inlet air temperature batch drying curve X(t) into increments of length, DX. For each

increment note the time DtT1
required to accomplish that amount of drying at constant bed

temperature of T1

(3) Calculate the time DtT2
required to accomplish the same increment of drying at constant bed temperature,

T2 by the use of the following equation:

DtT1

DtT2

¼
[(psat � pin)(X � Xe)]T1

[(psat � pin)(X � Xe)]T2

[81,82]

(4) Build up the constant bed temperature batch drying curve by increments

(5) Obtain drying equation for each curve

(6) Obtain residence time from design curve

tR ¼
SA

f *Gb

Xin � Xout

Xout � Xeq

� �
[83,84]

where S is the bed loading, A is the bed area, f* is ratio of bed loading (S) and flux of gas flow rate (G/A)

at constant be temperature, T1

(b) Plug flow

1. Batch drying curve Residence time distribution function is E(t) ¼ 1

2
ffiffiffiffiffiffiffi
pB
p exp � (1� t=tm)2

4B

" #

where

B ¼ Dtm

L2
and D ¼ 3:71� 10�4(u� umf )

u
1=3
mf

[82];

D ¼ 1:49[0:01(Hb � 0:05)þ 0:00165rs(u� umf )]u
0:23

u
2=3
mf

[83]

Note that validity of Reay’s correlation for particle diffusivity has only been confirmed for bed depths up

to 0.10m. There is some evidence in the literature that D may be an order of magnitude larger in much

deeper beds [50]. Shallow bed is recommended if the objective is a close approach to plug flow behavior

of solid particles in the bed
For a gas–vapo r system, Hg� in and Hg�out can be

obtained from Mollier di agram and f or organic vapor–

inert gas systems, Hg� in an d H g�out can be obtaine d

from the followi ng eq uations :

Hg �in ¼ (c pg þ Yin c 1 )T g� in þ Yin l (8 : 34)
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Hg� out ¼ ( c pg þ Yout c 1 )T g� out þ Yout l (8 : 35)

A summ ary of steps for fluidized bed dryer de sign is

given in Figure 8.25, wher eas a sim ple g uide for

selecting suit able fluidized bed dryers (FBD) based

on mate rial propert ies is given in Fig ure 8.26.
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FIGURE 8.25 Design steps starting from laboratory tests.
8.9.2 A SAMPLE DESIGN C ALCULATION

Wet particu late solid s (6000 kg/h) with an initial

moisture con tent of 20% (db) at 20 8 C are to be dr ied

to fina l mois ture co ntent of 4% (db). Inlet air at

125 8 C with humidi ty of 0.005 kg/kg is used. Bed

depth is 20 cm.

Un der these conditi ons, bed de nsity is 500 kg/m 3

and equili brium mois ture co ntent is zero . Specific

heat of the dry soli ds and liquid water are 1.0 and

4.2 kJ/kg 8 C, respect ively. Figu re 8.27 gives the sum-

mary of all available data on this problem . Heat loss

at the wal l of the dryer is estimat ed as 5% of the heat

content of inlet air. Batch drying curve was obtaine d

at the co nditions mention ed abo ve; the relation ship
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between dr ying rate and mois ture content is given by

the foll owing equ ation:

� dX

dt
¼ 0: 005 X

Calculat e

(a) Mean pa rticle resi dence time

(b) Bed area

(c) Mass flow rate of air

(d) Absol ute humidity of e xhaust air

(e) Temp erature of exhaust air

(f) Check wheth er co ndensati on will occ ur in

cyclone



WM-FBD Well-mixed FBD SBD Spouted bed P-FBD Pulsating FBD H-FBD Hybrid FBD

PF-FBD Plug flow FBD M-FBD Multistage FBD IT-FBD Immersed tubes FBD IS-FBD Inert Solids FBD

V-FBD Vibrated FBD A-FBD Agitated FBD B-FBD Baffled FBD SD Spray drying 

Group A, B
good fluidizability particles

Group C, D
poor fluidizability particles

Crystalline
surface moisture

Fragile Colloidal/porous
surface + internal moisture

Surface + internal
moisture

Heat-sensitive Heat-resistant Heat-sensitive Heat-resistant
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Poly
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Liquids; pastes

LiquidsGroup C
fine particles
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large particles
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slurries

Surface
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FIGURE 8.26 Dryer selection.
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Dry solids
X = 0.04 kg/kg

Bed
Hb = 20 cm
rb = 500 kg/m3

tR = ???
A = ???
Tb = ???

Wet solids
Fs = 6000 kg/h
Ts,in = 208C
Xo = 0.20 kg/kg
rs = 2000 kg/m3

cps = 0.84 kJ/kgK

Hot air
ug = 0.70 m/s
Yg,in = 0.005 kg/kg
rg = 1 kg/m3

cpg = 1.00 kJ/kgK
Tg,in = 125 8C

Gg = ???

Exhaust air

Wet solid

Hot air or
flue gasDry solid

FIGURE 8.27 Sample calculation.
Solution

For continuous, well-mixed dryer operation in the

linear falling period, the residence time is given by

tR ¼
1

k

Xo � Xeq

X � Xeq

� 1

 !

tR ¼
1

0:005

0:20� 0

0:04� 0
� 1

� �

tR ¼ 800 s

Dry solid mass flow rate is calculated from wet solid

mass flow rate, wet solid has initial moisture content

of 20%,

F ¼ 6000
kg wet solid

h
� 1 kg dry solid

1:20 kg wet solid
� 1 h

3600 s

F ¼ 1:389 kg dry solid=s

Bed area is given by

A ¼ FstR

rbHb

A ¼ 1:389� 800

500� 0:20

A ¼ 11:11 m2

Mass flow rate of air is calculated from the equation

Gg ¼ rgugA
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Gg ¼ 1:0� 0:70� 11:11

Gg ¼ 7:777 kg=s

Outlet air humidity can be obtained from the equation

Fs(Xin � Xout) ¼ Gg(Yout � Yin)

Yout ¼
Fs

Gg

(Xin � Xout)þ Yin

Yout ¼
1:389

7:777
(0:20� 0:04)þ 0:005

Yout ¼ 0:0336 kg H2O=kg dry air

Outlet air temperature can be obtained from the

equation

FsHs�in þ GgHg�in þQh ¼ FsHs�out þ GgHg�out þQw

Qh ¼ 0 since there is no immersed tube.

Qw ¼ 0.05GgHg�in assumes that heat loss to wall is

taken as 5% of the enthalpy of inlet air:

Hs�in ¼ (cps þ Xinc1)Ts�in

Hs�in ¼ (0:84þ 0:20� 4:2)� 20

Hs�in ¼ 33:60 kJ=kg

Hs�out ¼ (cps þ Xoutc1)Ts�out

Hs�out ¼ (0:84þ 0:04� 4:2)T

Hs�out ¼ 1:008T kJ=kg

Hg�in ¼ (cpg þ Yinc1)Tg�in þ Yinl



Hg�in ¼ (1:00þ 0:005� 4:2)� 125þ 0:005� 2370

Hg�in ¼ 139:5 kJ=kg

Hg�out ¼ (cpg þ Youtc1)Tg�out þ Youtl

Hg�out ¼ (1þ 0:0336� 4:2)T þ 0:0336� 2370

Hg�out ¼ 1:141T þ 79:63

FsHs�in þ GgHg�in þQh ¼ FsHs�out þ GgHg�out þQw

FsHs�in þ GgHg�in þQh

¼ FsHs�out þ GgHg�out þ 0:05GgHg�in

FsHs�in þ 0:95GgHg�in þQh ¼ FsHs�out þ GgHg�out

1:389� 33:6þ 0:95� 7:777� 139:5þ 0

¼ 1:389� (1:008T)þ 7:777� (1:141T þ 79:63)

T ¼ 44:6�C

From the psychrometric chart, air at absolute humid-

ity of 0.0336 kg/kg has a dew point of 33.58C and

relative humidity is 55%. Since the outlet air leaves

the dryer at 44.68C (108C higher than the dew point),

there is no risk of condensation.

8.10 CONCLUSION

Fluidized bed dryers have replaced some of the con-

ventional dryers, e.g., rotary or conveyor dryers in

many instances. Among some of the recent develop-

ments in fluidized bed drying is the idea of applying

microwave energy field continuously or intermittently

in a fluidized or spouted bed. Use of superheated

steam will probably become more popular in some

applications in the future.

The presence of moisture on particle surface can

cause major changes to fluidization quality as com-

pared with that of dry particles to which most of the

available literature is applicable. Also, there are nu-

merous variants of the fluidized bed that require dif-

ferent design information and design strategies. For

example, drying using a time-dependent heat input or

drying under low-pressure conditions or using super-

heated steam as the drying medium, etc. must be

handled with some modifications and new data sets

and models.

NOTATION

a, b, x, y, k drying constant, drying coefficient

A area, m2

c heat capacity, J/(kg K)
� 2006 by Taylor & Francis Group, LLC.
cp heat capacity at constant pressure

J/(kg K)

d diameter, m or mm

D diffusivity, m2/s

e emissivity

E(u) residence time density

F solids mass flow rate, kg/s

g gravity acceleration ¼ 9.80665m/s2,m/s2

G gas mass flow rate, kg/s

H height, m

h heat transfer coefficient, W/(m2K)

Kc mass transfer coefficient across bubble

boundary, m/s

k thermal conductivity, W/(m K)

L length, m

M mass, kg

_mm mass rate of evaporation of water per

unit volume of bed, kg/(m3 s)

n integer

Nu Nusselt number

p partial pressure, Pa

P pressure, Pa

Pr Prandtl number

q rate of heat transfer, W

Qh heat input from immersed tubes, kJ/s

Qw heat loss to column wall, kJ/s

r radius, m

Re Reynolds number

t time, s

T temperature, 8C, K

u velocity, m/s

V volume, m3

X moisture content, kg/kg

Y absolute humidity, kg/kg
GREEK SYMBOLS

b root of Bessel function

« void fraction

l latent heat of vaporization, J/kg

m viscosity, Ns/m2

r density, kg/m3

s Stefan–Boltzmann constant ¼ 5.67�10�8 W/

(m2 K4), W/(m2 K4)

f sphericity
SUBSCRIPT

b bed

bb bubble

c convective component

cr1 first critical

cyl cylinder

d dense



eff effective

eq equilibrium

evap evaporation

g gas

in inlet

ind induction

l liquid

mf minimum fluidization

o initial

opt optimum

out outlet

p particle

r radiant component

R residence

s solids

sat saturated

sph sphere

t column

v vapor

w wall
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9.1 INTRODUCTION

The drum dryer is commonly used to dry viscous,

concentrated solutions, slurries or pastes on rotating

steam-heated drums.1,2 It can also be used to dry

concentrated solutions or slurries that become more

viscous or pasty because of flashing or boiling off of

moisture or of irreversible thermochemical trans-

formations of their content that occur on their first

contact with the hot drum surface.3–5

The viscous slurry or paste is mechanically spread

by the spreading action of two counter-rotating

drums into a thin sheet that adheres on the hotter

drum in single drum dryers or split sheets on both hot
, LLC.
cylinders in double drum dryers. The adhering thin

sheet of paste is then rapidly dried conductively by the

high heat flux of the condensing steam inside the

drum. For very wet slurries that produce wet sheets,

the drying of the wet thin sheet can be further en-

hanced by blowing hot dry air on the sheet surface.

The thin sheet containing heat-sensitive materials,

such as vitamins, can also be dried at a lower tem-

perature in a vacuum.

The irreversible thermochemical transformations

during the slurry’s first contact with the hot drum can

also be used to simultaneously impart certain re-

quired quality of the dried product.6 Starch slurries

can be gelatinized or ‘‘cooked’’ before the sheet is
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FIGURE 9.1 Double drum dryer with nip feed.
dried to produce pregelatinized or ‘‘precooked’’ starch

for instant food formulations. Exposure of the thin

sheet to the high heat flux and high temperature for a

short period of time can also impart a porous struc-

ture to the dried sheet because of the rapid formation

of vapor bubbles within the sheet during ‘‘boiling-

like’’ drying. Porous products are excellent in instant

food formulations because they are more readily wet-

ted and can be easily rehydrated. It is for these

reasons that the drum dryer is widely used around

the world in the production of pregelatinized starch

for instant food formulations.

9.2 TYPES OF DRUM DRYERS

The drum dryer was first patented for use in the

manufacture of pregelatinized starch in Germany by

Mahler and Supf in 1921. Since then a host of other

patents have appeared especially in the United States

where extensive variations of feeding methods, num-

ber and configuration of drums, heating system and

product removal were considered. The diameter of

the drum varies from 0.45 to 1.5 m and its length

varies from 1 to 3 m. The thickness of the drum wall

is between 2 and 4 cm. The drum dryer is classified
Feed
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Applicator
rollers

Doctor’s
blade

Drum

FIGURE 9.2 Twin drum dryer with applicator roller feeds.
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according to the number and configuration of the

steam-heated drums and the pressure of the atmos-

phere around the drying sheet.

9.2.1 ATMOSPHERIC DOUBLE DRUM DRYER

This type of dryer has a higher production rate, can

handle a wider range of products, and is more effi-

cient.1–3,7 The slurry or paste is fed through a pendu-

lum nozzle or through a header with multiple nozzles

on to the nip of two steam-heated drums counter-

rotating toward each other, forming a boiling pool

at the nip (Figure 9.1). The feed can also be fed at

the nips of applicator rollers and the drums (Fig-

ure 9.2). Starch slurries gelatinize in the boiling

pool forming pastes that become more viscous. The

counter-rotation of the drums spread the slurry

or paste into two thin sheets on both drums that

consequently dry conductively.

9.2.2 ATMOSPHERIC SINGLE DRUM DRYERS

The slurry or paste is fed through a pendulum nozzle

or through a header with multiple nozzles similar to

those of the double drum dryers, on to the nip of a
Screw
conveyor

Applicator
rollers
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FIGURE 9.4 Single drum dryer with dip roller feed.
steam-heat ed drum and a much cooler applicator

roller counter rotat ing toward each oth er, form ing a

boiling pool at the nip (Figur e 9.3). 1–3,7 Starch slurr ies

gelatini ze in the boili ng pool, form ing pastes that

become more viscous . The counter- rotation of the

drum an d app licator roller spread the slurr y or paste

into a thin sheet on the hot drum that con sequently

dries condu ctively. Alternat ively, the slurry can be

fed by dip coati ng a dip or applic ator roll er in a feed

tray at the bottom of the dry er and then roll er-coa ted

on the drum (Figur e 9.4). The slurr y can also be

fed by dip co ating the drum direct ly in the feed

tray (Figure 9.5) or sprayed or splas hed from a

feed tray (Figur e 9.6) .

9.2.3 A TMOSPHERIC T WIN DRUM DRYERS

The slurry is app lied by direct dip coati ng of the tw in

drums in the feed tray at the bottom of the dryer

(Figur e 9.7) or by splas h or spray feeder s from a

feed reser voir at the bottom of the dryer (Figure 9.8)

on to the surfa ce of the two steam -heate d drums that

are c ounter-rotating away f rom each other. 1–3,7 The

sheet is formed by adhesion on to the drum s urface

and is he l d up against gravity by its s urface tension.

The sheets consequently dry c onductively. This t ype

of dryer i s s uitable f or solutions that pr oduce a

dusty product.

9.2.4 E NCLOSED DRUM DRYERS

If solvent vap or oth er than water released during

drum drying needs to be recover ed or if the dried

produc ts generat e a lot of dust, a tmosph eric doubl e-

or twin-dr um dryers can be enclosed in vapor or dust-

tight enclosur es. 1–3,7 The vapo r ca n be recover ed

by using a suitab le conde nser and the dust can be

remove d by using a wet scrubb er.
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rollers Doctor’s

blade

Screw
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FIGURE 9.3 Single drum dryer with applicator roller feed.
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9.2.5 V ACUUM DOUBLE DRUM DRYER

Heat-sens itive material s can be dried in a vacuum

double drum dryer wher e the dryer is enclosed in an

airtight en closur e unde r vacuum (Figur e 9.9). 1–3,7

This type of dryer is also fitted with a co ndenser, a

scrubber, a nd a va cuum pump. The operati on of the

dryer is similar to its atmospheric version except that

there are two product troughs, namely one for breaking

the vac uum and the other for product discharg e.
9.3 PRINCIPLES OF OPERATION
OF THE DRUM DRYER

The drum dryer is a highly flexibl e equ ipment becau se

its operatio nal varia bles like the steam pressur e, the

drum rotat ional speed, the nip width, and the ratio

of drum rotation al speed s can be regula ted indepen d-

ently. The steam pressure ranges from 2 to 7 bar, the

drum rotational speed varies from 2 to 30 rpm, the

nip width ranges from 0.05 to 0.5 mm, and the ratio
Feed tray 
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FIGURE 9.5 Single drum dryer with dip feed.
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FIGURE 9.6 Twin drum dryer with dip feed.
of drum rotational speeds is from unity to 5. The feed

can be preconcentrated and preheated to reduce the

drying load but there is a limit to the feed concentra-

tion beyond which the sheet may not form well.1,2,8

9.3.1 DRUM DRYER CAPACITY

The capacity of the drum dryer depends on the drying

rate of the thin sheet, the amount of product in the

sheet, and hence the sheet thickness and the rotation

speed of the drums. The drying rate in turn depends

on the sheet temperature and hence the steam pres-

sure in the drum, the sheet material, and to a lesser

extent the thickness of the sheet. The thickness of

the sheet depends on the relative speeds of rotation

of the drums, the depth of the boiling pool at the

nip, the nip width, and the rheological properties of

the liquid.

However, the wide range of material property

values of the different feed materials, the different

complex thermochemical processes occurring during

drying that may change these property values further,
Feed tr
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FIGURE 9.7 Twin drum dryer with splasher or sprayer feed.
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and the wide variety of drying characteristics of sheets

of different material make the operation of the drum

dryer very complex. In the past, the performance of a

drum dryer drying a specific product cannot be ad-

equately predicted by theoretical or semitheoretical

models but must be based on drying performance

test of the product on a pilot plant drum dryer.

9.3.2 STEAM CONSUMPTION

Typical specific steam consumption of the drum dryer

varies from 1.3 to 1.5 kg steam per kg water removed or

a steam economy of 0.66 to 0.76 kg water removed per

kg steam.1–4 Itmeans that the specific heat consumption

is typically about 3000 to 3500 kJ/kg water removed.

The specific evaporation rate is 10 to 30 kg water

evaporated per m2/h for difficult to dry materials

and 40 to 50 kg water evaporated per m2/h for easy

to dry materials. Recent studies have increased the

understanding of the processes in the drum dryer but

it is still a long way before the drum dryer can be

modeled completely.
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FIGURE 9.8 Single drum dryer with splasher or sprayer feed.
9.3.3 F EEDING AND S PREADING OF LIQUID

INTO A THIN SHEET

9.3.3.1 Nip Feed ing

Double and singl e drum dryers are usu ally fed at the

nip betw een the dru ms by eithe r a pen dulum nozzle or

multiple noz zles in a header (Figur e 9.1 through Fig-

ure 9.3). 1–3,7 The sudd en exposure of the liquid pool

to the high tempe ratur e and intens e heat flux causes the

pool to boi l and may also cau se irre versible therm o-

chemi cal trans form ations of the liqui d content that

may also change the rheologi cal propert y of the liquid

pool. For example, the gelatinization of starch in the

b o il in g p oo l o f s ta rc h s lu rr y c ha ng es t h e N ew to ni an

slurry into a non-Newtonian, shear-thinning power law

paste. It also swells up several times its original vol-

ume. In this case, the boiling pool is transformed into a

rotating, asymmetric cylinder of paste at the nip.

The cou nter-rota tion of the drums tow ard each

other dr aws the liqui d pool into the nip an d spread s it

into a thin sheet that ad heres to the hot drum in a
Applicator
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FIGURE 9.9 Vacuum double drum dryer.
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single drum dryer. In the double drum dryer the

spreads heet is spli t into two sheets that adhere on to

both hot drums. Theoreti cal an d empirical studies on

the spreadi ng pheno menon show that for a given

rotational speed rati o of the drums, the spread sheet

thickne ss reaches an asympt otic level for a crit ical

height of the boilin g pool. 9,10 Although the asymp-

totic thickne ss is pro portion al to the nip width, it also

decreas es wi th increa sing rotat ional speed ratio , and

to a less er extent with increasing diameter rati o of the

smaller to the larger drum and the ratio of the nip

width and the smaller drum. Thi s means that in prac-

tice, the nip can be floode d with the feed be yond

the critical height and the sheet thickne ss is control led

by simp ly varyi ng the nip wi dth.5 For single dru m

dryers , the asympt otic thickne ss of the liquid sheet

is ab out 1.2 tim es the nip width for Newtonia n

liquids and up to 1.26 tim es the nip for shear- thinning

liquids. For double drum dryers , both the spee d and

diame ter ratios are usually unity and the ratio of the

nip width to the dr um is very smal l. The liqui d sheet is

then spli t into two sheets of eq ual thickne ss, one for

each drum.

The gelat inization of starch slurries into a shear-

thinnin g power law paste also ch anges the spreadi ng

and the mixi ng regim e in the pool. 11 The sheet is

thinner for more shear- thinni ng liqui d ( n < 1.0) . The

paste material near the su rface of the rotating dru ms

experi ences a high er shear rate than tho se further

away in the bulk of the pool. The paste nearer the

surface is therefore less viscous and readily rotates with

the drum. On the other hand, the bulk of the paste is

more viscous and may not move at all. This means that

the mean residence time of the paste pool is longer

than a corresponding Newtonian liquid pool. Heat-

sensitive materials therefore degrade to a larger extent

in the paste pool. Empirical studies have shown that

the residence time distribution of the shear-thinning
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paste can be modeled by the Chollete and Coultier

model consisting of an equivalent stirred tank and a

pa ra ll el by pa ss wi th a d e ad r eg io n c onne ct ed t o t he

former.12–14 Hence for heat-sensitive materials, the

mean residence time can be reduced by having a smal-

ler pool at the expense of losing control of the sheet

thickness if the pool height is below the critical height

for asymptotic sheet thickness. Alternatively the heat-

sensitive material can be fed using roller feeding that

do es no t h av e a l ar ge v ol um e o f l iqui d hol dup a t h i gh

temperature as in nip feeding.

9.3.3.2 Roll er Feed ing

Single drum dryers are often fed by a cooler appli-

cator roller. 1–3,7 The liquid can be fed from the top

at the nip between a n applic ator ro ller and the hot

drum an d the liquid sheet is form ed by spreadi ng

(Figur e 9.3). The process is sim ilar to nip feeding

(see Sectio n 9.3. 3.1). The liqui d sheet can be furth er

spread by a success ion of rollers to ensure that the

thickne ss of the sheet is unifor m.

Alte rnatively the applic ator roller can be dip-

coated with a liquid sheet from a dipping reser voir

or bath below the drum (Figure 9.4) .1–3,7 The roll er

then trans fers some of the liquid to the co unter-

rotating drum above it, retain ing a thinner sh eet

that go es back into the bath. This feedin g method is

called roller feeding and is simila r to roll er coati ng. 15

The spli tting of the liquid sheet is de penden t on the

ratio of ro tational sp eeds ( ND/ N R), the ratio of the

drum an d roll er diame ters ( DD/ D R), and the index of

the power law fluid, n, given by15

TD

TR

¼ ND

NR

DD

DR

� �2 n =(1 þ 2 n)

(9 : 1)

The thickne ss of the liqui d sheet on the dru m is

independ ent of the pressur e ap plied between the ap-

plicator ro ller and the drum. It dep ends large ly on the

viscosit y and the surface tension of the liquid as wel l

as on the ratio of rotation al speeds of the drum and

roller and the nip wi dth. A stable thickne ss can be

achieve d for medium viscos ity shea r-thinning liquid s

at mo derate Reyno lds num ber, Re (the rati o between

moment um and viscous forces ), low cap illary num -

ber, Ca (the ratio of the viscous force and surface

tension ), and low rotational speed ratio. 15,16 A smal -

ler Ca (<0.01 ) or a larger surface tensio n extends

coatin g stability to higher rotation sp eeds. A stable

sheet is establ ished be tween a mini mum and a max-

imum drum speed and at a critical rati o of rotat ional

speeds of the app licator roll er and the dru m. The

sheet formed beyond the crit ical point is unstabl e,

leadin g to ribbi ng and may entrai n air bubbl es as
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well especi ally if the liquid contai ns excess ive surfa ct-

ants. 15,16 This rarely occurs in drum dr yer ope ration

because both the rotation speed and the ratio of

rotation speed s are low (linear speed of drum surface

rarely exceeds 0.3 m/s ).

9.3.3.3 Dip Feed ing

Single an d doubl e drum dryers can also be dip -coated

directly from a reser voir of liquid (Figur e 9.5 and

Figure 9.6). 1–3,7 Dip co ating depend s on the surface

tension , viscos ity, densit y, and wal l ad hesion of the

liquid as wel l as on the an gle of imm ersion and rota-

tion speed of the drum. 15,17,18 If the drum is immersed

deeper in the ba th and the angle of immersi on is

therefore larger, the sheet woul d be thinner . Apart

from Re and the Ca , dip coati ng also depend s to a

lesser extent on the Froude num ber (the ratio of

moment um to gravi ty forces ). Highe r Re ( > 1.0) and

higher rotation speed yiel d thinner sheets (> 0.5 m/s).

Above a certain critical Re (> 1), ca ( > 0.2), an d dru m

rotational speed (linear speed > 0.5 m/s), the she et

breaks up into rivulets or ribs. 15,17, 18 A smaller ca or

a larger surfa ce tensi on woul d extend the critical Re

and rotat ion speed. This rarely ha ppens in drum

dryer operation be cause both the ro tation speed and

the ratio of rotation speed s are low . The linear speed

of the drum surfa ce rarel y exceeds 0.3 m/s.

9.3.3.4 Spray and Splas h Feeding

The slurry or solut ion can be fed by sprayin g or

splash ing of the liquid from a feed tray at the bottom

of the drum (Figure 9.7 and Figure 9.8). Spr aying and

splash ing is a highly ineffic ient coati ng techn ique be -

cause most of the spray or splas h droplet s will bounce

back into the feedi ng tray. In the drum dryer, it would

also drools ba ck into the tray due to gravi ty. The

spray effici ency can be as low as 20 to 30%, which

means that 70 to 80% of sprayed or splas hed liquid

fall ba ck to the feed tray. An adhesiv e liquid or a

liquid that becomes adh esive on co ntact with the hot

drum su rface may hav e a higher sprayi ng efficien cy.

The liqui d sheet produ ced is a lso thinner than those

produced by other compara ble spreadi ng techniq ues.
9.3.4 C ONDUCTIVE OR CONTACT DRYING

OF THIN SHEETS

9.3.4.1 Initia l Applic ation Zone

The sudden exposure of the liquid feed to the high

temperature and intense heat flux on the drum surface

at the application zone causes it to immediately heat

up and boil (Figur e 9.10). Most of the free moisture is



Steam temperature

T
em

pa
ra

tu
re

 (
°C

)

Angular position (rad)

Drum surface temperature

Product sheet
temperature

Boiling at 
application
zone

140

130

120

110

Boiling
at Initial
Sheet
Zone

100

90
Slow drying
zone80 New

applicationDoctor’s blade 

1.0 2.0 3.0 4.0 5.0 6.0 7.0

FIGURE 9.10 Temperature profile of the drum dryer.
evaporated during this initial boiling of the feed (Fig-

ure 9.11).5,19 The boiling removes a large amount

of heat from the hot drum surface due to the large

latent heat of vaporization of moisture. Since the

temperature difference between the feed slurry and

the drum is of the order of 308C, the slurry boils on

contact with the drum surface very near the critical

point of boiling. The critical boiling flux, E in W/m2 is

given by20

E ¼ 2:177rv

sg(r1 � rv)

r2
v

� �0:25

(9:2)

where rv is the density of steam (kg/m3), r1 is the

density of water (kg/m3), s is the surface tension of

water (N/m), and g is gravitational constant (m/s2).

The correlation of heat transfer of vapor condensing

inside horizontal tubes is given by21
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hs ¼ 0:555
gr1(r1 � rs)DHvl3

1

m1Di(Ts � Ti)

� �1=4

(9:3)

where m1 is the viscosity of liquid (Ns/m2), Di is the

inner diameter of drum (m), Ts is the steam tempera-

ture (8C), Ti is the inner drum wall temperature

(8C), DHv is the latent heat of vaporization of steam

(J/kg), and l1 is the thermal conductivity of water

(W/m 8C). The overall heat transfer coefficient in

this zone was reported to be between 2000 and 7000

W/m2 8C.6,19 The temperature of the drum surface

then drops due to the large removal of heat in the

boiling to an extent proportional to the drum rotation

speed. The faster the rotation, the smaller is the tem-

perature drop. The temperature of the liquid remains

at the boiling point of the solution, which is slightly

above the normal boiling point of water due to the

presence of dissolved solids.
position (rad)
4.0 5.0 6.0 7.0

Doctor’s blade 

 

New
application

dryer.



9.3.4.2 Initial Sheet Zone

The drying regime of the thin sheet of liquid or paste

on the drum surface is dictated by the high tempera-

ture and the large heat flux supplied by condensing

steam inside the drum (Figure 9.10).22–26 The heat

flux can be as high as 85 kW/m2.27 The overall heat

transfer coefficient in this zone was reported lower

than at the application zone and is between 600 and

1250 W/m2 8C.6,19

Moisture transport in the sheet is predominantly

driven by the large temperature gradient and the

subsequently large pressure gradient within the sheet

(Figure 9.11).5,22–24,27 Excess surface water in the wet

sheet flashes or boils off the sheet and the temperat-

ures of the drum surface continue to fall whereas the

product sheet temperature remains constant.19 The

evaporation flux at this point is given by3

E1 ¼ 8:64554� 10�8u0:8
a (Pp � Pa) (9:4)

where ua is the velocity of air over the surface of sheet

(m/s), Pp is the vapor pressure at product surface (Pa),

and Pa is the vapor pressure at ambient temperature

(Pa). As soon as the surface moisture dries up, vapor

bubbles generated by boiling within the sheet then

flash through the sheet. In gelatinized starch sheets,

this drying regime tends to form pores within the

sheet and craters at the surface.8,28

9.3.4.3 Slow Drying Zone

The sheet becomes quite dry very quickly and the

temperature of the drum surface as well as that of

the sheet start to rise since the thermal capacitance

of the drum wall is larger than that of the thin sheet

and there is little moisture left to lower the tempera-

ture further by boiling. Tang et al.7 suggests that at

this point, the evaporation rate can be estimated by

E1 ¼ 3:6� 103h(To � Te)=DHv (9:5)

where h is a coefficient having a value of between 200

and 2000 W/m2 8C, depending on the product and

its thickness, To is the temperature of outer drum

surface in 8C, and Te is the temperature of evaporating

product surface in 8C.

9.3.4.4 Vacuum Drying

The principle of operation of the vacuum drum dry-

ing is similar to that of the atmospheric drum drying

process as described in the previous section except

that both the pressure and temperature of operation

are lower.1–3,29 A heat-sensitive material dried on a
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vacuum drum dryer suffers less damage and retains

most of its structure and functionality than that dried

in ordinary atmospheric drum dryer.30
9.4 DRY PRODUCT HANDLING

The dry sheet is then scrapped off by a doctor’s blade

or knife located at about three quadrants away from

the feed point. After the sheet is removed by the knife,

the temperature of the bare metal rises slightly further

until the feed point is reached. The sheet falls into a

product trough below the knife and a screw conveyor

in the trough transport the dry products away to a

milling process where the sheet is crushed to form

a powder product.
9.5 CONTROL OF DRUM DRYERS

The control strategy of the drum dryer in the past has

always been the basic control for steady operation

only without any on-line quality control. The set

points for the control variables are developed by

trial and error for each product. The temperature of

the drum can be controlled independently for the

required drying task by setting the steam pressure.

In vacuum drum dryers, the pressure of the enclosure

and thus the temperature of drying can also be con-

trolled by setting the vacuum pressure. In most cases,

the sheet thickness is controlled by setting the nip

width and the feed flow rate for asymptotic sheet

thickness. The final moisture content is then con-

trolled by varying the drum speed. In cases where

the sugar content is high enough for the final sheet

to be in a glassy state and sticky, the final temperature

and drying rate of the sheet just before the doctor’s

blade is controlled by blowing cool dry air.

This strategy is adopted because of the sheer com-

plexity of the process and the unavailability in the

past of suitable sensors for on-line quality moisture

content measurement. The quality of the product

such as final moisture content, thickness, porosity,

wetting, and rehydration capability (for pregelati-

nized starch) as well as the right crystal structure

(the right therapeutic form for pharmaceuticals) are

complex functions of drum speed, temperature, nip

width, feed material, feed concentration, and feed-

spreading technique. In addition, the final moisture

content and thickness of the sheet may not be uni-

form across the width of the drum dryer that can

lead to problems in shelf life and packaging of the

product, respectively.

Dynamic drum dryer models that have been devel-

oped so far can only predict the final temperature

and moisture content.31–34 These models cannot



predict other important quality parameters and are

only useful for steady process operation. With the

advent of improved infrared technology, the moisture

content can be measured by inference using infrared

temperature sensors.35,36
9.6 DRUM-DRIED PRODUCTS

Products that are suitable for dryingonadrumdryer are

viscous liquids, slurries, suspensions, and pastes. The

final dry products are typically in the form of porous

flakes or powders. The drum dryer has been used exten-

sively to dry chemicals and food products. Chemicals

that have been successfully dried on a drum dryer are

polyacrylamides, and various salts such as silicate,

benzoate, propionate, and acetate salts.1,2 Drum dryers

have been successfully used in drying sludge.37

The drum dryer is also extensively used to dry and

gelatinize or ‘‘cook’’ starch slurries, such as potato,38

rice,5,39 wheat,40–42 maize,43,44 corn,45 soybean-ba-

nana,46 and cowpea47 slurries to produce pregelatinized

starch for instant foods. Nonstarch, low-sugar foods,

such as tomato puree, milk, skim milk, whey,4 beef

broth, yeast,48 coffee, and malt extract, have also been

successfully dried on a drum dryer.1,2 Heat-sensitive

products such as pharmaceuticals30 and vitamin-con-

taining products3 can be dried in a vacuum drum dryer.

Sugar-containing slurries, such as apple puree,49

apple sauce, citrus pulps,50 and other fruit juice, have

also been successfully dried on drum dryers. However

if the sugar content is high, some of the sugar does

not crystallize properly as drying proceeds but be-

comes molten instead at well above the glass tran-

sition temperature.7 The uneven scrapping of the

doctor’s blade at the rubbery and glassy parts of

the sheet forms wrinkles in the sheet which eventually

become ‘‘sticks’’ in the final product. The ‘‘sticks’’

reduce the quality of the product by making it very

hard to disperse and physically unsatisfactory in ap-

pearance. The formation of sticks can be controlled

by enhanced cooling and drying of the sheet at the

doctor blades by a stream of dry, cool air, and by

controlling the sheet thickness using takeoff rolls.7
NOMENCLATURE

LATIN SYMBOLS

TD sheet thickness on the drum m

TR sheet thickness on the roller m

ND rotational speed of drum, rpm

NR rotational speed of roller, rpm

DD diameters of drum, m

DR diameters of roller, m
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n the index of power law fluid

g gravitational constant, m/s

Di inner diameter of drum, m

Ts steam temperature, 8C
Ti inner drum wall temperature, 8C
DHv latent heat of vaporization of steam, J/kg

ua velocity of air over the surface of sheet, m/s

Pp vapor pressure at product surface, Pa

Pa vapor pressure at ambient temperature, Pa

h heat transfer coefficient, W/m2 8C
To temperature of outer drum surface, 8C
Te temperature of evaporating product surface, 8C

GREEK SYMBOLS

ll thermal conductivity of water, W/m 8C
rv density of steam, kg/m3

rl density of water, kg/m3

s surface tension of water, N/m

ml viscosity of liquid, Ns/m2
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10.1 INTRODUCTION

Spray drying is a suspended particle processing (SPP)

technique that utilizes liquid atomization to create
, LLC.
droplets that are dried to individual particles when

moved in a hot gaseous drying medium, usually air.

It is a one-step continuous unit processing operation.

It has become one of the most important methods



for drying the fluid foods in the Western world. The

development of the process has been intimately asso-

ciated with the dairy industry and the demand for

drying of milk powders. Spray drying used in dairy

industry dates back to around 1800, but it was not

until 1850 that it became possible in industrial scale

to dry the milk. However, this technology has been

developed and expanded to cover a large food group

that is now successfully spray-dried. Over 25,000

spray dryers are now estimated to be commercially

in use to dry products from agrochemical, biotech-

nology products, fine and heavy chemicals, dairy

products, dyestuffs, mineral concentrates to pharma-

ceuticals in capacities ranging from a few kg/h to over

50 tons/h evaporation capacity.

The spray drying process operates in the following

way, i.e., the liquid is pumped from the product feed

tank to the atomization device, such as the rotary

disc atomizer, pressure nozzle, pneumatic nozzle,

and ultrasonic nozzle, which is usually located in the

air distributor at the top of the drying chamber. The

drying air is drawn from the atmosphere through a

filter by a supply fan and is passed through the air

heater, e.g., oil furnace, electrical heater, steam heater

etc., to the air distributor. The droplets produced by

the atomizer meet the hot air and the evaporation

takes place cooling the air in the meantime. After

the drying of the droplets in the chamber, the major-

ity of the dried product falls to the bottom of the

chamber and entrains in the air. Then they pass

through the cyclone for separation of the dried par-

ticles from the air. The particles leave the cyclone at

the bottom via a rotary valve and are collected or

packed later. The fine particles will remain entrained

in the air and then pass the air through scrubbers for

washing out the fine particles from the air. The cycled

washing liquid can be transported to the pretreat

process of the feed. The air passes from the scrubber

to the atmosphere via the exhaust fan. The process

control system may comprise the necessary indication

of the temperatures at the air inlet and outlet, the

voltages and currents of the motors, etc. The auto-

matic controls often are to maintain the inlet tem-

perature by altering the heater operating parameters,

such as the steam pressure, the amount of oil to the

heater, etc., and the outlet temperature by adjusting

the amount of feed pumped to the atomizer.

The advantages of spray dryers are that this tech-

nique can

. Handle heat sensitive, non-heat-sensitive, and

heat-resistant pumpable fluids as feedstocks

from which a powder is produced
. Produce dry material of controllable particle

size, shape, form, moisture content, and other
� 2006 by Taylor & Francis Group, LLC.
specific properties irrespective of dryer capacity

and heat sensitivity
. Provide continuous operation adaptable to both

conventional and PLC control
. Handle wide range of production rates, i.e., any

individual capacity requirement can be designed

by spray dryers
. Provide extensive flexibility in spray dryer de-

sign, such as drying of organic solvent-based

feedstocks without explosion and fire risk; dry-

ing of aqueous feedstocks (where the resulting

powders exhibit potentially explosive properties

as a powder cloud in air); drying of toxic mater-

ials; drying of feedstocks that require handling in

aseptic and hygienic drying conditions; drying of

liquid feedstocks to granular, agglomerated, and

nonagglomerated products

However, they also suffer some limitations, such as

. High installation costs

. A lower thermal efficiency

. Product deposit on the drying chamber may

lead to degraded product or even fire hazard

Examples of spray-dried products on industrial scale

include the following:

. Chemical industry, e.g., phenol–formaldehyde

resin, catalysts, PVC emulsion-type, amino

acids, etc.
. Ceramic industry, e.g., aluminium oxide, carb-

ides, iron oxide, kaolin, etc.
. Dyestuffs and pigments, e.g., chrome yellow,

food color, titanium dioxide, paint pigments,

etc.
. Fertilizers, e.g., nitrates, ammonium salts, phos-

phates, etc.
. Detergent and surface-active agents, e.g., deter-

gent enzymes, bleach powder, emulsifying

agents, etc.
. Food industry, e.g., milk, whey, egg, soya pro-

tein, etc.
. Fruits and vegetables, e.g., banana, tomato, co-

conut milk, etc.
. Carbohydrates, e.g., glucose, total sugar, mal-

todextrine, etc.
. Beverage, e.g., coffee, tea, etc.
. Pharmaceuticals, e.g., penicillin, blood prod-

ucts, enzymes, vaccines, etc.
. Biochemical industry, e.g., algae, fodder antibi-

otic, yeast extracts, enzymes, etc.
. Environmental pollution control, e.g., flue gas

desulfurization [21], black liquor from paper-

making, etc.



10.2 PRINCIPLES OF SPRAY DRYING
PROCESSES

10.2.1 GENERAL

The spray drying process trans form s a pumpa ble fluid

feed into a dr ied pro duct in a single operati on. The

fluid is atomi zed using a rotating wheel or a nozzle,

and the spray of drop lets imm ediately co mes into

contact with a flow of hot drying medium, usually

air. The resul ting rapid eva poration maintains a low

droplet tempe rature so that high drying air tempe rat-

ures can be applie d without affecti ng the pro duct.

The time of drying the drop lets is very sho rt in com-

pariso n with most other drying process es. Low pro d-

uct-temper ature and short drying- time allow spray

drying of very heat-sen sitive pro ducts.

Spr ay dry ing is used to dry pharmac eutic al fine

chemi cals, foods, da iry prod ucts, blood plasm a, nu-

merous organic and inorgani c chemi cals, rubb er

latex, ceram ic powd ers, de tergents, and other pro d-

ucts. Some of the sp ray-dried products are listed in

Table 10.1, which also includes typical inlet an d outlet

moisture content and tempe rature s togeth er with the

atomizer type and spray dryer layout used.

The princi pal advan tages of spray drying are as

follows :
� 20
1. Product pro perties and quality are mo re effect-

ively control led.

2. Heat-sens itive foods, biologi c produ cts, and

pharmac eutica ls can be dried at atmosph eric

pressure an d low tempe ratures. Someti mes

inert atmosp here is employ ed.

3. Spray drying permi ts high-ton nage produ ction

in continuou s ope ration and relative ly sim ple

equipment .

4. The produ ct comes into co ntact with the eq uip-

ment surfa ces in an anhydrou s cond ition, thu s

simplifying co rrosion problem s and selec tion of

materials of constr uction.

5. Spray drying produces relatively uniform, spher-

ical particles with nearly the same proportion of

nonvolatile compounds as in the liquid feed.

6. As the operati ng gas tempe rature may range

from 150 to 600 8 C, the effici ency is co mparable

to that of other types of direct dryers .
Among the disadva ntages of spray drying are the

followi ng:
1. Spray drying fails if a high bulk den sity pro d-

uct is req uired.

2. In general it is not flexible. A unit designe d for

fine atomizat ion may not be able to produ ce a

coarse pro duct, and vice versa.
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3. For a given cap acity larger evapo ration rates

are g enerally requir ed than wi th other types of

dryers. The feed must be pump able.

4. There is a high initial invest ment co mpared to

other types of co ntinuous dryers.

5. Product recover y and dust c ollection increa se

the cost of drying.
Spr ay dry ing con sists of three pro cess stage s:
1. Atomization

2. Spray–ai r mixin g an d moisture evaporat ion

3. Separat ion of dry produ ct from the exit air
Eac h stage is carri ed out accord ing to the dry er

design an d ope ration and, toget her with the physica l

and chemical pro perties of the feed, determines the

charact eristics of the fina l pro duct. A typic al example

of a spray drying process wi th the most impor tant

ancillary eq uipment included is shown in Figure 10.1.

10.2.2 ATOMIZATION

Atomizat ion is the most impor tant ope ration in the

spray dr ying pro cess. The type of atomi zer not only

determines the energy requir ed to form the spray but

also the size and size distribut ion of the drop s and

their trajector y and speed, on whi ch the final parti cle

size dep ends. The chamber design is also influenced

by the choice of the atomizer. The drop size estab-

lishes the heat transfer surface available and thus the

drying rate. A comparison of spherical droplet sur-

face an d dro plet size is shown in Table 10.2.

Three general types of atomizers are available.

The most commonly used are the rotary wheel atom-

izers and the pressure nozzle single-fluid atomizers [8].

Pneumatic two-fluid nozzles are used only rarely in very

special applications. Existing spray drying systems

provide various forms of the dry product—from fine

powders to granules. The typical ranges of the disinte-

grated droplets and particle sizes of various products in

a s pra y dr ye r a re lis te d in T a ble 10 .3 .

10.2.2.1 Drop Size and Size Distribution

The quality of dry powder is the single most important

factor that is considerably affected by the operating

conditions of the process. Powder character and qual-

ity are usually determined by further processing or by

consumer requirements. To meet the required bulk

density of the dry powder, it is necessary to know

how the particle size and size distribution are affected

by various parameters. General information about the

selection of spray dryer design to meet powder specifi-

cations can be found in Refs. [11,23,24], and, for the

particular case of food drying, in Ref. [17].



TABLE 10.1
Operating Parameters for Some Spray-Dried Materials

Material Moisture Atomizing Device Air Temperature

Inlet (%) Outlet (%) Liquid–Air Layout Inlet (8C) Outlet (8C)

Skim milk (D3.2 � 60 mm) 48–55 4 Wheel Pressure nozzle

(170–200 bar)

95–100

Whey 50 4 Wheel Cocurrent 150–180 70–80

Milk 50–60 2.5 Wheel Pressure nozzle

(100–140 bar)

Cocurrent 170–200 90–100

Whole eggs 74–76 2–4 Wheel Pressure nozzle Cocurrent 140–200 50–80

Coffee (instant) 75–85 3–3.5 Pressure nozzle Cocurrent 270 110

(D3.2 � 300 mm) 75–80 3–3.5 Pressure nozzle Cocurrent 270 110

Tea (instant) 60 �2 Pressure nozzle (27 bar) Cocurrent 190–250 90–100

PVC emulsions:

90% particles: >80 mm Pressure nozzle

5% particles: >60 mm 40–70 0.01–0.1 Rotary cup Cocurrent 165–300 100

Melamine-urethane 30–50 �0 Wheel 140–160 m/s Cocurrent 200–275 65–75

Detergents:

Particles: 95–100% > 60 m 2–3% > 150m 35–50 8–13 Pressure nozzle (30–60 bar) Countercurrent 350–400 90–110

TiO2 Up to 60 0.5 Wheel Pressure nozzle Cocurrent

Mixed flow

600 120

Kaolin 35–40 1 Wheel Cocurrent 600 120

Ammonium phosphate 60 3–5 Pressure nozzle Cocurrent 400 110–195

Superphosphate 500–600 <110

Cream 52–60 4 Wheel Cocurrent

Processed cheese 60 3–4 Wheel Cocurrent

Whole eggs 74–76 2–4 Wheel
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FIGURE 10.1 Spray-drying process and plant.
Par ticle size and distribut ion are relat ed to the size

of the droplet s an d their size distribut ion. Hen ce,

success ful predict ion of dro plet size en ables one to

control the powder propert ies as desired .

The mean size of drop let repres ents a single v alue

that charact erize s the whole spray distribut ion. Thi s

value, toget her with the size dist ribution, defines the

spray charact eristic s. Many pa pers have app eared on

the subject of dro p size predict ion. The so-called Sa u-

ter mean diameter seems to be the most suit able mean

value to ch aracterize the dro plet cloud toget her wi th

the size dist ribution. This is defi ned as the rati o of the

total dr oplet volume to the total drop let surfa ce [23] ;

that is,

D3 , 2 ¼
Pi

1 D 3i f iPi
1 D 2i f i

(10 : 1)

where fl is the number frequency of drop let of size D l .

The Sauter mean diame ter corresp onds to the pa rticle

diame ter with the same volume -to-surfa ce rati o as the

entire spray or powder sampl e. Someti mes the med ian

diame ter DM is also used in spray drying ca lculations .
TABLE 10.2
Spherical Droplet Surface versus Droplet Size

Total Volume (m3) Diameter of Droplets No. Droplets

1 1.234m 1

1 1 cm 1.986 � 106

1 1mm 1.986 � 109

1 100 mm 1.986 � 1012

1 1 mm 1.986 � 1013
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It is that diame ter above or below which lies 50% of

the number or volume of droplet s. It is especi ally

useful when a n excess ive amo unt of very large or

very smal l pa rticles are present .

Size dist ribution can be repres ented by a fre-

quency or cumula tive distribut ive cu rve. If occurrence

is given by num ber, a number distribut ion resul ts. It

may be obtaine d by microsco pic analysis. If oc cur-

rence is given by area–vol ume–w eights corres ponding

to a given diame ter, then an area–vol ume–w eight

distribut ion results.

The lognorm al an d Rosin–Ram mler dist ribution s

are the most co mmon dist ribut ions used in the spray

drying proc ess calculati ons. The lognorm al dist ribu-

tion ha s tw o parame ters, the geo metric mean size

DGM a nd the geometric standar d deviat ion S G. The

mathe matical form is as follows:

dN

dD
¼ 1

DSG

ffiffiffiffiffiffi
2p
p exp� ( log D� log DGM)2

2SG

" #
(10:2)

where N is the number of droplets counted. The graphic

form on probability paper is shown in Figure 10.2.
Surface per Droplet Total Surface of Droplets (m2)

3.14m2 3.14

3.14 cm2 623.6

3.14mm2 6,236

31,400 mm2 62,360

3.14 mm2 6,236,000



TABLE 10.3
Range of Droplet and Particle Sizes Obtained
in Spray Dryers (mm)

Rotating wheels 1–600

Pressure nozzles 10–800

Pneumatic nozzles 5–300

Sonic nozzles 5–1000

Milk 30–250

Coffee 80–400

Pigments 10–200

Ceramics 30–200

Pharmaceutics 5–50

Chemicals 10–1000
The lognormal distribution is useful to represent sprays

from wheel atomizers [10].

The logno rmal dist ribution also enables us to de-

termine the qua ntities for evaluation of the disper sion

factor Dq , whi ch ch aracterize s the homogenei ty of the

spray [10,23].

D4 ¼
D95 � D5

D3, 2
(10 : 3)
5 10

10

30

50

70

90

95

99

21 x 103 RPM 25 x 103 RPM

%

20 30 50 100

D (μm)

FIGURE 10.2 Lognormal distribution on probability paper,

an example. (From Filková, I., Nozzle atomization in spray

drying, Advances in Drying, Vol. 3, Ed. A.S. Mujumdar,

Hemisphere/Springer-Verlag, New York, 1984, pp. 181–216.)
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In this equati on, D95 and D 5 are the droplet diame ters

at the 95% and 5% pro bability, respect ively.

The Rosi n–Ram mler distribut ion is used to repre-

sent sprays from nozzles. It is empirical and relate s

the volume percent age oversize �VVD to drop let diam-

eter D . The mathemati cal form is as foll ows [23]:

�VVD ¼ 100 � [( D =�DD R )
D 4 ] (10 : 4)

where Dq is the disper sion facto r an d �DD R is the so-

called Rosin –Rammle r mean diame ter. It is the dro p-

let diame ter above whi ch lies 36.8% of the entire spray

volume . Thus , it follo ws that the value on the ordin-

ate corresp onding to �DDR equals 0.43. The graphic

form of Equation 10 .4 on log–l og pap er is shown in

Figure 10.3.

The appro priate correl ations for dr op size predic-

tion will be pre sented along wi th the discus sion of

each individu al type of atomi zer in the foll owing

sections.
10.2.2.2 Wheel Atomizers

A typical wheel atomizer is shown schematically in

Figure 10.4. Liquid is fed into the center of a rotating

whe el , m ov es to t he e dg e of the whe el unde r t he c en-

trifugal force, and is disintegrated at the wheel edge

into droplets. The spray angle is about 1808C and

for ms a broa d cl oud. Be caus e of the hori zont al tr aje c-

tory these atomizers require large-diameter chambers.

The most common design of the wheel atomizer has

r a di a l v a ne s.

The linea r pe ripheral speed ranges from 100 to

200 m/s. For the usual wheel diame ter, an gular speed s

between 10,000 and 30,000 rpm are necessa ry [15] (see

Figure 10.5).
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FIGURE 10.4 Wheel atomizer with straight radial vanes.
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FIGURE 10.5 Peripheral velocity of a wheel atomizer as a

function of the wheel diameter and revolutions.
The number and shape of the van es diff er acc ord-

ing to the product qua lity an d capacit y requ irements.

The usua l shape of vanes is circul ar, oval, or rect-

angular , as shown in Figure 10.6. The influ ence of

vane shap e on dro plet size was studi ed in Ref. [10] .

For high-c apacity applic ations, where the same de-

gree of atomi zatio n is requir ed a t higher feed rates ,

the numbe r and he ight of the vanes are increa sed to

maintain the same liquid-film thickne ss on each v ane.

High-cap acity wheel s often have tw o tiers of van es

[22] (see Figure 10.7) . The large st wheel atomi zers

allow feed rates up to 200 ton/h. The curved vane

wheels are somet imes used inst ead of the standar d

straight radial wheel s, mainly in the milk indust ry.

The curved vane wheel prod uces a powder of high

bulk densit y, up to 15 % higher than the standar d

wheels, be cause of reduced air-p umping effe ct. The

other way to ach ieve high bulk density of the prod uct

is to use the so-cal led bush ing wheel s, which are

widely used in the chemical ind ustry. The bush ings

are made from very hard material , such as silicon

carbide ; thus the wheel can atomize even very abra-

sive mate rials [22].

Gen erally, the wheel a tomizer pro duces a spray of

high hom ogeneit y within a wide range of mean dro p-

let size. The size distribut ion of droplet s can be co n-

trolled by changing the wheel speed. Feed rate

variation produ ces much less effect. Wh eel atomi zers

are very flexibl e an d can handle a wi de assort ment

of liquids with diff erent phy sical prop erties. Fac tors
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influencing the wheel atomize r perfor mance are spe-

cified in Ref . [25] for instance.

The so-called vaneles s disk atomi zers sh ould also

be mentio ned, althoug h their use is limited to specia l-

ized applic ations in whi ch coarse particles are re-

quired at high producti on rates . A typical cu p-type

disk atomizer is sh own in Figu re 10.8. Liquid is fed

inside the cup and is presse d by centrifugal force

agains t the cup wall, flowi ng down tow ard the cup

edge, wher e it is disi ntegra ted.

The wheel s are conventi onally driven by elect ric

motor s, eithe r direct ly or by belt drives through a

worm and worm wheel gearing system (low-c apacity

wheels) or by helical or ep icyclic geari ng systems

(high-cap acity wheels) .
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FIGURE 10.6 Various designs of wheel atomizers.
The power necessary to accelerate the liquid to the

velocity at the periphery of the wheel is given by

E ¼
_MM

2

v2

«
(10:5)

For example, for a mass flow rate M ¼ 1 kg/s and a

peripheral velocity n ¼ 150 m/s at an efficiency « ¼
0.65, the required electrical power E ¼ 17.3 kW.

The drop size (Sauter mean diameter, in m) can

be predicted using any one of the following correl-

ations [23]:
FIGURE 10.7 High-capacity wheel atomizer. (Courtesy of Niro

� 2006 by Taylor & Francis Group, LLC.
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FIGURE 10.10 Multinozzle system in the drying chamber.

(From Kessler, H.G., Food Engineering and Dairy Technol-

ogy, Verlag A. Kessler, Freising, Germany, 1981.)
where _MM (kg/ s) is the mass feed rate, N (rps) is rota-

tional speed, r (m) is wheel diame ter, b (m) is vane

height , Nv is num ber of van es, r (kg/m 3) is fluid

density , s (N/m) is fluid surface tension, and m

(Pa � s) is fluid viscos ity. Equation 10.6 through Equa-

tion 10.8 display dev iation of + 30% from experi men-

tal data reported in the literature.

Most feeds are high-consistency slurries that are

generally non-Newtonian, mainly pseudoplastic in na-

ture. The dynamic viscosity of these liquids should be

substitutedby the apparent viscosity,which is definedas

mA ¼ K
rv2r

K

� �2
Vv

b

2nþ 1

n

" # n� 1

2nþ 1
(10:9)

where v is angular velocity (rad/s), Vv (m3/s) is volu-

metric feed rate per vane, K (Pa�s) is fluid consistency,

and n is the flow index (dimensionless) for power law

fluids [9]. The influence of non-Newtonian character

on drop formation is reviewed in Ref. [9].

The advantage of Equation 10.8 is that it does not

contain any physical parameters on the liquid. It can

be used for a rough estimation of the drop size. For

the application of more accurate correlations [4,5], a

knowledge of the feed properties is needed.

10.2.2.3 Pressure Nozzles

A pressure nozzle, sometimes called a single-fluid

nozzle, creates spray as a consequence of pressure to

velocity energy conversion as the liquid passes
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through the nozzle under pressure within the usual

range of 5–7 MPa (see Figure 10.9). The liquid enters

the nozzle core tangentially and leaves the orifice in

the form of a hollow cone with an angle that varies

from 40 to 1408C. The orifice diameter is usually

small, from 0.4 to 4mm, and the usual capacity of

one nozzle does not exceed 100 l/h. When larger feed

rate is to be processed, several nozzles are used in the

drying chamber (see Figure 10.10). Owing to their

smaller spray angles the drying chamber can be nar-

rower and taller. With this type of nozzle it is gener-

ally possible to produce the droplets within a narrow

range of diameters, and the dried particles are usually

hollow spheres. Pressure nozzles are not suitable for

highly concentrated suspensions and abrasive mater-

ials because of their tendency to clog and erode the

nozzle orifice.

Energy consumption of a pressure nozzle is very

low in comparison with that of the wheel atomizer as

well as the pneumatic nozzle. The drop size calcula-

tion for a pressure nozzle may be done using the

correlation [23]:

D3,2 ¼ 286[(2:54� 10�2)D

þ 0:17] exp
39

vAX

� (3:13� 10�3)v1

� �
(10:10)



where the axial velocity vAX (m/s) and the inlet vel-

ocity v1 (m/s) are determined as follows:

vAX ¼
D2

1

2Db
v1 (10:11)

v1 ¼
_VV1

A1

(10:12)

In this equation, D is orifice diameter (m), D1 is inlet

channel diameter (m), A1 is inlet channel area (m2),
_VV 1 is volumetric flow rate (m3/s), and b is thickness of

fluid film in the orifice. The resulting Sauter mean

diameter is in mm.

For a rough prediction, the following empirical

equation may be used [6]:

DA ¼
9575

DP1=3
(10:13)

where DA is the average drop diameter (mm) and DP

is the pressure drop across the nozzle (Pa).

10.2.2.4 Pneumatic Nozzles

Pneumatic nozzles are also known as two-fluid noz-

zles as they use compressed air or steam to atomize

the fluid. Figure 10.11 shows the most usual type. In

this case the feed is mixed with the air outside the

body of the nozzle. Less frequently, the mixing occurs

inside the nozzle. The spray angle ranges from 20 to

608C and depends on the nozzle design. Approxi-

mately, 0.5 m3 of compressed air is needed to atomize

1 kg of fluid. The capacity of a single nozzle usually

does not exceed 1000 kg/h of feed. Sprays of less-

viscous feeds are characterized by low mean droplet

sizes and a high degree of homogeneity. With highly

viscous feeds, larger mean droplet sizes are produced
Air

Baffles

Liquid

FIGURE 10.11 Pneumatic nozzle with external mixing.

� 2006 by Taylor & Francis Group, LLC.
but homogeneity is not as high. Pneumatic nozzles are

very flexible and produce small or large droplets

according to the air–liquid ratio. The high cost of

compressed air (pressure range, 0.15–0.8 MPa) be-

comes important to the economics of these nozzles,

which have the highest energy consumption of all

three types of atomizers.

The drop size can be predicted by means of the

following correlation, which yields the Sauter mean

diameter in mm [23]:

D3,2 ¼
535� 103

ffiffiffiffi
s
p

vREL
ffiffiffi
r
p þ 597

mffiffiffiffiffiffi
sr
p
� �0:45

� 1000 _VVFL

_VVAIR

� �
(10:14)

where s, r, and m are the fluid surface tension (N/m),

density (kg/m3), and viscosity (Pa s), respectively, and
_VVFL and _VVAIR are volumetric flow rates of fluid and

air (m3/s), respectively. Instead of relative velocity vREL

(m/s), the outlet velocity of air may also be substituted.

10.2.2.5 Novel Types of Atomizers

A number of liquids that cannot be atomized success-

fully by wheels or nozzles method have generated

interest in using other methods of atomization that

may be more suitable for such liquids. These are, for

example, highly viscous and long molecular chain

structured materials and some non-Newtonian li-

quids, which form only filaments instead of individual

droplets from the ordinary atomizers. Attention has

been paid to the use of sonic energy. The most recent

development in the field of pneumatic nozzles is the

sonic atomizer [31]. The breakup mechanism is en-

tirely different from that for conventional nozzles.

The disintegration of a liquid occurs in the field of

high-frequency sound created by a sonic resonance

cup placed in front of the nozzle. However, this de-

velopment has not reached the stage at which sonic

nozzles can be industrially competitive with other

kinds of atomizers. They have some promising as-

pects, such as 15% savings in energy [35] and applic-

ability for abrasive and corrosive materials. The four

main types of sonic atomizers are the Hartman mono-

whistle nozzle, steam jet nozzle, vortex whistle nozzle,

and mechanical vibratory nozzle [23].

10.2.2.6 Selection of Atomizers

The selection of the atomizer usually means the selec-

tion between wheel atomizer and pressure nozzle, as the

use of the pneumatic nozzle is very limited. The selec-

tion may be based on various considerations, such as



availability, flexibility, energy consumption, or particle

size distribution of the final dry product. The last is the

most common case. The sizes of droplets produced by

various atomizers are shown in Table 10.3. The advan-

tages and disadvantages of both wheel and pressure

nozzle atomizers are summarized below.

Wheel nozzles

Advan tages

. Can ha ndle high feed rates in a single wheel

. Suitabl e even for abrasiv e mate rials

. Negl igible blockage or cloggi ng tendenci es

. Simpl e drop let size control by changing wheel

revolut ions

Dis advantag es

. Higher energy consumption than pressure nozzles

. Highe r cap ital co st than pressur e noz zles

. Broad spray requir es large chamber

Pressur e no zzles

Advan tages

. Simple and c ompact construction, no moving parts

. Low cost

. Low energy consumpt ion

. Requi red spray charact eristic s can be produced

by alternati on of the whi rl chamber design

Dis advantag es

. Cont rol and regula tion of spray patte rn and

nozzle capacity during ope ration not possible
. Swirl nozzles not suita ble for suspen sions be -

cause of pha se sepa ration
. Tende ncy to clog
. Strong corrosi on an d erosi on effe cts cau se en-

large ment of the orifice, whi ch ch anges the

spray characteris tics

The energy consumpt ion of three main types of atom-

izers is summ arize d in Tabl e 10.4.
TABLE 10.4
Energy Consumption of Three Main Types of

Atomizer Type

250 kg/h

Pressure nozzle, pressure 3–5MPa 0.4

Pneumatic nozzle, air pressure 0.3MPa,

air mass rate 0.5–0.6m3/kg

10.0

Rotary wheel 8.0
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In many cases rotar y and nozzle atomizers ca n be

used with equal success and the choice depen ds en -

tirely on the manufa cturer’s traditi on. Ho wever, there

are differences in the dry pro duct charact eristic s, bulk

density, and shape between the wheel and noz zle

atomizers (see Figure 10.12) [15] . In cases in which

both wheel an d noz zle atomizers produce simila r

spray pa tterns, the wheel a tomizer is us ually preferred

because of its great er flexibi lity.

10.2.3 CHAMBER DESIGN

Genera lly the ch amber design depend s on the atomiz er

used and on the air–fluid con tact system selec ted. The

selection of atomi zer and air–flui d layout is deter-

mined by the required charact eristic s of the dry prod -

uct an d pro duction rate. The product specifica tions

are almos t always de termined from smal l-scale test s

in an experi menta l spray dryer. Someti mes they are

available from the literat ure. If heat- sensitiv e material

is involv ed, a ttention must be paid to the tempe rature

profile of the dr ying air along the drying ch amber.

Anothe r area that requir es attention is the dro plet

trajector y, mainl y the trajector y of the large st drop s

as the size of chambe r must be such that the large st

drop in the spray is dry be fore it reaches the chambe r

wall. This requir ement pr events the formati on of par-

tially dr ied mate rial buildup on the ch amber wal ls. The

height H of the dr ying chamber as a functio n of dro p-

let diameter d and tempe rature differences DT between

the drying air and the particle is sho wn in Figure 10.13.
10.2.3.1 Chamber Shape

As noted e arlier, the chamber shape depends on the

type of atomi zer employ ed because the spray an gle

determines the trajector y of the droplet s an d therefo re

the diame ter and he ight of the drying chamber. Typ-

ical spray dryer layouts with wheel and nozzle atom-

ization are shown in Figure 10.14. Corr elations a re

available for calculating the drying chamber sizes

without pilot tests. However, these equations require

simplifying assumptions that make their application
Atomizers

Energy Consumption for Atomization of

500 kg/h 1000 kg/h 2000 kg/h

1.6 2.5 4.0

20.0 40.0 80.0

15.0 25.0 30.0



FIGURE 10.12 Spray-dried powder: (a) produced by wheel

atomizer; (b) produced by pressure nozzle under compar-

able operating conditions.
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FIGURE 10.13 Height H of the drying chamber versus

diameter d; DT ¼ temperature difference between the dry-

ing air and the particle.
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unreliable. The best method so far has been the scale-

up from pilot to commercial size.

10.2.3.2 Air-Droplet Contact Systems

There are three basic types of air-droplet contact

systems employed in spray drying processes:
1. Cocurrent contact occurs when the droplets fall

down the chamber with the air flowing in the

same direction. It is the most common system

with both wheel and nozzle atomization. Wheel

atomizers are used when fine particles of heat-

sensitive material are required; heat-sensitive

coarse droplets are dried in nozzle tower-cham-

ber designs. The final product-temperature is

lower than the inlet air temperature.

2. Countercurrent contact is achieved when the

drying air flows countercurrent to the falling

droplets or particles. It is used for more heat-

sensitive materials that require coarse particles,

or special porosity, or high bulk density.

Nozzle atomization is usually used. The final

product-temperature is higher than that of the

exit air.

3. Mixed-flow contact is employed when a coarse

product is required and the size of the drying

chamber is limited. It has so far been the most
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economic al syste m for a material that can

withstand expo sure to high temperatur e in

dry form .
The drying ch amber layout s for all three syst ems

are sho wn schema tica lly in Figure 10.15; a typic al set

of tempe ratur e data can be found in Figu re 10.16 [20] .

Temperat ure and vapor pressur e profi les along the

drying chamber are shown in Figure 10 .17 for c ocur-

rent an d c ountercur rent co ntact layout s [15] .

The direct ion of airflow and the unifor mity of the

air veloci ty over the whole cross secti on of the chamb er

are very impor tant in de termining the fina l produ ct

quality. Design of the hot air distribut ion must pre vent
06 by Taylor & Francis Group, LLC.
the local ov erheating due to reverse flow of wet par-

ticles into the hot air area, ensure that the pa rticles are

dry be fore they reach the wall of the drying c hamber,

and prevent insuffi cient drying in so me areas of the

chamber. Some arrange men ts of hot a ir dist ribution

are shown in Fig ure 10.18.

The areas sensi tive to wall impi ngement of wet

product are shown in Figure 10.19. There are many

ways to con trol wall impin gement , dep ending on the

atomizer a pplied, the product pro perties, and the air

distribut ion design [23]. The tempe ratur e of the cham-

ber wall that comes in contact with the particles must

be lower than the melting point of the product to

prevent baking on.
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10.2.3.3 Powder and Air Discharge Systems

The dry powder is collected a t the bottom of the

drying chamber an d dischar ged. The powder –air sep-

aration can be done outsi de the ch amber or the main

part of the produ ct can be separated inside the cham-

ber, wher eas outsid e, in a separation device, only the

fine particles are co llected. Example s of different dis-

charge systems are sketche d in Figure 10.20.

In case (1) of Figure 10.20, the separation oc curs

outside. In c ases (2), (3), and ( 4) the product is

accumulated at the bottom of t he chamber and dis-

char ged by m eans of a valve. Vibrators and rotating

scrapers help convey the powder when the cone

angle is too large or t he chamber bottom is flat.

When necessary, t he air s weeper can be used to
Outlet
air

HA

HA

HA HA

Dried
product

FIGURE 10.18 Hot air distribution layouts. (From Kessler,

Kessler, Freising, Germany, 1981.)

� 2006 by Taylor & Francis Group, LLC.
discharge the dry product a long the c hamber wall,

as in case (4).

10.2.4 ANCILLARY EQUIPMENT

The ancil lary equ ipment used dep ends general ly on

the spray dry ing pro cess layout . Never theless, some

basic pieces of equipment must be used in any syst em

(see Figure 10.1). They are discus sed below:

. Air Heaters

. Steam, indirect

. Fuel oil, direct or indirect

. Gas, direct or indirect

. Electric

. Thermal fluids, indirect
HA

HA

HA

Distribution of hot air

HA–hot air

H.G., Food Engineering and Dairy Technology, Verlag A.
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Direct heaters may be used if the material can come

into contact with products of combustion. Otherwise,

indirect air heaters must be used. The type of heater

used depends on the required temperature of the dry-

ing air and on the availability of the heat source; the

most common air heater in the food industry is the

steam-heated type. Dry saturated steam is usually

used within the temperature range 150–2508C. The
(1) (2)

V
S

A

A + DP

DP

FIGURE 10.20 Examples of discharge systems: A, outlet air;

air sweeper.
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air temperature is about 108C lower than the steam

temperature. Steam air heaters use extended fin tubes

and are relatively inexpensive. The steam rate Ms

(kg/s) necessary to heat the drying air is given by [23]

_MMS ¼
LACPA(TAo � TAi)

Hs �Hc

h (10:15)

where LA is airflow rate (kg/s); CPA is air specific heat

(J/kg�K); TAo and TAi are the air outlet and inlet

temperatures (K), respectively; Hs and Hc are the

enthalpies of steam and condensate (J/kg), respect-

ively; and h is heater efficiency (about 0.95).

Indirect fuel oil heaters and gas heaters have simi-

lar features. They have separate flow passages for hot

gas and drying air. The maximum air temperature at

the outlet of a heater is about 4008C.

Direct air heaters are less complicated, and drying

air temperatures up to 8008C can be obtained. Gas-

fired direct heaters have been used more frequently in

recent years because of the increasing availability of

natural gas in many parts of the world. The fuel (or

gas) combustion rate MG (kg/s) is given by

_MMG ¼
LACPA(TAo � TAi)

Qcv

h (10:16)

where Qcv is the calorific value of the fuel or gas (J/kg).

Electric air heaters are used mainly with labora-

tory and pilot-scale dryers because of high electricity

costs. Air temperatures up to 4008C can be achieved

using electric heaters.

A relatively new type of air heater is one that uses

a thermal fluid, which is a special oil that transfers

heat from a boiler to the air heater. The boiler may be

gas or fuel oil fired. This type of heater may be used

when steam is not available and the temperature of
(3) (4)

LB

R

R

A

A

DP
DP

DP, dry product; RS, rotating scraper; V, vibrator; AS,
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inlet air up to 40 08C is requ ired and when co mbustion

gases can not be used direct ly.

10.2.4.1 Fans

In a sp ray drying process , high flow rates of drying air

are g enerally obtaine d by the use of centri fugal fans.

Usually a two-fa n syst em is used, the main fan sit u-

ated after the powder recover y eq uipment and the

supply fan located in the inlet duc t to the drying

chamber. Two fans enab le better control of the pres-

sure in the ch amber. With a single fan after the cyc-

lone, the whol e drying system operate s unde r a high

negativ e pressur e. The ope rating pressur e in a dr ying

chamber de termines the amou nt of powder in the

exhaust air and hen ce the capacity of the cyclon es

and their collection of efficien cy. In specia l cases,

more fans may be used in a drying process , for ex-

ample , a centrifugal fan for the powder pne umatic

transp ort or small fans for blow ing coo l a ir to pot en-

tial hot spots in the drying chamb er an d atomizer. A

typical centrifugal fan is illustrated in Figure 10.21.

The pressur e de veloped by a fan de pends upon the

blade design. The mo st common type of fan in spray

drying ha s backwa rd-cur ving blades, as shown in

Figure 10.21. Suc h blades are also used for the sup ply

fan. If the powd er–air ratio is high, the backwa rd-

curving blades may cause problem s with deposit for-

mation on the backside of the blades. In such cases,

the us e of a blade pr ofile inter media te betw een the

backwa rd curving and the radial is recomm end ed. It

gives be tter self-cl eaning propert ies. In Figu re 10.22

are sho wn the typical characteris tic curves for radial

and backwa rd-cur ving blades for c onstant fan speed

and air de nsity.

The fan energy consumpt ion E (in W ) may be

calcula ted by means of the followin g relationsh ip

between the v olumetric airflow rate V (m 3/s) and the

total pressur e dr op that must be ov ercome, DP (P a):
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E ¼ D P _VV

h 
(10 : 17)

where h is the fan efficien cy, usuall y 0.6–0. 75.

10.2.4.2 Powder Separators

Dry powder : Cyclo nes, bag filter s, electrost atic pre-

cipitator s

W et powder : Wet scrub bers, wet cyclon es, irri-

gated fans

Powd er separat ors must separat e dry produ ct

from the drying air at the highest possible effici ency

and collect the powder . Dry sepa rators a re used for

the principal dry product separation and collection;

wet separators are used for the final air cleaning and

hence are situated after dry collectors.

In a dry cyclone (see Figure 10.23), centri fugal

force is employed to move the particle toward the

wall and separate them from the air core around the
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FIGURE 10.23 Dry cyclone designs with different types of

air inlet.
axis. Air a nd pa rticle swirl in a sp iral down the cyclone,

where the pa rticles co llect and leave the cyclone. The

clean air flows upwar d and leaves from the top.

In a spray drying process a simple cyclone syst em

or a mult icyclone syst em may be used . The cho ice

between them depend s upon the foll owing fact ors:
FIG
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2. Overall cyclone effici ency

3. Pressur e dro p ov er the unit
Two characteristics are used to define cyclone per-

formance. They are the critical particle diameter (par-

ticle size that is completely removed from the air stream)

and the cut size (the particle diameter for which 50%

collection efficiency is achieved). A typical example of

theoretically and experimentally obtained efficiency

curves is shown in Figure 10.24. It is evident from this

diagram that particles above 15 mm are removed with

high efficiency in the cyclone. The pressure drop across

the cyclone unit ranges between 700 and 2000 Pa.

A bag filter is widely used in spray drying processes.

The airflow containing dry particles passes through a

woven fabric; powder is collected on one side of the

fabric and the air leaves on the other. A modern unit

consists of several bags installed in a baghouse. A typ-

ical collection efficiency curve is shown in Figure 10.25.

Very high efficiency is obtained even with 1-mm par-

ticles. Bag filters must be carefully maintained to avoid

any leakage and regularly cleaned to maintain high

operating efficiency. The fabric used in a bag filter is

selected in accordancewith the characteristics of the dry

product and the air temperature. Only rarely are elec-

trostatic precipitators used in spray drying processes

because of their high initial cost.

Wet scrubbers are very commonly used following

dry collectors. The particles are separated from air by

contacting it with a liquid, usually water. The well-

known venturi scrubber is preferred in spray drying

systems because it offers easy cleaning and mainten-

ance. It can be used for food and pharmaceutical

materials that require hygienic handling. A venturi
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FIGURE 10.25 Bag filter efficiency curve.
scrubber is sho wn in Figure 10.26 and its typic al

efficien cy c urve in Figure 10.27.

The air carryin g fine pa rticles flows through a

venturi ; water is injec ted at the throat of the scrubb er

to form a spray. The scrubbi ng liquid contai ning the

produc t is separat ed out and discharged from the

scrubber base either to sew age or for recirculat ion.

The pressure drop ove r the scrubber is usually be-

tween 2000 and 5000 Pa.

10.2.5 THERMAL EFFICIENCY

The effici ency of the spray drying operati on is defined

as the ratio of the heat used in evapo ration to the

total heat input. Thus
Clean air

Water mist
de-entrainer

Water

Drainings

Powder laden
air

Jet or nozzle

Scrubber
water to
recycle
or drain

FIGURE 10.26 Typical design of venturi wet scrubber.
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h ¼
_MMCH l

LA ( TA � TWB ) C PA þ _MM F (T F � TWB ) CPF

(10 : 18)

where MCH (kg H2O/ s) repres ents the ch amber eva p-

oration capacit y, l (J/kg) the late nt heat of evap or-

ation, LA (kg/s) the airflow rate, M F (kg/ s) the feed

flow rate, CPA and CPF (J/kg K) the heat capacit y of

the air and feed, respect ively, TA and T F ( 8 C) the

tempe rature of the air and feed, respectivel y, and

TWB ( 8 C) ¼ wet bulb tempe rature.

If the drying process is sup posed to be adiabat ic,

that is, the heat losse s are negligible , Equation 10.18

can be approxim ated to the relation

h ¼ TAi � TAo

TAi � TAMB

� �
� 100(% ) (10 : 19)

where TAi an d T Ao are the inlet and outlet air tem-

peratur es, respectivel y, and TAMB is the ambien t air

tempe rature. Equat ion 10.19 is illustr ated graphic ally

in Figu re 10.41.

As the dr ying chamber cap acity is prop ortion al to

the temperatur e difference of the inlet and out let air

over the chamber, it is desir able to achieve the highest

possible value, which are the high est inlet air tempe ra-

ture and the lowest outlet a ir tempe ratur es. How ever,

there are so me limit ations to be consider ed. For many

products an increa se in the inlet tempe rature cau ses

seriou s pro duct da mage and a decreas e in the outlet

air tempe ratur e leads to higher mo isture content in

the dried product.

On the other hand, a decrease in heat input would

also cause an increase in the thermal efficiency. The

heat consumption is proportional to the evaporation

rate, and for a given rate, it depends on the concen-

tration of the dryer feed. Increase in feed solid content

from 10 to 25% will result in a 66.6% reduction in heat
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FIGURE 10.27 Venturi scrubber efficiency curve.
consumpt ion for a given rate. A spray dryer ha s the

highest he at consu mption for evaporat ion of 1-kg

water in co mparison wi th any deh ydration eq uipment

(see Table 10.5) .

The feed must be c oncentra ted as mu ch as pos -

sible before spray drying. An exampl e of he at co n-

sumpt ion in a spray dryer is given in Figu re 10.28, in

which two spray drying process es are compared , op-

erating at different tempe ratur e rang es and employ -

ing diff erent hea t sources .

10.3 SPRAY DRYING SYSTEMS

10.3.1 PROCESS LAYOUTS AND APPLICATIONS

The charact eristics of different process layou ts are

listed in Table 10.6 [22]. The ope n-cycle layout , which

repres ents the majorit y of spray dryer systems, is

shown in Figure 10.29. The drying air is taken from

the atmos phere and the exhaust air is dischar ged

to the atmos phe re. Three types of dry colle ctors and a

wet air cleaner can be used in this layout . A relative ly

large amount of dry powder (in compari son with

other layou ts) is lost with the exh aust air. Some

applic ations a re shown in Figure 10.30 through Fig-

ure 10.35 [33] .
TABLE 10.5
Heat Consumption for Evapo

Membrane process 

Evaporator 1 stage

Evaporator 2 stages

Evaporator 6 stages

Evaporator 6, with thermocompress

Evaporator 6, with mechanical comp

Spray drying process
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W ith reference to Figure 10.30, the drying med-

ium is a comb ustion gas that is pro duced at a tem-

peratur e of abou t 550 8 C in a co mbustion cha mber by

burning natural gas. The gas out let temperatur e is

about 120 8 C. Dryer capacit y is 12 ton/h, its specific

evaporat ion rate is in the range from 8 to 9 kg /(m 3 h).

Figu re 10 .31 shows an exampl e of a sp ray dry er

very co mmonly used in food a nd pharmac eutical in-

dustries. The drying air is heated by steam . Bec ause of

the usually high cost of the final product, more com-

plex separat ion eq uipment is justified or necessa ry. A

spray drying syste m with the atomizer locat ed in the

middle of the drying chamber is shown in Figure

10.32. With two air inlet s it is possibl e to control the

spray charact eristics very well. The secon dary air

entering the bottom of the chamber decreas es the

moisture content of the produ ct.

The spray dryer shown in Figu re 10.33 enab les

drying of high -consistenc y paste-li ke feeds, such as

plastic mate rials, some salt s, and dy estuffs. Here, the

feed is transp orted into the atomizer by means of a

screw feeder and is sprayed using a two-fluid atom-

izer. At very high tempe ratur es (up to 850 8C) the

evaporation rate is about 25 kg/(m3 h).

One of the applications of the spray drying pro-

cess is the drying of waste sludge, which is shown in
ration of 1 kg Water (kJ)
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FIGURE 10.28 Thermal efficiency for two spray dryers operating with different energy sources and temperature ranges: (a) h ¼
39%, steam,TA INLET ¼ 1808C,TA OUTLET ¼ 908C; (b) h ¼ 83%, oil,TA INLET ¼ 5008C,TA OUTLET ¼ 658C. (FromStrumillo,

C., Podstawy Teorii i Techniki Suszenia, 2nd Ed., Wydawnic-two Naukowo-Techniczne, Warsaw, Poland, 1983.)

TABLE 10.6
Spray Dryer Layouts

Layout Drying Medium and Feed Heating Application

Open cycle Air and aqueous Direct or indirect Exhaust air to atmosphere

Closed cycle Inert gas and nonaqueous Indirect (liquid phase or steam) For evaporation, recovery of

solvents; prevention of vapor

emissions; elimination of

explosion; fire hazards

Semiclosed (standard) Air and aqueous Indirect For handling materials that cannot

contact flue gases; elimination of

atmospheric emissions

Semiclosed (self-inertizing) Air with low O2 content and

aqueous

Direct Products with explosion

characteristics; elimination of

powder and odor emissions

Two stage Any of the above layouts plus

fluid-bed, agglomerators, flash

dryers as second stage

For improved powder properties,

improved heat economy

Combination Spray and fluidizer Direct Improved energy consumption,

reduced capital costs
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FIGURE 10.29 Open-cycle layout.
Figure 10.34. Solid wastes are burned in a furnace at a

temperature of 800–10008C. The heat of the exhaust gas

is used in a spray dryer, where the sludge is atomized

and dried. The outlet gas temperature is about 2008C.

The typical drying chamber arrangement is shown in

Figure 10.35.

A closed-cycl e layout shown schema tically in Fig-

ure 10.36 is used for drying mate rials contai ning flam-

mable organic solvents. In such cases it is not possible

to discharge the solvent vapor into the atmos phe re
A

1
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2

4

7

D 5

6
B

FIGURE 10.30 Spray drying of superphosphate: (1) feed tank;

(6) fan; (7) drying chamber; (8) cyclone; (9) wet scrubber; (10) ab

product; (D) fuel; (E) water. (From Strumillo, C., Podstawy Te

Techniczne, Warsaw, Poland, 1983.)
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because of toxic ity and odor problem s. The closed-

cycle layout pr events leakage of vapor or powd er and

minimiz es explosi on an d fire hazards, ensuri ng total

solvent recover y at the same tim e. The system is

operate d at a slight pressur e to prevent any inward

leakage of atmosph eric air; ope n-cycl e plants are us u-

ally operate d at a slight vacuu m. An exampl e of a

closed-cy cle layout is shown in Figure 10.37.

A semi closed- cycle layout is shown in Figure

10.38 in three types [22]:
C

E
8
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11

(2) feed pump; (3) filter; (4) atomizer; (5) hot gas generator;

sorber; (11) exhaust fan; (12) gas outlet; (A) feed; (B) air; (C)

orii i Techniki Suszenia, 2nd Ed., Wydawnic-two Naukowo-
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FIGURE 10.31 Spray drying of a heat-sensitive material: (1) filter; (2) fan; (3) air heater; (4) drying chamber; (5) high-

pressure pump; (6) secondary pump; (7) pressure nozzle atomizer; (8) air conditioner for transporting air; (9) cyclone;

(10) fan; (11) secondary cyclone; (12) bag filter; (13) exhaust fan; (A) air; (B) exhaust air; (C) secondary air; (D) feed; (E)

product. (From Strumillo, C., Podstawy Teorii i Techniki Suszenia , 2nd Ed., Wydawnic-two Naukowo-Techniczne, Warsaw,

Poland, 1983.)
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1. Partial recycle cycle

2. Vented closed cycle with indir ect heater

3. Vented closed cycle with direct he ater
In a semiclose d cycle, only a part of the drying air

is exhau sted to a tmosph ere, thus maint aining powd er

emission. Most of the dr ying med ium is recycled .

Partial recycl e (F igure 10.38a ) is an old idea that is

now used again to util ize the heat in the outlet air and

thus reduce the fuel consump tion. A reducti on of up
5
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1

URE 10.32 Spray dryer with atomizer located in the

dle of chamber: (1) air inlet; (2) heater; (3) fan; (4) sec-

ary air inlet; (5) feed; (6) rotary atomizer; (7) powder

harge system; (8) powder outlet; (9) exhaust fan. (From

umillo, C., Podstawy Teorii i Techniki Suszenia, 2nd Ed.,

dawnic-two Naukowo-Techniczne, Warsaw, Poland,

3.)

06 by Taylor & Francis Group, LLC.
to 20% in fuel co nsumpt ion is possibl e when the

outlet air tempe rature exceeds 120 8C. The amoun t

of recycl ed air is about 50% of the total drying air

fed to the dryer.

The vented closed cycle with indirec t heati ng (Fig-

ure 10.38b) operate s under a sli ght vacuum. The

amount of air exhaust ed to atmos phe re is very smal l

and co rresponds to the air that enters into the syst em

through normal leakage , as the dryer is not manufa c-

tured to be gastight. This layout can be success fully

used to han dle toxic mate rials and those having odor

problem s, or when co ntact with combust ion gases

must be avoided.

The direct -heater layout (Figur e 10.38c ) can be

used for non- heat-sensi tive mate rials. A specia l appli-

cation of this layout is the so-cal led self-i nertizing

system for mate rials at high risk for fire an d explo-

sion. Any excess air enteri ng the system by leakage is

used as addition al combu stion air in the heater , thu s

passin g through a fla me zone where it is deactivated

prior to exhaust to the atmos phere. A self -inertizing

system is shown in Fi gure 10.39.

The advantag es of this syst em are lower fuel co n-

sumpt ion and lower co st in compariso n with the

closed-c ycle layout , whi ch must be gastight. It is

used, for exampl e, in the pha rmaceu tical industry

for drying of fermentat ion residues.

The layouts describ ed so far repres ent one-stage

spray dr ying proce sses, in whi ch dr yings are carried

out in a singl e unit. Devel opments are oriented to

achieve high er produ ct quality at higher therm al effi-

ciency. Thi s has resulted in the design of a two-stage
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FIGURE 10.33 Spray dryer for paste-like materials: (1) feed tank; (2) atomizing device; (3) compressed air inlet; (4) drying

gas; (5) heater; (6) drying chamber; (7) cyclone; (8) bag filter; (9) exhaust fan; (10) product outlet. (From Strumillo, C.,

Podstawy Teorii i Techniki Suszenia , 2nd Ed., Wydawnic-two Naukowo-Techniczne, Warsaw, Poland, 1983.)
spray drying process . This syst em uses lower ene rgy

(~20% less ) and prod uces a powder with ‘‘insta nt’’

charact eristic s, which are often requ ired in the food
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FIGURE 10.34 Drying of sludge: (1) dry material from

spray dryer, see Reference 9; (2) solid wastes; (3) combustion

chamber; (4) ashes discharge; (5) spray dryer with rotary

atomizer; (6) exhaust gas; (7) electric filter; (8) dry product;

(9) dry material to combustion chamber; (10) highly consist-

ent sludges. (From Strumillo, C., Podstawy Teorii i Techniki

Suszenia, 2nd Ed., Wydawnic-two Naukowo-Techniczne,

Warsaw, Poland, 1983.)
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indust ry. An exampl e of a two-st age drying pro cess

used to dry milk is shown in Figure 10.40.

In a two-stage process, the spray dryer i s the

firs t st a ge ; t h e ma t er ia l i s d ri ed up t o 1 0 % (i n the

case of milk) i nstead of up to the final 3–5% m ois-

ture. The final m oisture content is achieved i n the

second stage, which i s usual ly a vibro-fluidi zed bed

dryer. The s econd stage c onsists of two parts. In the

first part, t he powder i s dried and in the second it is

coo l ed. The product is agglomerated to ac hieve

instanti zing.

The therm al effici ency of a tw o-stage syst em is

better than that of a singl e uni t because the tempe ra-

ture of the outlet air is lower, abou t 80 8 C, instead of

100 8 C or more in a singl e unit. This allow s the use of a

higher inlet air tempe ratur e without degrad ation of

the dried mate rial.

Thr ee-stage drying was intr oduc ed severa l years

ago to furt her impr ove the therm al effici ency of the

drying process . A typic al three-st age dryer con sists of

the spray drying chamber as the first stage in which

the con ical bot tom is placed. The secon d stage is a

static fluid bed. The third stage repres ents an extern al

fluid bed for fina l drying and coo ling [18].

Figu re 10.41 sho ws an other three- stage dryer used

in the food indu stry [30] . In the first stage , the feed is

dried to a mois ture content of 10–20% , depend ing on
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FIGURE 10.35 Drying chamber arrangement.
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FIGURE 10.36 Closed-cycle layout.
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FIGURE 10.37 Example of a closed-cycle layout: (1) spray dryer; (2) cyclone; (3) feed tank; (4) exhaust fan; (5) wet scrubber;

(6) scrubber cooling system; (7) fan; (8) heater. (From Strumillo, C., Podstawy Teorii i Techniki Suszenia, 2nd Ed.,

Wydawnic-two Naukowo-Techniczne, Warsaw, Poland, 1983.)
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FIGURE 10.38 Semiclosed-cycle layout: (a) partial recycle cycle; (b) vented closed cycle with indirect heater; (c) vented

closed cycle with direct heater. (From Masters, K., Spray drying, Advances in Drying, Vol. 1, Ed. A.S. Mujumdar,

Hemisphere/McGraw-Hill, New York, 1980, pp. 269–298.)
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FIGURE 10.39 Self-inertizing spray drying system: (1) drying chamber with rotary atomizer; (2) cyclone; (3) scrubber

condenser; (4) direct-fired heater; (5) heat exchanger for waste-heat recovery; (6) exhaust to atmosphere; (7) fuel; (8)

combustion air; (9) cooler; (10) condensate; F, feed; P, product.
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FIGURE 10.40 A two-stage spray drying process for milk: (1) air filter; (2) heater; (3) cooler; (4) spray dryer; (5) cyclone; (6)

exhaust fan; (7) fluidized-bed dryer; (8) return line of fine powder.
the product. The semi dried powder is depo sited on a

moving be lt (woven polyester filame nt) situated at

the bottom of the prim ary spray ch amber. The dr ying

air is dist ributed throu gh the belt an d the powder

with a relat ively high velocity. Thi s is the second

stage of drying (cros sflow drying) . After a sh ort sta-

bilizati on period in a retent ion section , the powder is

conveyed to the third drying stage in which drying is

complet ed by low -temperat ure air. The final sectio n is

a cooling stage. The fina l product consis ts of agglom -

erates with ‘‘in stant’’ pro perties. The tempe ratur e of

the exh aust air is eve n low er than in two-stage sys-

tems (65–70 8C) , thus higher therm al effici ency is ob-

tainab le.

10.3.2 ENERGY SAVINGS

Spray drying is a ve ry energy-inte nsive process . There

are three main reasons for this:
� 20
1. It is necessa ry to supply the specific he at of

evaporat ion in a short tim e.

2. The tempe ratur e diff erence across the drying

chamber is relative ly smal l because the heat-

sensitiv e mate rials, whi ch are mostly spray-

dried, do not pe rmit the us e of high-t empera -

ture inlet air. The require d quality of fina l

product doe s not permi t the use of low-te m-

perature outlet air, eithe r.

3. An appreci able amo unt of heat is lost with the

exhaust air. Nonideal perfor mance of the

powder collection syst em causes loss of dry

product.
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Hence, the below -listed energy saving strategie s for

spray drying process es corresp ond to the three main

categor ies that are mentio ned above.
1. Remove as much water from the feed as pos -

sible before drying. It is shown in Tabl e 10.7

that preconcent ratio n of the feed resul ts in sig-

nificant energy saving s. The most effecti ve is

mechani cal dehydrat ion followe d by mem-

brane pro cesses or centri fugal separat ion. The

only req uirement is that the feed to the spray

dryer must be pumpab le. The effe ct of feed

concentra tion on the heat consump tion in a

spray dryer is shown in Table 10.7 [22] .

2. Increase the inlet air temperature or decrease the

outlet air temperature. The effect of both the

temperatures on the thermal efficiency is evident

in Figure 10.42 [14]. This requirement can be met

by using two or more stages when possible.

3. If a wet scrubber is used to clean the exh aust

air and to avoid high losse s of dry pro duct,

the hot scrubber liqui d can be used as feed pr o-

cess water or the feed sh ould be concen trated in

the scrubber. This is not always possible because

of hygienic problems in the food industry. In

such cases, a good method of energy savings is

to lead the exhaust air from the cyclone into a

bag filter, where the product is recovered. The

exhaust air then passes through a countercur-

rent exchanger where the inlet air is preheated

up to 758C. The heat exchanger must be care-

fully designed so that it is self-cleaning, as the

exhaust air always contains fine particles.
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FIGURE 10.41 A three-stage spray drying process (FILTERMAT): (1) air filter; (2) heater-cooler; (3) high–pressure pump;

(4) nozzle system; (5) air distributor; (6) primary drying chamber; (7) retention chamber; (8) final drying chamber; (9) cooling

chamber; (10) FILTERMAT belt assembly; (11) cyclones; (12) fan; (13) fine recovery system; (14) FILTERMAT powder

discharge; (15) sifting system; (16) heat recovery system; I, first drying stage, II, second drying stage; III, third drying stage.
10.3.3 SAFETY ASPECTS

In spray drying operatio ns a poten tial danger of ex-

plosio n and fire can exist unde r certa in con ditions [7].

Fire haz ards exist if any of the following co ndi-

tions occu r:

. The tempe rature of the air–pro duct mixture

reaches a fla mmabili ty limit (see Table 10.8).
. The ox ygen content in the drying medium is

high.
TABLE 10.7
Heat Consumption for Vario

Feed Solids (%) Approximate He
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(See relev ant chapter of this handb ook for details on

fire and explosio n hazards.)

Dry skim milk has the low est inflamm ation tem-

peratur e in a layer; su gar and some deterg ents have

the low est tempe rature when in a clou d in a spray

dryer. Temperat ure data for the drying medium in a

spray dryer for three typic al mate rials are shown in

Figure 10.43. The tempe ratur es a re given at the fol-

lowing locations: T1, heater outlet; T2, drying cham-

ber inlet; T3, drying chamber outlet; T4, exhaust air;

T5, pneumatic transport location. Useful data for
us Feed Concentrations

at Consumption (kJ/kg Powder)

23.65 � 103

10.46 � 103

6.17 � 103

3.97 � 103

2.68 � 103
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FIGURE 10.42 The effect of both inlet and outlet air tem-

perature on thermal efficiency. (From Kessler, H. G., Heat

conservation in concentration and spray drying of milk

products, Drying ’80, Vol. 1, Ed. A. S. Mujumdar, Hemi-

sphere/McGraw-Hill, New York, 1980, pp. 339–342.)
minimum ignition temperatur es of milk produ cts can

be found in Ref. [34] .

It is eviden t that the drying air temperatur e nearly

always exceed s the inflamm ation temperatur e in a

layer. Thi s means that ignition is pos sible whene ver
TABLE 10.8
Fire and Explosion Data for Some Spray-

Powder Inflammation Temp

Layer (8C) Clo

Wheat starch — 41

Pudding powder —

Sugar powder — 36

Cream topping —

Monoglyceride 290

Monoglyceride þ skim milk 282

Baby food 205

Milk concentrate 190–203 44

Skim milk 134

Milk 142

Buttermilk 194

Skim milk þ whey þ fat 183–240 46

Coffee extract 160–170 45

Cocoa 170 46

PVC —

Detergents 160–310 36
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dry powder dep osits are form ed. In the case of deter-

gents, ignition is also possibl e in the cloud.

Ignit ion may be init iated for any one of the fol-

lowing reasons :

. Spontan eous combust ion in prod uct dep osits

. Hot solid particles en tering the dryer with

drying gas
. Spark generat ion through frictio n
. Electrical failure
. Static electrici ty dischar ge

Fire prevention methods are based on proper op-

eration and cleaning of the dryer. An important safety

device is an automatic control system (ACS), as it can

maintain the temperature within +18C range whereas

the manually controlled temperature may vary +108C.

The control system should include a detection system

of parameter deviation, deposit detection, drying gas

analysis, and continuous monitoring of the humidity

and temperature at selected locations.

The exp losion hazard dep ends on the value of the

critical particle concentra tion, oxidat ion veloci ty, and

the explosion pressure. If a ny one of these co ndition s

is reached, there is danger of ignition. A comp arison

of both explosive and process conce ntration for

three products is shown in Figure 10.44. The powd er

concentra tions are given in the followi ng locat ions:

C1, drying ch amber; C2, cyclones ; C3, exhau st fan;

C4, wet scrubber; and C5, pneumatic transport. Fig-

ure 10.44 shows that even under normal operating
Dried Materials

erature Minimum Explosion

Concentration (g/m3)

Explosion

Pressure
ud (8C)

0–460 7–22 High

— 20 High

0–410 17–77 High

— 6.3 High

370 16 High

435 32 High

450 36 High

0–450 22–32 High

460 52 High

420 54 High

480 56 High

0–465 20–24 High

0–460 50

0–540 103 High

595 40 High

0–560 170–700 Low
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FIGURE 10.43 Temperature data for the drying air in a spray dryer. (From Filka, P., Safety aspects of spray drying, Drying

’84, Ed. A. S. Mujumdar, Hemisphere/McGraw-Hill, New York, 1984.)
conditi ons the danger of exp losion doe s exist in a

normal spray dryer. The exp losion hazard is high

above the solid line. The zone be tween the thick and

dotted lines is poten tially dangerous as the powd er

concen tration there exceeds 50 %. All proc ess

equipment in which the operati ng dust co ncentra tion

exceeds 50% of the low er explosive con centration

must be provided with a safety device. The spray

drying chamber, cyclones , and pip es should be

equipped wi th safety door s and exp losion vents [19].

When highly inflammable materials are dried it is

necessary to use inert atmosphere. A gastight closed-

c yc le s pr ay dr ye r w it h n it rog en a s t he dr yi ng m edi um

m ay b e u se d i n s uc h c as es . W he n e xp los io n ha za rd

exists, a self-inertizing system is recommended. Good

maintenance practice cannot be overemphasized.

For additio nal infor matio n and furt her referen ces

on fire and explosion hazards in drying of soli ds, the

reader is referred to the appro priate chapter in this

handb ook.

10.3.4 CONTROL SYSTEMS

Spray dryers can be con trolled either by manual co n-

trol syst em (MCS) or by a utomatic control system

(ACS) . M CS is restricted to smal l spray dryers or

when the handled mate rial dries easil y. In other
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cases ACS sho uld be ad opted. The outlet air tempe ra-

ture from the drying chamber is the parame ter that is

control led as it repres ents the quality of fina l produ ct

and is easy to monitor. When require d for en viron-

menta l reason s, the con trol of powder con tent in

exhaust air is also monitored .

Two ba sic types of control systems common ly

employ ed are shown in Figure 10.45 and Figu re 10.46

[23]. Cont rol syst em A is used most ly with wheel

atomizer process es and co nsists of two circui ts. The

first circuit co ntrols outlet air temperatur e by feed

rate regula tion. The inlet air temperatur e, controlled

by the seco nd circuit, is corrected by the fuel co mbus-

tion rate. The con trol system is provided with a safety

system that prevent s any damage in case of failure in

the feed system followe d by rapid increa se in the

outlet air tempe ratur e.

Control system B is used usually with nozzle dryers,

where the feed rate is to be constant. The outlet air

temperature is controlled by the regulation of combus-

tion rate in the gas or oil heater or steam pressure, when

a steam heater is used. Similar safety arrangements, as

in the previous control system, are applied here.

Any spray dryer control system can be run either

automatically or semiautomatically. A fully automatic

control system is recommended when the product

quality should meet very stringent requirements and
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when lower operating costs are essential. A timing

device starts up the dryer in a predetermined se-

quence. In case of failure in the control equipment it

is always possible to employ manual control and to

continue production without interruption. The shut-

down and cleaning operations are programed and

controlled by means of timing equipment. The ACS

must include a control system for fire detection, a
Feed

speed gear
Variable

Pump

TI

FIGURE 10.45 Control system A. (From Masters, K., Spray D
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system for fire or explosion prevention, and a pro-

gramable system for countermeasures.

10.3.5 SELECTION OF SPRAY DRYERS

Several considerations are critical in the assessment of a

material to be spray-dried. Some questions may be

asked, for example, what is the material? Is there any
C

TIC

Oil combustion
air

Air

Indirect oil-
fired heater

Flue gases

rying, Leonard Hill Books, London, 1979.)
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FIGURE 10.46 Control system B. (From Masters, K., Spray Drying, Leonard Hill Books, London, 1979.)
historical data on spray drying this material? Is it tem-

perature-sensitive? Is the material hazardous in any

way? Is it aqueous or solvent-based? Does the powder

present an explosion hazard? The feed physical proper-

ties and product requirements, e.g., viscosity, solid con-

centration, particle size, residual moisture, bulk density

etc., also are important considerations. The next step

is evaluating the product in a small laboratory-scale

dryer to determine starting parameters for plant scale.

On the basis of their operating characteristics,

Huang and Mujumdar [51,52] generated a selection

tree for various types of spray dryers. Note that se-

lection of the spray drying system also must consider

product quality and pilot-scale test results.
10.4 DESIGN CONSIDERATIONS
AND NUMERICAL MODELS

10.4.1 EMPIRICAL DESIGN AND PROCEDURE

Masters [61,62] and Gauvin and Katta [12] have sug-

gested a simplified method to design a spray dryer.

Huang et al. [53] provided an empirical method to

design a centrifugal spray dryer. They reported an

empirical correlation for the drying intensity of a cen-

trifugal spray dryer as follows:

q ¼ (T1 þ 273)3:4287

(T2 þ 273)3:34
(10:20)

where q is the drying intensity (kg/m3) viz. evapor-

ation rate per unit drying chamber volume, T1 and T2
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are the inlet drying air temperature and outlet air

temperature (8C), respectively.

Here, we summarize their design procedure as

follows:

. Collect design information, such as solid con-

tent in feed, feed temperature, evaporation rate,

product rate, residual moisture in product.
. Check feed properties, such as latent heat of

volatile, viscosity, heat sensitivity, boiling point,

solid property (abrasive, corrosive, etc.) in feed.
. Identify the hazard conditions of feed, such as

solvent and its property, flammable point, toxicity
. List the dry product properties, such as powder

size distribution, particle shape, bulk density,

specific heat, glass transition temperature, hygro-

scopicity, powder flammability.
. Determine air conditions, such as relative hu-

midity, ambient temperature (annual minimum

and maximum) and ambient pressure.
. Survey patents, published papers, existed ex-

perience and pilot test to decide reasonable

operating parameters, such as inlet air tempe-

rature, outlet air temperature. Finally select the

inlet air temperature as high as possible and

outlet air temperature as low as possible if the

product requirements are satisfied, based on

pilot experiment, published papers, patents and

experience.
. Choose the spray drying system, e.g., process

layout (open, closed, etc.), type of air–spray

contact, atomization way. [51,52]



. Carry out drying ch amber selection, based on

the atomizer and process layout.
. Select fuel type and its calori fic value; decide the

air he ating way, su ch as steam heater , elect ric

heater , oil furnace , coal furnace .
. Select the pro duct colle cting way, such as cyc-

lone, ba g filter , wet scrubb er.
. Carry out heat and mass balances, airflow rate for

drying, heater capacity. Computational fluid dy-

namics (CFD) simulations for such a spray dryer

may be performed to determine trends as accur-

acy of CFD models are still not well defined.
. Othe r selec tions , such as con trol systems, col-

lecto r ways, pumps, fans, pipe size an d pipe

fittings follow.
. Estimate and decide the drop let residenc e time

needed in the drying chamber depen ding on the

pilot test or empir ical data. We summ arize the

empir ical da ta for air resid ence tim e in the dry-

ing chamb er in Table 10.9. It should be noted

that the drying time of droplet is differen t from

the resi dence time of particle and air in the

drying chamber.
. Draw spray drying syst em layou t.
. Estimate investment and operati ng costs.
. Provide relat ive require ments to civi l engineer -

ing, power supply, wat er supp ly, and fuel sup ply

if needed , etc.
. Finali ze flow sheet.
10.4.2 COMPUTATIONAL FLUID DYNAMICS

SIMULATION OF SPRAY DRYING

We are current ly una ble to express pre cisely the

spray–a ir contact , the powder trajec tories, and air-

flow pa tterns. The kineti cs of the syst em and opti-

mum performanc e of the dr ying in a given drying

chamber can not be pr edicted on theoret ical basis

alone. Henc e, specifica tion a nd design of spray dryers

are still based on the pilot tests and existing indu strial

experi ence. However, CFD techn ique is developi ng

very rapidl y be cause of its a dvantage s, such as low

cost (relati ve to experi ments ); high speed; detai led

informat ion obtaine d etc. Some autho rs [27–29 ,41,
TABLE 10.9
Residence Time Requirements for Spray Drying of Vario

Residence Time in Chamber

Short (10–20 s) Fine, non-heat-sensitive products, s

Medium (20–35 s) Fine-to-coarse spray (dmean ¼ 180 m

Long (>35 s) Large powder (200–300 mm); low fin
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48–50,56,59,71,74], have used the CFD technique

and commercial codes to simulate the spray drying

system. CFD procedures are becoming part of both

testing new spray dryer design and investigating prob-

lem areas of performance in an existing spray dryer.

We provide our CFD simulation results in a cylinder-

on-cone in Figure 10.47 [48] as a sample.

The predicted airflow pattern (Figure 10.47a)

shows that there is a large recirculation zone in the

top of chamber. From Figure 10.47b (velocity vector

profiles at different levels in the drying chamber), we

find that there is a nonuniform velocity in the core

region of the chamber. A reverse velocity results in

the recirculation zone. The particle trajectory in Fig-

ure 10.47c shows that the particles are tracing in a

very complex way. We cannot read them clearly in the

total trajectory chart. It also tells us that the particle

tracing history in the drying chamber is very difficult

to be identified. Such simulations can help us choose

new chamber geometries that avoid wall deposits and

use dryer volume more effectively.

The following diffusion equation can be used to

simulate a single droplet drying (falling rate period) in

a hot moving airflow:

@C

@t
¼ D

@2C

@r2
þ 2

r

@C

@r

� �
(10:21)

where C is the molar concentration of droplet (mol/

m3) and D is diffusion coefficient in droplet which is

assumed as a constant (m2/s).
10.5 NEW DEVELOPMENTS IN SPRAY
DRYING

Numerous innovative designs and operational modi-

fications have been proposed in the literature [1–3,32]

although very few are readily available commercially

due to incomplete knowledge about the new systems.

10.5.1 SUPERHEATED STEAM SPRAY DRYING

Although superheated steam drying was proposed

one century ago, the potential of superheated steam
us Products

Recommended for

urface moisture removal, non hygroscopic

m), drying to low final moisture

al moisture, low temperature operation for heat-sensitive products



FIGURE 10.47 CFD simulation results in a cylinder-on-cone geometry: (a) airflow pattern; (b) velocity vector (different

levels); (c) particle trajectories.
as a drying medium was not exploited industrially for

half a century. Some advantages of steam drying are

summarized by Mujumdar [64] as follows:

. No fire and explosion hazards

. No oxidative damage

. Ability to operate at vacuum and high operating

pressure conditions
. Ease of recovery of latent heat supplied for

evaporation
. Better quality product under certain conditions
. Closed system operation to minimize air pollu-

tion

Limitations:

. Higher product-temperature

. Higher capital costs compared to hot-air drying

. Possibility of air infiltration making heat recov-

ery from exhaust steam difficult by compression

or condensation

Gauvin [13,47] made the first proposal of a super-

heated steam spray dryer. Raehse and Bauer [67] were

issued a patent on superheated steam spray drying.

Superheated steam spray drying has been investigated

using CFD technique by Frydman et al. [46].
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10.5.2 TWO-STAGE HORIZONTAL SPRAY DRYER

To reduce difficulties in scale-up, a horizontal spray

dryer has been suggested as an alternative to the

conventional vertical types [65]. Kwamya and

Mujumdar [58] first did a mathematical model to

evaluate this novel concept. Recently, at least two

U.S. companies produce horizontal spray dryers, es-

pecially for heat-sensitive food and pharmaceutical

materials [40,44]. Low drying-temperatures allow fla-

vor retention, high solubility, controlled porosity and

density, and fine quality agglomerated products. They

also claim substantial energy savings relative to the

traditional vertical spray dryer with lower electrical

load for given capacity. Both manufacturers use inte-

gral bag filters for product collection. Any fines in the

exhaust air stream are returned to the dryer. In one of

the systems the product is collected at the bottom of

the horizontal chamber. However, it is not clear from

the product description whether the lower wall of the

chamber is also used for drying or cooling of the

product. The manufacturers offer the dryer with

stainless construction that complies with require-

ments for sanitary applications. Commercial applica-

tions include dryers for egg, albumin, whole egg

powder, cheese powder, skim milk, whey protein,

etc. Other applications that are feasible include



variety of dairy pro ducts, fish prod ucts, meat pro d-

ucts (chick en or beef bro th, be ef blo od plasm a, etc.),

and vegeta ble prod ucts (soya mil k, soya protein ,

chocolat e, en zymes , glucose , etc.). Bot h designs use

multij et atomi zers wi th indir ect-fi red burners. Among

the adva ntages claimed are mini mum floor -space and

buildin g height , low install ation and maint enance

cost, abili ty to automa tica lly control the dryer ope r-

ation, etc. Unfor tunate ly, de tails of the atomizer lay-

out, drop let size dist ribution s, product qua lity, etc.

are not ava ilable. Fur ther resear ch and deve lopment

(R&D) is needed in this area.

The proposed layou t is sho wn in Figure 10.49.

The feed is pumped by a high-pr essure pum p to

spray noz zles. These nozzles can be arrange d in vari-

ous confi guration s. Here, the spray from the noz zles

travels hor izontally and then turns down due to grav-

ity. The dr ied powd ers are then trans ported by a

conveying belt at the bottom and also con veyed to

cyclones or ba g filter s.

Cakal oz et al. [39] have present ed a mo del for a

horizont al spray dryer (6.0 m � 3.0 m � 3.0 m). Simu-

lation of the mois ture-ti me hist ory of an a-amy lase

droplet in their spray dryer agreed well wi th their

experi ment resul ts. Their resul ts are prelimina ry,

howeve r. Here, we used a valid ated CFD mo del to

simulat e such a horizont al spray dryer. It was seen

that the flow patte rn in Cakalo z et al. design is not

optima l as the main inlet is arrange d at the left co rner

of the chamber. Thi s arrange ment mak es the sp ray

more likely to hit the top wall and deposit there.

Fr om the pro cess of singl e-stage hor izontal sp ray

dryer in Figure 10.48, it is seen that the dwell time

may be too sho rt to let the droplet s to dry totally.

Hence, to ov ercome this prob lem, Mujumdar [65]
Fan

Fresh air

Pressure pump

Feed
Nozzles

Hot air disperser

P
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FIGURE 10.48 Schematic layout of the horizontal spray dryer.
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proposed a ne w two -stage, two-dime nsional hor izon-

tal spray dryer con cept, which is de signed to allow

longer drying times needed for he at-sensi tive prod ucts

and large droplet sizes . The proposed layout is sho wn

in Figure 10.49. The only difference from the singl e-

stage horizont al spray drier (SD) is that there is a

fluid-bed dryer, which is install ed at the bottom of

the hor izonta l chamber.

Thi s two-stage horizont al SD is yet to be commer -

cialized. The CFD techni que can be used to sim ulate

the hor izonta l spray dryer whi ch can be coupled to a

fluid-bed drying model as well. Surface moisture of

droplet s can be remove d rapidl y in the spray cham-

ber. Inter nal moisture takes longer; the latt er can be

remove d in a thin be d, through circul ation dryer at

the bot tom of the cha mber.

10.5.3 LOW HUMIDITY SPRAY DRYING

Because spray drying uses high tempe ratur e gas as the

drying medium an d the deposits on the wall canno t be

avoided in practi cal spray dryers , the pro ducts are

subject to degradat ion by overh eating. Sometimes

users have to select freez e dryers rather than spray

dryers, especially for drying biochemicals and pharma-

ceuticals [65]. However, the freeze dryer has high energy

consumpt ion, high operatin g and capital co sts than

the spray dryer. Freeze drying costs 5–10 times high er

than hot-air drying, such as spray dr ying [45, 68].

To redu ce degradat ion of active c omponents in

dried powders, we propose a new type of spray

dryer, i.e., low dew point (LDP) spray dryer, which

uses LDP air at near ambient temperature to 808C,

but with very low humidity. The schematic layout is

shown in Figure 10.50. It con sists of four sectio ns:
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Fan
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FIGURE 10.49 Proposed layout of a two-stage horizontal spray dryer.
drying air preprocessing system including the dehu-

midification and heating; feed preparation system;

atomization of feed and drying system including the

atomizer, air disperser, and drying chamber, etc., and

the product collection system.

The main difference of LDP spray dryer from the

normal spray dryers is that here we use a dehumidifier

to reduce the inlet gas humidity. The mass transfer

rate between gas and droplet can be expressed as
Rota
atom

Feed tank
Feed in
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Heater Drying cha
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Fan
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FIGURE 10.50 Schematic layout of the low dew point spray dr
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dmp

dt
¼ kgA(Hw �Ha) (10:22)

where dmp/dt is mass transfer rate from the droplet

surface (kg/s); kg is mass transfer coefficient (kg/m2�s);
HW and Ha represent humidity at the droplet surface

and drying medium (kg/kg), respectively. By lowering

humidity we can maintain high mass transfer poten-

tial at a given temperature.
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Our CFD simulation results show that the LDP

spray dryer can be used for drying pharmaceuticals

and biochemicals at low temperature. Further work is

needed to validate our simulation of this new type of

spray dryer.

10.5.4 SPRAY FREEZE DRYING

Freeze drying (FD) is a significant drying technology

for foods, pharmaceuticals, and biochemicals, as it

can preserve biological activity, flavor, aroma, etc.

in highly heat-sensitive materials. Freeze drying is a

drying process, in which the solvent in a material is

solidified at rather low temperatures and then sub-

limed from the solid state directly into the vapor state

under vacuum. Freeze-drying operation of an aque-

ous solution involves three steps: freezing of the prod-

uct, ice sublimation, and solvent vapor removal.

However, compared with spray drying, freeze drying

is an order-of-magnitude costlier drying process be-

cause of need of refrigeration, vacuum, and long

running times [38].

Recently, a combination of these two drying pro-

cesses, i.e., spray freeze drying (SFD), has been found

to be very interesting. Such a process is carried out as

a batch process as follows:

The solution is atomized in a cryogenic medium,

e.g., liquid nitrogen, to freeze sprayed droplets. The

dispersion of frozen droplets in the cryogenic medium

is taken out and dried in a freeze dryer under vacuum.

A typical flow sheet is shown in Figure 10.51. Because

of the long freeze-drying time required, this process is
Freeze
dryer

Feed and
containerNozzle

Spray

Liquid
nitrogen
container

Stirrer

FIGURE 10.51 A schematic flowchart of the conventional

spray freeze drying.
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carried out in batches rather than continuously. Also,

it is suited for high value products of low tonnages

only.

Such an SFD process was used to study the pro-

tein powders by Sonner et al. [70]. They compared

freeze spray-dried powders with those produced by

spray drying. A higher quality product is obtained by

SFD technology. Sonner et al. also found that the

SFD powders were highly porous. They compared

the SFD products with those obtained by FD and

SD using some model proteins, such as lysozyme

and bovine pancreas trypsinogen. It was found that

the three drying methods gave similar loss in protein

activity, but SD trypsinogen resulted in strongly ag-

glomerated and irregular powders without and visible

porous and FD trypsionogen gave a compact cake.

Only SFD trypsinogen produced discrete spherical

powders.

Yokota et al. [75] used SFD to produce the mag-

nesium sulfate powders. Open pores were found at the

dried powder surface. The porosity was about 87–

90% with pore size less than 100 nm. Fine powders

of several other materials, e.g., calcium phosphate,

tetragonal zirconia polycrystals, etc., can also be pro-

duced by SFD [55].

We suggest a new process, i.e., a combined atmos-

pheric spray and fluidized-bed freeze drying

(ASFBFD) process. The proposed schematic flow

diagram is shown in Figure 10.52. It basically consists

of a drying or freezing chamber, an internal bag filter,

an internal fluidized bed, a liquid nitrogen cooler, a

fan, nozzles, a pump, valves, pipes, etc.
Nozzle
Bag
filter

Drying
chamber

Inner
fluidized
bed

Heater
Fan

Gas cooler

FIGURE 10.52 Proposed flowchart for a batch type atmos-

pheric pressure combined spray and fluidized-bed dryer.



The process is as follows. The feed is transported

from the top into the nozzle by a pump, where it is

atomized by a nozzle. The fine spray is contacted with

very cold air or nitrogen and frozen immediately.

Depending on the feed material, this drying medium

(air or nitrogen) is cooled to about �908C by liquid

nitrogen and blown by the fan through the fluidized

bed perforated plate. The fluidized bed is located at

the bottom of the chamber. Because the cold air

temperature is low enough to freeze the spray, the

frozen particles keep their original physical condi-

tions and fall down to the bottom or fluidized bed

due to gravity. Some fine frozen particles may be

trapped by the air or nitrogen, but they are separated

from the air by the internal bag filter. During this

stage, the spray freezing is carried on continuously

till the feed is exhausted in this batch process.

After the spray-freezing stage is finished, suitable

drying conditions are selected, i.e., the liquid nitrogen

cooler is adjusted to meet freeze-drying conditions for

the product. The drying time and actual operation

conditions need to be determined by testing in the

laboratory.

Some researchers have already investigated and

showed the feasibility of the atmospheric freeze dry-

ing [57,72]. Meryman [63] was the first to demonstrate

potential of freeze drying without vacuum. He

showed that the drying rate of a material undergoing

freeze drying is a function of ice temperature and the

vapor pressure gradient between the site of water

vapor formation and the drying media, rather than

the total pressure in the drying chamber. His sugges-

tion was that a very cold air steam that was kept

dry by a refrigerated condenser can be circulated in

such a system.

The investigations by Dunoyer and Larouse [42]

and Woodard [73] indicated furthermore that atmos-

pheric freeze-drying rates of small particles can be

equivalent to those of vacuum freeze drying. They

provided an economic analysis of the energy costs

for moisture removal as well.
TABLE 10.10
Comparison among Four Drying Operations

SD FD

Drying time Short Long

Powders Agglomerated or irregular Cake

Product quality Medium Good

Energy consumption Low High

Product capacity High Medium

Operation Continuous Batch

Invest cost Low High
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A kinetic study of atmospheric pressure freeze-

drying was carried out by Boeh-Gcansey [37]. They

showed that sublimation time is far shorter in the

atmospheric technique than for drying under vacuum

for products with large surface area and small thick-

ness. Mumenthaler and Leuenberger [66] investigated

an apparatus and a technique for spray-freezing aque-

ous solutions in situ at very low temperatures (�908C)

and for subsequent dehydration of the resulting fro-

zen particles in a stream of cold, dehumidified air.

Most basic studies have confirmed that atmos-

pheric freeze drying and spray freeze drying are feas-

ible processes. If we append a fluidized bed in such a

system, improved heat and mass transfer between

the drying medium and the frozen powders would

be obtained. It also avoids the need to transfer the

frozen particles from LN2 to a freeze dryer. A con-

tinuous process can thus be achieved. The system

with the combination of spray dryer and fluidized

bed, i.e., multistage drying system, was used here

as well. Boeh-Gcansey [37] compared two different

freeze-drying methods: a vacuum dryer and an atmo-

spheric fluidized-bed dryer containing an adsorbent.

Carrot disks are selected as drying samples. Dry acti-

vated alumina granules (0.4 mm average diameter)

were used as the adsorbent material. He found that

the heat transfer coefficient was some 20–40 times

greater in the fluidized-bed freeze dryer than in the

vacuum dryer.

Lombrana and Villaran [60] carried out an inves-

tigation of freeze-drying (lyophilization) by immer-

sion in an adsorbent medium (LIAM) both at

atmospheric pressure and under vacuum. They used

the spherical particles of cereal food pastes of 2-mm

diameter as test samples.

All these studies show that the atmospheric spray

and fluidized-bed freeze drying combination is a vi-

able new technology which requires further R&D.

Finally, a summary of comparison among four drying

operations, i.e., SD, SFD, FD, and ASFBFD, are

given in Table 10.10.
SFD ASFBFD

Long Medium

Spherical and porous, mono Spherical and porous

Good Good

Highest Medium

Low Medium

Batch Semicontinuous

High High



TABLE 10.11
Optional Measures for Improving Thermal Efficiency in Spray Dryers

Area Measures

Housekeeping Heater . Monitor burner efficiency
. Check steam leakage or leaking tubes and fouled surfaces in indirect heaters
. Improve the steam traps operation

Air leakage . Check pipe seal after dismantling or maintenance
. Check welded points near motion machine, such as centrifugal atomizer,

hammer, etc.
. Replace worn seals, gaskets, etc.

Insulation . Replace lagging that has fallen off
. Replace water-laden insulation

Process modifications Inlet air temperature . As high as possible for products

Outlet air temperature . As low as possible for reaching the allowed residual moisture in products

Feed concentration . As high as possible if the pump is allowed to transport

Feed temperature . High temperature is better if the feed quality is not affected

Multistage . It leads to low outlet temperature and high thermal efficiency

Heat recovery Direct use of waste heat . Recycle a portion of the exhaust gas to inlet as a portion of drying gas

Indirect use of waste heat . Use exhaust gas to preheat the inlet air

Source: From Masters, K., Spray drying in practice, SprayDryConsult International ApS, Denmark, 2002, 464 p; Mujumdar, A.S.,

Superheated steam drying, Handbook of Industrial Drying, 2nd edition, Ed. A.S. Mujumdar, Marcel Dekker, New York, 1995, pp. 1071–

1086; Huang, L.X., Wang, Z., and Tang, J., Chem. Eng. (China), 29(2), 51, 2001.
10.5.5 ENCAPSULATION

Spray drying and fluid-bed drying lead to another

popular food application of these technologies, i.e.,

microencapsulation. Microencapsulation is defined as

a process by which one material or a mixture of

materials is coated or entrapped within another ma-

terial or system [69]. This process is commonly used

to protect a core material from degradation, to con-

trol the release of a core material, or to separate

reactive components within a formulation.

In the food industry, because the spray dryer is

commonly available, economical, fast, and produces

good-quality material [16], it becomes the most com-

mon means of encapsulation. The encapsulation pro-

cess is simple and similar to the one-stage spray

drying process. The coated material is called the ac-

tive or core material, and the coating material is

called the shell, wall material, carrier, or encapsulant

[43]. The active material to be encapsulated, such as

an oil or flavor in an oil base, is dispersed in a hydro-

colloid carrier, e.g., gelatin, modified starch, dextrin

or maltodextrin, or gum arabic. After the emulsifier is

added, the mixture must be homogenized to form an

oil-in-water emulsion, and then it is fed to the atom-

izer for spray drying. In the dryer chamber, the aque-

ous phase dries and the active material is entrapped as

particles within the hydrocolloid or protein film. The

active material from the capsule is released under

specified conditions. The main controlling factors of
� 2006 by Taylor & Francis Group, LLC.
its release are temperature, moisture, and pressure.

The microencapsulation technique is not limited to

the food domain. It is also used in the pharmaceut-

ical, biotechnology, and chemical industries [36].

10.5.6 ENERGY EFFICIENCY ENHANCEMENT

Spray drying is an energy-intensive process. With

energy costs continuing to increase and with changes

in overall production levels, spray-dryer users have to

look for some ways to improve the thermal efficiency

of the spray dryers. For standard single-stage drying,

the best way to control energy usage is raising the

inlet temperature as high as possible, keeping outlet

temperature as low as possible, and taking full advan-

tage of the energy introduced. However, the disad-

vantage of this method is potential degradation or

discoloration of the product in food spray-drying

applications.

There are some other optional measures to im-

prove it, such as good housekeeping measures, pro-

cess modifications, and heat recovery options [54]. We

summarize them in Table 10.11. See Mujumdar [64]

for more ideas used in drying.

10.6 CLOSING REMARKS

Spray drying process is one of the most common

methods adopted in many industries. In this chapter,

a summary is provided on the fundamentals of spray



drying, the selection of spray dryers as well as usages

of spray dryers in the industry. Spray dryers, both

conventional and innovative, will continue to find

increasing applications in various industries, but al-

most all industries need or use or produce powders

starting from liquid feedstocks. Therefore, although it

is very difficult to generate rules for the selection of

spray dryers in different areas because of numerous

possible exceptions and new developments, it is

important for the users of spray dryers to under-

stand the typical and main characteristics of spray

drying process.
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 Filková, I. and Weberschinke, J., Effect of vane geom-

etry on droplet size and size distribution in spray dryer,

Drying ’80, Vol. 2, Ed. A.S. Mujumdar, Hemisphere/

McGraw-Hill, New York, 1980.
11.
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11.1 INTRODUCTION

Certain biological materials, pharmaceuticals, and

foodstuffs, which may not be heated even to moder-

ate temperatures in ordinary drying, may be freeze-

dried. The substance to be dried is usually frozen. In

freeze drying, the water or another solvent is removed

as a vapor by sublimation from the frozen material in

a vacuum chamber. After the solvent sublimes to a
, LLC.
vapor, it is removed from the drying chamber where

the drying process occurs.

As a rule, freeze drying produces the highest qual-

ity food product obtainable by any drying method.

A prominent factor is the structural rigidity afforded

by the frozen substance at the surface where sublim-

ation occurs. This rigidity to a large extent prevents

collapse of the solid matrix remaining after drying.

The result is a porous, nonshrunken structure in the



dried product that facilitates rapid and almost com-

plete rehydration when water is added to the sub-

stance at a later time.

Freeze drying of food and biological materials

also has the advantage of little loss of flavor and

aroma. The low processing temperatures, the relative

absence of liquid water, and the rapid transition of

any local region of the material dried from a fully

hydrated to a nearly completely dehydrated state

minimize the degradative reactions that normally

occur in ordinary drying processes, such as nonenzy-

matic browning, protein denaturation, and enzymatic

reactions. In any food material, some nonfrozen

water, which is called bound or sorbed water, will

almost unavoidably be present during freeze drying,

but there is very often a rather sharp transition tem-

perature for the still wet region during drying [1],

below which the product quality improves markedly.

This improvement shows that sufficient water is fro-

zen to give the beneficial product characteristics of

freeze drying.

However, freeze drying is an expensive form of

dehydration for foods because of the slow drying

rate and the use of vacuum. The cost of processing

is offset to some extent by the absence of any need for

refrigerated handling and storage.

Increasingly, freeze drying is used for dehydrating

foods otherwise difficult to dry, such as coffee, on-

ions, soups, and certain seafoods and fruits. Freeze

drying is also increasingly employed in the drying of

pharmaceutical products. Many pharmaceutical

products when they are in solution deactivate over a

period of time; such pharmaceuticals can preserve

their bioactivity by lyophilization soon after their

production so that their molecules are stabilized.

Systematic freeze drying is a procedure mainly

applied to the following categories of material [1–89]:
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1. Nonliving matter, such as blood plasma,

serum, hormone solutions, foodstuffs, pharma-

ceuticals (e.g., antibiotics), ceramics, supercon-

ducting materials, and materials of historical

documents (e.g., archaeological wood)

2. Surgical transplants, which are made nonviable

so that the host cells can grow on them as the

skeleton, including arteries, bone, and skin

3. Living cells destined to remain viable for longer

periods of time, such as bacteria, yeasts, and

viruses
Freeze drying requires very low pressures or high

vacuum to produce a satisfactory drying rate. If the

water was in a pure state, freeze drying at or near 08C
at an absolute pressure of 4.58 mmHg could be

performed. But, since the water usually exists in a
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combined state or a solution, the material must be

cooled below 08C to keep the water in the solid phase.

Most freeze drying is done at �108C or lower at

absolute pressures of about 2 mmHg or less.

In short, freeze drying is a multiple operation in

which the material to be stabilized is
1. Frozen hard by low-temperature cooling

2. Dried by direct sublimation of the frozen solv-

ent and by desorption of the sorbed or bound

solvent (nonfrozen solvent), generally under

reduced pressure

3. Stored in the dry state under controlled condi-

tions (free of oxygen and water vapor and usu-

ally in airtight, opaque containers filled with

inert dry gas)
If correctly processed, most products can be kept

in such a way for an almost unlimited period of time

while retaining all their initial physical, chemical,

biological, and organoleptic properties, and remain-

ing products available at any time for immediate

reconstitution. In most cases this is done by the

addition of the exact amount of solvent that has

been extracted, thus giving to the reconstituted prod-

uct a structure and appearance as close as possible to

the original material. However, in some instances,

reconstitution can be monitored to yield more con-

centrated or diluted products by controlling the

amount of solvent.

Vaccines and pharmaceutical materials are very

often reconstituted in physiological solutions quite

different from the original but best suited for intra-

muscular or intravenous injections. Freeze-dried or-

ganisms, such as marine animals, plants, or tissue

extracts, can also be the starting point of an extrac-

tion process [5] using nonaqueous solvents with the

purpose of isolating bioactive substances. Freeze dry-

ing allows dehydration of the systems without impair-

ing their physiological activity so that they can be

prepared for appropriate organic processing.

Another example is the freeze drying of nuclear

wastes, which results in the manufacture of dry pow-

ders of medium radioactivity. Mixed with appropriate

chemicals, they can be fused into glass bricks or molded

to provide low-cost, high-energy radiation sources.

The freeze drying method has also been used in the

synthesis of superconducting materials, and produces

homogeneous, submicron superconductor powders of

high purity [4].

In the chemical industry, catalyzers, adsorbing

filters, and expanded plastics can be used in the dry

form and placed in the path of appropriate fluids or

gases. Freeze-dried dyes may also be dispersed in

other media, such as oils and plastics.



These examples are not exhaustive; detailed pre-

sentations on the uses of the freeze drying process

and of freeze-dried products are given in Refs.

[1–6,8,14,15,63,72,84].
11.2 FREEZE DRYING PROCESS

Freeze drying is a process by which a solvent (usually

water) is removed from a frozen foodstuff or a frozen

solution by sublimation of the solvent and by desorp-

tion of the sorbed solvent (nonfrozen solvent), gener-

ally under reduced pressure. The freeze drying

separation method (process) involves the following

three stages: (a) the freezing stage, (b) the primary

drying stage, and (c) the secondary drying stage.

In the freezing stage, the foodstuff or solution to

be processed is cooled down to a temperature at

which all the material is in a frozen state.

In the primary drying stage, the frozen solvent is

removed by sublimation; this requires that the pres-

sure of the system (freeze dryer) at which the product

is dried must be less than or near to the equilibrium

vapor pressure of the frozen solvent. If, for instance,

frozen pure water (ice) is processed, then sublimation

of pure water at or near 08C and at an absolute

pressure of 4.58 mmHg could occur. But, since the

water usually exists in a combined state (e.g., food-

stuff) or a solution (e.g., pharmaceutical product), the

material must be cooled below 08C to keep the water

in the frozen state. For this reason, during the pri-

mary drying stage, the temperature of the frozen layer

(see Figure 11.1) is most often at �108C or lower at

absolute pressures of about 2 mmHg or less. As the

solvent (ice) sublimes, the sublimation interface

(plane of sublimation), which started at the outside

surface (see Figure 11.1), recedes, and a porous shell

of dried material remains. The heat for the latent heat
Frozen material II

qII

NWqINt

qIII
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Freeze-dried layer I

Tray
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FIGURE 11.1 Diagram of a material on a tray during freeze

drying. The variable X denotes the position of the sublim-

ation interface (front) between the freeze-dried layer (layer

I) and the frozen material (layer II).
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of sublimation (2840 kJ/kg ice) can be conducted

through the layer of dried material and through the

frozen layer, as shown in Figure 11.1. The vaporized

solvent (water) vapor is transported through the por-

ous layer of dried material. During the primary dry-

ing stage, some of the sorbed water (nonfrozen water)

in the dried layer may be desorbed. The desorption

process in the dried layer could affect the amount of

heat that arrives at the sublimation interface and

therefore it could affect the velocity of the moving

sublimation front (interface). The time at which there

is no more frozen layer (that is, there is no more

sublimation interface) is taken to represent the end

of the primary drying stage.

The secondary drying stage involves the removal

of solvent (water) that did not freeze (this is termed

sorbed or bound water). The secondary drying stage

starts at the end of the primary drying stage, and

the desorbed water vapor is transported through the

pores of the material that is dried.

11.2.1 FREEZING STAGE

The freezing stage represents the first separation step

in the freeze drying process, and the performance of

the overall freeze drying process depends signifi-

cantly on this stage [64,65]. The material system to be

processed (e.g., gel suspension, liquid solution, or

foodstuff) is cooled down to a temperature (this tem-

perature depends on the nature of the product) that is

always below the solidification temperature of the

material system. For instance, if the material to be

freeze-dried is a solution with an equilibrium phase

diagram that presents a eutectic point (e.g., the solu-

tion of NaCl and water presents a eutectic point

at �21.68C), then the value of the final freezing tem-

perature must be below the value of the eutectic

temperature; in this case, the material becomes wholly

crystalline.

In practice, materials display one of two different

types of freezing behavior: (a) the liquid phase sud-

denly solidifies (eutectic formation) at a temperature

that depends on the nature of solids in the sample, or

(b) the liquid phase does not solidify (glass forma-

tion), but rather it just becomes more and more

viscous until it finally takes the form of a very

stiff, highly viscous liquid. In case (b), there is no

such thing as a eutectic temperature, but a minimum

freezing temperature.

At the end of the freezing step there already exists

a separation between the water to be removed (frozen

water in the form of ice crystals) and the solute. In

many cases, at the end of the freezing stage about

65–90% of the initial (at the start of the freezing

stage) water is in the frozen state and the remaining



10–35% of the initial water is in the sorbed (nonfro-

zen) state. The shape of the pores, the pore size dis-

tribution, and pore connectivity [6,9,11,16–18,64–72]

of the porous network of the dried layer formed by

the sublimation of the frozen water during the pri-

mary drying stage depend on the ice crystals that

formed during the freezing stage; this dependence is

of extreme importance because the parameters that

characterize the mass and heat transfer rates in the

dried layer are influenced significantly by the porous

structure of the dried layer. If the ice crystals are small

and discontinuous, then the mass transfer rate of the

water vapor in the dried layer could be limited. On the

other hand, if large dendritic ice crystals are formed

and homogeneous dispersion of the pre- and posteu-

tectic frozen solution can be realized, the mass trans-

fer rate of the water vapor in the dried layer could be

high and the product could be dried more quickly.

Thus, the method and rate of freezing, as well as the

shape of the container of the solution and the nature

of the product, are critical to the course of lyophiliza-

tion because they affect the drying rate and the qual-

ity of the product.

In industrial freeze dryers, the freezing of the

product is usually made in the same plant where the

drying also occurs. In the vacuum-spray freeze dryer,

the solvent evaporation autofreezes the small particles

of product (evaporative freezing), and the freezing

stage begins at the same time as the drying stage. In

certain food freeze dryers, the freezing of the product

is also accomplished by spraying liquid nitrogen in

the drying chamber in which the product is placed. In

tray and pharmaceutical freeze dryers, the freezing

stage is realized by contact between cooled plates

and product-supporting containers. The exergy an-

alysis [65] of the freezing stage of the freeze drying

process indicates that very substantial reductions in

the magnitudes of the total exergy loss and of the

exergy input because of the heat that must be re-

moved during the freezing stage, can be obtained

when the freezing stage is operated by a rational

distribution in the magnitude of the temperature of

the cooling source. The rational distribution in the

magnitude of the temperature of the cooling source

should provide significant savings in the utilization of

energy during the freezing stage of the freeze drying

process as well as satisfactory freezing rates that form

ice crystals that are continuous and highly connected

and their shape and size are such that the pores of the

porous matrix of the dried layer generated by sublim-

ation during the primary drying stage, have a pore

size distribution, pore shape, and pore connectivity

[64–69] that are appropriate to allow high rates

for mass and heat transfer during the primary and

secondary drying stages of the lyophilization process.
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11.2.2 PRIMARY DRYING STAGE

After the freezing stage, the drying chamber where the

product is placed is evacuated and the chamber pres-

sure is reduced to a value that would allow the sub-

limation of solvent (water) to take place in the

primary drying stage. When the water molecules sub-

lime and enter the vapor phase, they also keep with

them a significant amount of the latent heat of sub-

limation (2840 kJ/kg ice) and thus the temperature of

the frozen product is again reduced. If there is no heat

supplied to the product by a heat source, then the

vapor pressure of the water at the temperature of the

product reaches the same value as that of the partial

pressure of the water vapor in the drying chamber;

therefore, the system reaches equilibrium and no add-

itional water sublimation from the product would

occur. Thus, in order to have continuous sublimation

of water from the product, the latent heat of sublim-

ation must be provided to the material from a heat

source. The heat is supplied to the product usually

by conduction, convection, or radiation; conduction

is realized by contact between heated plates and

product-supporting containers.

The amount of heat that can be supplied to the

product cannot be increased freely because there are

certain limiting conditions that have to be satisfied

during the primary drying stage. One of the con-

straints has to do with the maximum temperature

that the dried pro duct (freeze- dried layer in Figure

11.1) could tolerate without (a) loss of bioactivit y,

(b) color change, (c) the possibility for degradative

chemical and biochemical reactions to occur, and (d)

structural deformation in the dried layer [67]. The

maximum temperature that the dried product could

tolerate without suffering any of the above-mentioned

deleterious effects is denoted, for a given product, by

Tscor (Tscor is often called, by convention, the tempera-

ture of the scorch point of the dried product).

Another constraint has to do with the maximum

temperature the frozen layer could tolerate so that it

remains a frozen layer. If the material has a eutectic

form and if the temperature of the lowest eutectic is

exceeded during the primary drying stage, then melt-

ing in the frozen layer (Figure 11.1) can occur. The

melting at the sublimation interface, or any melting

that would occur in the frozen layer, can cause gross

material faults such as puffing, shrinking, and struc-

tural topologies filled with liquid solution. When

melting has occurred at some point in the frozen

layer, then the solvent at that point cannot be re-

moved by sublimation. Therefore, there is process

failure in the drying of the frozen material because

the frozen solvent (water) cannot be removed any

more from the frozen layer (Figure 11.1) only by



sublimation, and there has also been, at the least, loss

in structural stability.

If the material has a glass form and if the minimum

freezing temperature is exceeded during the primary

drying stage, then the phenomenon of collapse can

occur; this makes the product collapse with a loss of

rigidity in the solid matrix. Again in this case, there is

process failure in the drying of the frozen material

because the water cannot be removed any more from

the frozen layer only by sublimation, and there has

also been at least a loss in structural stability.

The structural stability of a material relates to its

ability to go through the freeze drying process with-

out change in size, porous structure, and shape. The

maximum allowable temperature in the frozen layer is

determined by both structural stability and product

stability (e.g., product bioactivity) factors; that is, the

maximum value of the temperature in the frozen layer

during the primary drying stage must be such that the

drying process is conducted without loss of product

property (e.g., bioactivity) and structural stability.

Sometimes the product stability factors are related

to structural stability factors (as in melting). There

are systems in which the product stability factors do

not depend on structural stability factors, as is the

case for many vaccines, viruses, and bacteria, for

which the temperature of the frozen layer during the

primary drying stage must be kept well below the

melting temperature so that there is a good level of

bioactivity and organism survival after drying.

In general, product stability is related to the tem-

perature of the frozen layer during the primary drying

stage. The maximum allowable temperature that the

frozen layer could tolerate without suffering melting,

puffing, shrinking, collapse, and loss of product

property or stability is denoted, for a given product,

by Tm. (Tm is often called, by convention, the melt-

ing temperature of the sublimation interface of the

frozen layer.)

The water vapor produced by the sublimation of

the frozen water in the frozen layer and by the de-

sorption of sorbed (nonfrozen) water in the dried

layer during the primary drying stage travels by dif-

fusion and convective flow through the porous struc-

ture of the dried layer and enters the drying chamber

of the freeze dryer. (It should be noted that most of

the water removed during the primary drying stage is

produced by sublimation of the frozen water in the

frozen layer.) The water vapor must be continuously

removed from the drying chamber in order to main-

tain nonequilibrium conditions for the drying process

in the system. This is usually accomplished by fitting a

refrigerated trap (called an ice condenser) between the

drying chamber and the vacuum pump; the water

vapor is collected on the cooled surface of the
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condenser in the form of ice. The time at which

there is no more frozen layer is taken to represent

the end of the primary drying stage.

11.2.3 SECONDARY DRYING STAGE

The secondary drying stage involves the removal of

water that did not freeze (sorbed or bound water). In

an ideal freeze drying process, the secondary drying

stage starts at the end of the primary drying stage.

The word ideal is used here to suggest that in an ideal

freeze drying process only frozen water should be

removed during the primary drying stage, whereas

the sorbed water should be removed during the sec-

ondary drying stage. But, as we discussed above, in

real freeze drying systems a small amount of sorbed

water could be removed by desorption from the dried

layer of the product during the primary drying stage

and thus there could be some secondary drying oc-

curring in the dried layer of the product during the

primary drying stage.

In real freeze drying processes, the secondary dry-

ing stage is considered to start when all the ice has

been removed by sublimation (end of primary drying

stage). It is then considered that during the secondary

drying stage most of the water that did not freeze

(bound water) is removed. The bound moisture is

present due to mechanisms of (a) physical adsorption,

(b) chemical adsorption, and (c) water of crystalliza-

tion. Whereas the amount of bound water is about

10–35% of the total moisture content (65–90% of the

total moisture could be free water that was frozen and

then removed by sublimation during the primary dry-

ing stage), its effect on the drying rate and overall

drying time is very significant. The time that it takes

to remove the sorbed water could be as long or longer

than the time that is required for the removal of the

free water.

The bound water is removed by heating the prod-

uct under vacuum. But, as in the case of primary

drying, the amount of heat that can be supplied to

the product cannot be increased freely because there

are certain constraints that have to be satisfied during

the secondary drying stage. The constraints have to

do with the moisture content and the temperature of

the product; these two variables influence the struc-

tural stability as well as the product stability during

and after drying.

For structural stability, the same phenomena, as

in the case of the primary drying stage, have to be

considered: collapse, melting (if temperature is in-

creased at constant moisture), or dissolution (if mois-

ture is increased at constant temperature) of the solid

matrix can occur. Product stability (e.g., bioactivity) is

a function of both moisture content and temperature



in the sample, and during secondary drying the mois-

ture concentration and temperature in the sample

could vary widely with location and time. This implies

that the potential for product alteration to occur in

the sample will vary with time and location. The

moisture concentration profile is related to the tem-

perature profile in the dried layer; thus, the moisture

content in the sample cannot be controlled independ-

ently. Since many products are temperature-sensitive,

it is usual to control product stability by limiting the

value of the temperature during the secondary drying

process and then the final moisture content is checked

before the end of the cycle [6,19,63,64,67,72–80].

In the secondary drying stage, the bound water is

removed by heating the product under vacuum; the

heat is supplied to the product usually by conduction,

convection, or radiation. The following product tem-

peratures are usually employed: (a) between 10 and

358C for heat-sensitive products and (b) 508C or more

for less-heat-sensitive products.

The residual moisture content in the dried mater-

ial at the end of the secondary drying stage, as well as

the temperature at which the dried material is kept in

storage, are critical factors in determining product

stability during its storage life. Some vaccines can

remain stable for many years when they are stored

at �208C, whereas a significant loss of titer can be

found after 1 y if they are stored at 378C [20]. Fur-

thermore, certain vaccines such as live rubella and

measles can be damaged by overdrying (final moisture

content of about 2% is required for best titer reten-

tion), whereas other materials such as chemothera-

peutics and antibiotics must be dried to a residual

moisture content as low as 0.1% for best results.
11.3 MICROWAVE FREEZE DRYING

The limitations on heat transfer rates in conventionally

conducted freeze drying operations have led early to

the attempt to provide internal heat generation with

the use of microwave power [21,22]. Theoretically, the

use of microwaves should result in a very accelerated

rate of drying because the heat transfer does not re-

quire internal temperature gradients and the tempera-

ture of ice could be maintained close to the maximum

permissible temperature for the frozen layer without

the need for excessive surface temperatures.

If, for instance, it is permissible to maintain the

frozen layer at �128C, then it has been estimated [5]

that the drying time for an ideal process using micro-

waves for a hypothetical 1-in. slab would be 1.37 h. It

should be noted that this drying time compares very

favorably with the 8.75 h required for the case of heat

input through the dry layer, 13.5 h for heat input
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through the frozen layer without dry layer removal,

and even with the relatively short drying time of 4 h

for the case in which the dry layer was continuously

removed. In laboratory tests on freeze drying of a

1-in.-thick slab of beef, an actual drying time of

slightly over 2 h was achieved, compared with about

15 h for conventionally dried slabs [23].

In spite of these apparent advantages, the appli-

cation of microwaves to industrial freeze drying has

not been successful [5,24,72,86,87]. The major reasons

for the failures are the following:
1. Energy supplied in the form of microwaves is

very expensive. It was estimated that it may

cost 10 to 20 times more to supply 1 Btu from

microwaves than it does from steam [24].

2. A major problem in the application of micro-

waves is the tendency to glow discharge, which

can cause ionization of gases in the chamber

and deleterious changes in the food, as well as

loss of useful power. The tendency to glow

discharge is greater in the pressure range of

0.1–5 mmHg and can be minimized by operat-

ing the freeze dryers at pressures below 50 mm.

Operation at these low pressures, however has

a double drawback: (a) it is quite expensive,

primarily because of the need for condensers

operating at a very low temperature and (b) the

drying rate at these low pressures is much

slower.

3. Microwave freeze drying is a process that is very

difficult to control. Since water has an inher-

ently higher dielectric loss factor than ice,

any localized melting produces a rapid chain

reaction, which results in runaway overheating.

4. Economical microwave equipment suitable for

the requirements of industrial freeze drying of

foods and pharmaceuticals on a large continu-

ous scale is not yet available.
In view of all of these limitations, microwave

freeze drying is at present only a potential develop-

ment [25] and is not considered in the following

sections of this chapter.
11.4 FREEZE DRYING PLANTS
AND EQUIPMENT

In the freeze drying plant, three process sections are

especially energy consuming. Process section 1 in-

volves the freezing of the wet product. As this is

normally considered one of the preparatory steps

before the freeze drying proper, we will concentrate

on the other two that take place in the freeze drying



cabinet [1,8]. Process secti on 2 involves the control led

supply of heat to the prod uct to cover requir ement s

for the sublimati on and desorpt ion process es (pri -

mary an d seco ndary drying stage s). Process section

3 involv es the remova l from the freez e drying cham-

ber of the vast v olumes of water vapor relea sed dur -

ing the subli mation an d desorpt ion process es. Of

these three process sectio ns, remova l of the wate r

vapor always co nsumes the largest amo unt of energy.

The effici ency of water vapor remova l, the vapor trap

system, therefore has a decisive effe ct on the total

energy consumpt ion of the freez e dr ying plant.

The vapor trap is placed in a chamber communi -

cating wi th the freez e-drying cab inet. The water

vapor conden ses to ice on its refr igera ted surfa ces.

When in ope ration the effici ency of the vapor trap is

shown by a smal l total tempe rature difference DT

between the saturati on tempe ratur e for water vapo r

at the pressur e in the freez e-drying cab inet and the

evaporat ion tempe ratur e of the refriger ant (Fig-

ure 11.2). This total tempe rature diff erence DT resul ts

mainly from eac h of the followin g three resistance s:
FIG

� 20
1. Pressur e diff erence DP equival ent to the pres-

sure dr op caused by the resi stance s to the vapo r

flow from the freez e-drying cabinet to the co ld

surfaces of the vapo r trap.
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URE 11.2 Graphic presentation of the variables DP, DTice, DTr

06 by Taylor & Francis Group, LLC.
2. The tempe ratur e difference DTice wi th the layer

of ice on the co ld surfa ce.

3. The temperatur e difference DTrefr betw een the

cold surfac e and the e vaporat ing refriger ant.

For an effici ent vap or trap it is necessa ry to

have a combination of a large cro ss-section al

area for the vapor flow (low DP), an efficien t

deicing syst em (low DTice ), and an effici ent re-

frigerating syste m (low DTrefr).
A less efficient vapor trap means a higher DT, thu s

demanding a lower evap oration temperatur e of the

refriger ating plant to maint ain the requir ed vacuu m

in the freez e-drying cabinet . Low er evapo ration

temperature means higher operation costs. In this

temperature range, an evaporation temperature 108C
lower means 50% increased energy consumption.

When evaluating industrial freeze drying plants,

the following characteristics are of prime importance:
1. Operation reliability

2. Ease and quality of process control

3. Product losses

4. Vapor trap efficiency
In Section 11.4.1 an d Secti on 11.4. 2, some of the

commonly used types of pilot and industrial freeze
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drying plants a re presen ted a nd their most impor tant

techni cal features are discus sed. The sections of the

plants where the product pretr eatm ent inclusive of

the freez ing operati on takes place are very diff erent

from one plan t to another, de pending on the type of

produc ts handled [1,5]. In Section 11.4. 3, howeve r, we

concen trate on the freez e drying install ation pro per,

that is, the equipment in whi ch subli mation of frozen

solvent and de sorption of bound solvent takes place.

When we later refer to freez e dry ing plants , it will be

in this more rest ricted meani ng of the word.

11.4.1 PILOT FREEZE DRYERS

Fr ee ze dr yi ng pi lo t uni ts a pp rop ri at e f or u se i n t he

pharmaceutical and food industries, as well as in the

laboratory, are in high demand because they are used to

explore possibilities for the preservation of labile prod-

ucts, especially with those of biological origin. These

units are portable and are of convenient size for devel-

opmental work on freeze-dried products in laboratories

and factories around the world. A large number of

designs incorporate self-contained facilities for refriger-

ation, heating, and vacuum pumping, and they can

freeze-dry batches consisting of from 2 to 20 kg of

frozen product. Because of the large variety of pilot

freeze dryers that are employed in industries and

laboratories and because of the limitation of space to
7
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FIGURE 11.3 Pilot freeze dryer: (a) diagram of Criofarma mo

refrigeration unit; 4, cooling and heating system for the plates; 5,

8, cooling and heating plate; 9, refrigerated coil; 10, condense

chamber; 2, ice condenser chamber; 3, cooling and heating pl

indicator and regulator; 7, temperature control panel; 8, printer
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describe all of them, a pilot freeze dryer is described

here with characteristics that are very close to the

characteristics of the industrial large-scale lyophilizers.

A schematic diagram of the pilot unit (Criofarma

model C5-2) is shown in Figure 11.3a. The unit con-

sists of (a) a freezing fluid system (R13B1) that can be

sent to the heat exchanger in the section of the con-

denser or into the refrigeration coils for product freez-

ing, (b) a heating circuit (silicon oil is the heating

fluid) for plate heating and defrosting of the conden-

ser, and (c) a vacuum system for evacuating air from

the apparatus before and during drying.

The rectangular drying chamber shown in Fig-

ure 11.3b is mounted on top of the section of the

condenser and the dimensions are 0.4 m � 0.4 m

with 0.6 m of depth. Viewing windows are incorpor-

ated in the sections of drying and condensation. The

refrigeration and vacuum systems are in the internal

part of the apparatus with complete dimensions of

1.1 m � 0.8 m � 1.8 m (the dimension 1.8 m repre-

sents the height of the apparatus).

For its pilot use, the freeze dryer offers full control

of the process variables and is able to achieve condi-

tions of pressure and temperature beyond the limits of

production units. The shelf and ice condenser temper-

atures of the pilot unit can be �50 and �708C, re-

spectively, and the pressure in the drying chamber can

be as low as 1 Pa or less. The pilot freeze dryer has a
(b)

8

7

6

5

del C5-2; 1, drying chamber; 2, ice condenser chamber; 3,

vacuum unit; 6, isolation butterfly valve; 7, silicon oil pump;

r vacuum valve; (b) frontal view of model C5-2; 1, drying

ate; 4, inspection window; 5, computer system; 6, vacuum

. (Model C5-2 courtesy Criofarma.)



control panel full y access orized with inst rument s that

record and displ ay (a) the tempe rature insid e the pro d-

uct, (b) the temperatur e on the plate s, (c) the tempe ra-

ture of the coils of the co ndenser, (d) the pressure in the

drying chamber, (e) the pressur e in the vacu um unit,

and (f) the pressur e in the section of the con denser.

The use of a pe rsonal co mputer , in this pilot unit,

with program mable tempe ratur e during the freeze

drying cycle an d program mable inp ut–output logic

in the different freeze drying stage s, offer s a wide

variety of drying cycles, as well as the capabil ity for

the acqu isition of many data, so that process optim iza-

tion could be exami ned and studied withou t the risk

and cost of invest igating the freez e drying syst em of

interest in a large -product ion freez e dryer.

11.4.2 INDUSTRIAL FREEZE DRYE RS

11.4.2 .1 Tr ay an d Pha rmac eutical Freeze Dry ers

By far the large st numb er of the industrial freeze

dryers in operati on is of the vacuum batch type wi th

freeze drying of the pr oduct in trays. Ther e are two

main types, depending on the type of conden ser us ed.

In the fir st type, the con denser plates are alongsid e the

tray-heat er a ssembly and in the same chamber; in the

second type the conden ser is in a separat e chamb er

joined to the first by a wide , in gen eral, but terfly

valve. This latter type of plant is always used in

pharmac eutic al indu stries, but it can also be used

for the freez e drying of foods. Because of the wide

variety and comp lexity of the problem s associated

with the producti on of pharmac eutic als by freez e dry-

ing, in the followi ng paragra phs the principa l feat ures

of an indust rial tray freez e dryer for pharmac eutic als

are pr esented .

The princi pal problem in the freeze drying of

pharmac eutic al solutions is to ope rate in ster ile co n-

ditions. The location of the plan t must be ab le to

warrant a sterile con dition during the filling, ch arging

before drying, a nd dischar ging after dr ying of the

pharmac eutic al pro duct. Thi s is realized by facing

the dry ing chambe r door in a wal l separat ing the

sterile roo m from the machi ne or nonster ile room.

In the plan t, this separat ion is accompl ished wi th

an isolati on valve that separat es the ice conden ser

from the dry ing chamber; this valve is also able to

permit (a) the pressur e rise test at the end of the freeze

drying cycle, (b) the simu ltaneou s dischar ging and

loading of the prod uct and co ndenser defros ting,

and (c) the reduction of cross-co ntaminati on between

batches to a mini mum. All the inter nal parts of the

freeze dryer are of stai nless steel type AISI 304L or

316L wi th a fini shed surfa ce of 300 mesh or more. In

the modern plants, the internal ster ilizatio n of the
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equipment is usuall y made wi th pressur ized steam at

121 8 C or more; in old plants , sterilizatio n is realized

with the use of certain proprietary sanitizing agents.

The product containers (vials or bottles loaded on

stainless steel trays) are usually sterilized in a separate

unit before the filling and charging in the freeze dryer.

These operations require the presence of people in the

sterile room with consequent handling of the con-

tainers and possible contamination of the batch.

For this reason, the human presence in the sterile

room is usually reduced to a number of people that

are strictly necessary.

For this purpose, a new freeze dryer plant concept

has been developed to reduce the risk of product

contam ination . The plant, as shown in Figu re 11.4

(Criofarma model C300-7) has two doors: a small

door for loading the product before drying and a

full door (located in a position opposite to the small

door) for discharging the product after drying. The

condenser is placed on the ground floor, which is

below the first floor where the drying chamber is lo-

cated. The shelves of the freeze dryer are lowered to the

bottom of the drying chamber and are then lifted one

by one to a position in line with the loading machine.

The charging of the product is made under laminar

flow of sterile air; the small door is opened only for

each plate loading and is then immediately closed.

If the product is unstable and must be frozen

within a short time after it is filled into its container,

then it is possible to load trays of product onto the

precooled shelves a half plate at a time. When the

product container is a bottle as shown in Figure 11.4,

it usually has on the top a silicon plug that is partially

introduced into the bottle; the solvent vapor leaves

the container from the free space between the inserted

portion of the plug and the container. After drying

and before product discharge, the bottles are stop-

pered in the drying chamber with the plugs that are

now fully introduced into the bottles. The stoppering

operation is done (a) in vacuum conditions or (b) at

atmospheric pressure by breaking the drying chamber

vacuum with sterile nitrogen, which prevents succes-

sive oxidation of the product; case (b) is most often

employed in practice. The silicon plug in the stop-

pered bottles provides a protection from contamin-

ation and it may be possible to discharge the product

in a less sterile environment from the full door of the

freeze dryer in only one operation. The entire process

may be fully automated as the bottles are removed

from the filling machine; the disadvantage of the

automation is that the loading time of the freeze

dryer may become as long as the time it usually takes

to complete the filling step of the operation; this could

reduce the theoretical freeze dryer production for a

large installation.
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FIGURE 11.4 Layout of an industrial freeze dryer with stoppering device (Criofarma model C300-7): 1, drying chamber; 2,

inspection window; 3, automatic small door opening; 4, full door; 5, hydraulic press for stoppering the bottles after drying; 6,

PTFE elbows for double sterile condition inside the stoppering plug; 7, reenforcing member and cooling coils after steam

sterilization; 8, isolation butterfly valve; 9, ice condenser chamber; 10, loading device; 11, discharging device; 12, unloaded

shelves. (Model C300-7 courtesy Criofarma.)
Phar maceut ical freez e dry ers are very often used

to prod uce raw mate rials like ampic illin, cloxacill in,

and cefazol in (usually as sodium salt), or other speci-

alty material s like colla gen. In these syst ems, the

produc t is usually charged on stainles s steel or poly-

ethylen e film trays and the plant is usuall y a medium

or a large uni t with a loading surfa ce varyi ng from

15 to 60 m 2.

If the product to be freez e-dried is not pa rticular ly

unstabl e (e.g ., collagen ) and can withstan d a delay of

some hours between filling into its tray and freez ing,

then one can usu ally accumul ate the trays of prod uct

on a loading trolley. Wh en the loading trol ley is filled,

it is placed in front of the freeze dryer and the trays

are automa tically push ed on the shelve s without sli d-

ing contact (in order to avoid parti cle generation ) in

only one operation . Thi s system is advantag eou s be -

cause it pe rmits maxi mum utilizat ion of the freeze

dryer; the trolley may be loaded ahea d of time when

the freez e dryer is available for unload ing and load ing

so that the loading ope ration can be carried out in a

few minutes.

If the prod uct is not stabl e in the liqui d state (e.g.,

ampic illin sodium salt ) an d must be frozen wi thin a
� 2006 by Taylor & Francis Group, LLC.
short time afte r its preparat ion, it is co mmon to

charge the emp ty trays on the preco oled shelve s and

then to fill the trays so that the freezing step is very

quick and can proc eed during the whol e loading op-

eration. Thi s approach is also adv antageous because

it reduces the freez e drying cycle time; this happen s

because the cooling phase star ts at the same time a s

the loading pha se, with a consequen t reductio n in the

total time of these two steps .

If the produ ct is directly charged on t he trays

(bulk production) of the f reeze drying equipment, it

is found to be convenient to have an additional

small ice condenser or so-called auxiliary ice c on-

denser that is also connected with the drying cham-

ber, tog ethe r with the principal ice condenser.

A typical sketch of this device (Criofarma model

C1200-20) in a plant of 60 m 2 of loading sur face is

shown in Figure 11.5.

W ith this device, the plant is working with the

principal ice condenser for the removal of free water

(frozen water) during the primary drying stage (65–

90% of the total moisture content is free water),

whereas the plant is working with the unloaded aux-

iliary ice condenser for the removal of bound water
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FIGURE 11.5 Top view of an industrial freeze dryer of 60-m2 shelf area with auxiliary condenser (Criofarma model C1200-

20): 1, drying chamber with double full doors; 2, principal ice condenser chamber; 3, auxiliary ice condenser chamber; 4,

product support shelf. (Model C1200-20 courtesy Criofarma.)
(10–35% of the total moisture is bound water) during

the secondary drying stage. The time required for the

removal of bound water is usually at least as long

as the time required for the removal of free water,

and for this reason the auxiliary ice condenser has

usually a small independent vacuum and refrigeration

system with an installed power of one fourth to one

sixth of the total refrigeration and vacuum-installed

power of the plant. The advantages of this device are:

(a) the possibility of the principal ice condenser

defrosting before the end of the drying cycle, (b) energy

savings that can result in the reduction of the freeze

drying running cost, and (c) better performance for

the overall drying cycle.

When more freeze dryers than one are used in the

production of raw material, then the vacuum line of

each plant is connected with the vacuum lines of the

other plants by a set of exclusion valves. Thus, if a

failure occurs in the vacuum system of one plant, this

same plant can end its drying cycle without stopping

its operation by using the pumping suction of another

plant. A similar device may also be used for the

refrigeration units as sometimes one of them is always

in a standby condition. The concept that the same

vacuum and refrigeration system may operate in dif-

ferent plants is similar to the utilization of industrial

multibatch freeze dryers where the simultaneous pro-

duction of different products is made possible in a

freeze drying plant built with a number of batch

cabinets programmed to operate with overlapping

drying cycles but served by the same central system

for (a) tray heating, (b) condenser refrigeration, and
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(c) vacuum pumping; for each cabinet, the process is

individually controlled from a separate control panel.

A user of a pharmaceutical freeze dryer must ob-

serve good manufacturing practice (GMP) for pro-

cesses and equipment to be validated before and

during use. These can be divided into three grouped

requirements about different parts and functions of

the same plant as follows: (a) plant design and equip-

ment materials, (b) control hardware and software

validation, and (c) calibration of instruments. The

plant design and the materials of the equipment

must be such that they eliminate the potential of dirt

traps and ensure successful sterilization (usually with

clean pressurized steam at 1218C or more; in older

plants they use proprietary sanitizing agents). Also,

good cleaning access must be provided, sometimes

with a clean-in-place (CIP) system (cleaning the inside

part of the plant with sterile water sprayed at high

pressure from internal nozzles).

The validation of control hardware and software

basically requires the suitability of computer hard-

ware assigned for the task, and that computer pro-

grams perform consistently within preestablished

operational limits so that analysis of the effects of

possible failures can be carried out. The calibration

of instruments requires that the supplier of a freeze

dryer provides a work certificate of calibration and

that the user periodically verifies the performance of

the instruments with an external authorized and cer-

tified instrument. In Refs. [26–33], useful information

for GMP compliance, process, and computer system

validation can be found.



11.4.2.2 Multibatch Freeze Dryers

The freeze drying process in a batch plant is normally

program controlled to minimize the drying time and

to maximize the production of the plant. With a

single-batch plant the load on the various systems

will be very variable throughout the drying cycle.

The material flow and the product handling oper-

ations will also be discontinuous because of the batch

process characteristic. This means that optimal utiliza-

tion of resources will not be possible in a single-cabinet

batch plant.

To a great extent this disadvantage can be elimin-

ated when an industrial freeze drying plant is built with

a number of batch cabinets programmed to operate

with staggered, overlapping drying cycles. Each of the

cabinets can be charged with products from the same

system, and they are served by the same central system

for tray heating, for condenser refrigeration, and for

vacuum pumping. But, the process is individually con-

trolled for each cabinet from a separate control panel.

This makes possible the simultaneous production of

different products, which increases the operation flexi-

bility of the plant. With only two cabinets in operation

an essential part of the batch disadvantage may

be eliminated; for instance, with four cabinets a very

good leveling of loads will be achieved. A large number

of industrial freeze drying plants operate today in this

way as multicabinet batch plants [1,5,14].

11.4.2.3 Tunnel Freeze Dryers

In the tunnel type of freeze dryer (Figure 11.6), the

process takes place in a large vacuum cabinet into
Gate valve

Forward
vacuum
locks

Vapor con

Food trolley moving
between fixed heating
platens

1 2 3

FIGURE 11.6 Schematic diagram of a typical tunnel freeze d

Academic Press, London, 1978.)
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which the tray-carrying trolleys are loaded at inter-

vals through a large vacuum lock at one end of the

tunnel and discharged similarly at the other end.

The freeze dryer shown in Figure 11.6 consists of a

tunnel with vacuum locks at each end, one for loading

deep-ribbed aluminum trays containing frozen lumps

of food into the tunnel and the other for discharging

the freeze-dried product into an air-conditioned room

where the dry product is automatically removed by

machinery before packaging. The drying conditions

are carefully controlled in a number of sections of

the tunnel by temperature-pneumatic controllers [1].

Vapor constriction plates, fitting closely inside the

walls of the tunnel yet allowing the trolleys to pass

through, are at two locations in the main section of

the tunnel, and gate valves shut off the locks from the

main section. The tunnel is thus separated into five

independent process zones.

During the period when the trolley is not moving,

a tray-lifting device causes all the trays in each trolley

to sit on top of the heaters below. The heaters have

flat top surfaces and ribs underneath through which

vacuum steam circulates. They are cantilevered in

pairs from both sides of the tunnel. Vacuum steam

heating has several advantages, including a high la-

tent heat of condensation and temperature control by

means of pressure.

The refrigeration system consists of a large aqua-

ammonia absorption refrigerator instead of a com-

pression plant, mainly because of the ease with which

the refrigeration load can be varied by controlling the

oil feed to the boiler that heats the absorber.

The total capacity of a tunnel freeze dryer can be

increased as the volume of business increases. Large
striction plate

Electrical
controller

Vacuum
gauge

After
vacuum
locks

Condensing
chamber

To vacuum pumpVacuum joint
(tunnel sections)

4 5

ryer. (From Mellor, J.D., Fundamentals of Freeze Drying,



commercial plants for processing cottage cheese and

coffee have been built up in this way.

The tunnel freeze dryers have the same advantages

of plant capacity utilization that can be achieved as in

multibatch plants, but the flexibility for simultaneous

production of different products or in switching from

one product to another is lacking.

11.4.2.4 Vacuum-Spray Freeze Dryers

The vacuum-spray freeze dryer shown in Figure 11.7

has been developed for coffee extract, tea infusion, or

milk. The product is sprayed from a single jet upward

or downward in a cylindrical tower of 3.7-m diameter

by 5.5-m high [1,34]. The liquids solidify into small

particles by evaporative freezing. In the tower a re-

frigerated helical condenser is coiled between the in-

side wall and a central hopper, the latter collecting the

partially dry powder as it falls freely to the bottom of

the tower, which in turn is connected to a tunnel

where the drying process is completed on a stainless

steel belt traveling between radiant heaters. The prod-

uct passes into a hopper that feeds a vacuum lock,

permitting intermittent removal of the product for

packing. The whole plant operates under a vacuum

of about 67 Pa. Frozen particles obtained by spraying

into a vacuum are about 150 mm in diameter and lose

about 15% moisture in the initial evaporation. There

is no sticking of these particles.
Jet

Refriger

Hopper

Moving 

FIGURE 11.7 Layout of a vacuum-spray freeze dryer. (From M

London, 1978.)

� 2006 by Taylor & Francis Group, LLC.
Generally, sprayed freeze-dried coffee has less fla-

vor than normal freeze-dried coffee and the product

from this plant is no exception. However, it is hoped

retention can be improved in the dried product by

concentration before spraying into the tower.

11.4.2.5 Continuous Freeze Dryers

Recent years have shown a growing interest in freeze

drying plants operating with a continuous flow of

material through the process. Particularly in indus-

tries working with a single standardized product and

the preparation of the product is by a continuous

process, such plants are really profitable. They give

continuity in processing throughout and constant op-

erating conditions that are easily controlled, and they

require less manual operation and supervision.

A particular incentive comes from the prospect of

balancing the load imposed on the water vapor con-

densation system and the vacuum system. In a batch

process, the water vapor evolution rate from the

foodstuff is quite high at the start of drying and

becomes less as drying proceeds. The condenser sys-

tem must be designed to handle the maximum water

vapor removal requirement.

Continuous freeze dryers are used for freeze dry-

ing of product in trays and for freeze drying of agi-

tated bulk materials. When handling the product in

trays, the most delicate treatment of the product is
ated coil

bell

Heating platens

Vacuum lock

ellor, J.D., Fundamentals of Freeze Drying, Academic Press,



achieved. The product is stationary in the tray and

therefore is not exposed to abrasion, and it comes in

contact only with surfaces that fully meet standards

of hygiene.

When agitating a granulated product, more effect-

ive heat transfer to the single product particles can be

achieved, and thus a considerable reduction of the heat-

ing surface is possible. But, both these conditions—

abrasion of the product by agitation and increased

water vapor production per unit heating surface—

tend to carry small product particles with the vapor

stream away from the bulk product bed and to cause

loss of product. Any complications in the system for

water vapor removal to recover the product loss may

more than offset the advantage of the higher heater

surface load.

The heat transfer to the product and to the trays is

by radiation, which in the easiest way safeguarding a

correct and an evenly distributed heat transfer to the

material during the process. The radiant heat is pro-

duced by horizontal heater plates grouped in tem-

perature zones. Each tray remains for a fixed period

of time in each temperature zone in such a way that

the drying time is minimized.

The Conrad system [5] is a commonly used con-

tinuous freeze dryer for treating product in trays. The

success of this type of plant is based on the simplicity

and reliability of each component that goes to form

the total system. The details of this and other con-

tinuous systems are given in Refs. [5,8].
11.5 FREEZE DRYING COSTS

Freeze drying is costly because of the long drying

times involved; this factor has hindered the applica-

tion of the technique to drying of materials in bulk.

As a result, fixed costs tend to exceed running costs.

Anquez [35] has given some estimates of these costs

for foodstuffs, and it is usual that fixed costs exceed

running costs by 1.5 to 2.5 times [1].

The annual capacity of each freeze dryer is based

on a 20-h/d and 250 working days per year, with 4 h/d

allowed for loading and unloading operations. Thus,

Annual capacity ¼ 5000� rated capacity

(kg ice per hour)

11.5.1 FIXED COST

The average fixed cost is given by the ratio of the

annual fixed cost to the annual capacity, assuming

an annual fixed cost consisting of capital depreciation
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at 7.5% per year and loan charges at 8% reducible by

the expression

C ¼ R1(1þ R1)
n

(1þ R1)
n�1

(11:1)

where C equals the annual charge to repay $1 loan and

interest for n years at a rate R1. Thus with R1 ¼ 0.08

for 10 y, C ¼ 0.149 and so the loan charge per capital is

$0.049. Keey [36] points out that this expression also

gives the capital recovery factor (fraction of the ori-

ginal capital investment set aside each year over the

working life of the plant) for comparing drying sys-

tems. Mellor [1] shows that a plant would be preferred

that is dearer to install but costs less to run. Other fixed

capital-dependent charges at 5% of capital cost include

maintenance, insurance, and taxes.
11.5.2 RUNNING COST

The running cost consists of labor and utilities costs.

Data on the thermophysical properties of foods and

biological materials, required for estimating utilities

costs, are not always at hand and so the calculation is

based only on those properties pertaining to the fro-

zen water content of the material.

Only one person is required to operate any of the

dryers, at y dollars per hour. This should increase to

2y per hour to cover operating supplies, supervision,

payroll overhead, plant overhead, and process con-

trol. Then, average labor costs per kilogram ice equals

($2y)24/20x (plant throughput per hour). Preparation

and packing costs are not included as these will de-

pend largely on the nature of the product. The utilities

cost can be estimated from a heat and energy balance

for 1-kg water undergoing freezing, sublimation, con-

densation, and melting.
11.5.2.1 Refrigeration

The heat extracted in freezing the water content of the

material from 25 to �308C in 1 h is equivalent to 502

kJ/kg ice. The heat removed during condensation

at �408C is approximately 2840 kJ/kg ice. The com-

pressor power operating on ammonia is about 0.65

kW/kW (refrigeration); thus the energy to be supplied

to the compressor is 1840 kJ/kg ice.
11.5.2.2 Heating

The heat required to sublime ice at �208C equals

2840 kJ/kg ice. The ice collected at the condenser

after the completion of the drying cycle has to be

melted at �408C and requires about 419 kJ/kg ice.



11.5.2 .3 Vac uum Pumpi ng

Electrici ty requir ed for two -stage vacu um pumps

equals 0.36 kWh /kg ice.
Total Energy 
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kJ/kg ice 
C.
kWh/kg ice
Refrigeration 
(502 þ 1840) 
0.65
Vacuum pumping 
0.36
Total 
1.01
If the heat of vap orization of steam is 2065 kJ/kg at a

pressur e of 6 82 kPa, then (2840 þ 419)/ 2065 ¼ 1.58

kg steam/kg ice is req uired for heatin g.

Thus , knowi ng the prices of 1 kg steam and

1 kWh, the util ities cost can be estimat ed by us ing

the above infor matio n. It is usual to allow an increa se

to the util ities cost of 20% in order to cover therm al

losses and other c harges. A more detailed econ omic

analys is is given in Ref. [37], which ha s economic data,

analys is, and evaluations that are based on the various

operati onal pol icies consider ed in the resear ch studi es

present ed in Ref s. [6,3 7], which ha ve consider ed the

remova l of both frozen and bound water.
11.6 PROCESS MODELING: PARAMETERS
AND DRYING RATES

11.6.1 SYSTEM F ORMULATION

The goal of the process de signer and of the pro cessor

is to form ulate an econo mical drying system that

gives reliab ly unifor m and high product quality

[1,2,38–4 0]. A knowled ge of the basic phe nomena

and mechan isms involv ed in freez e drying is essent ial

for this purpose. In the foll owing secti ons, a qua lita-

tive descrip tion and a mathe matical model of the

freeze drying process is present ed; the model cou ld

be used to an alyze [6,7 ,9–12,16–18 ,37, 41] rates of

freeze drying. The que stion of drying rates is impor t-

ant because of the notably long cycle times or resi -

dence times that have been requ ired for freeze drying.

In Figu re 11.1, a mate rial that is freeze-dri ed in a

tray is sh own. The thickne ss of the sides an d bottom

of the tray, as well as the material from which the tray

is made, are most often in pr actice such that the

resistance of the tray to he at transfer could be co n-

sidered to be negligible [1,6,13,42 ]. Heat qI cou ld be

suppli ed to the surfa ce of the dried layer by cond uc-

tion, convec tion, or rad iation from the gas pha se; this

heat is then trans ferred by con duction to the frozen

layer. Heat qII is su pplied by a heati ng plate and is

condu cted throu gh the bottom of the tray and

through the frozen mate rial to reach the subli mation
interface or plane. The magnitude of the amount of

heat qIII in the vertical sides of the tray is much

smaller [6,1 3,42] than that of qI or qII ; qIII repres ents

the amount of heat trans ferred between the e nviron-

ment in the drying chamber and the vertical sides of

the tray. Since the contribution of qIII is rather negli-

gible when compared to the contributions of qI and

qII, the contribution of qIII to the drying rate will not

be con sidered further [6,13,42]. The terms Nw and Nt

in Figure 11 .1 represen t the mass flux of water vapo r

and the total mass flux, respectively, in the dried

layer. The total mass flux is equal to the sum of the

mass fluxes of water vapor and inert gas, Nt ¼ Nw þ
Nin, where Nin denotes the mass flux of the inert gas.
11.6.1.1 Mathematical Model for the Primary

Drying Stage

In the primary drying stage sublimation occurs as a

result of heat conducted to the sublimation interface

through the dried (I) and frozen (II) layers. The

resulting water vapor is transported by convection

and diffusion through the porous dried layer, enters

the vacuum chamber, and finally collects upon the

condenser plate. The following assumptions are

made in the development of the mathematical model:

(a) only one-dimensional heat and mass flows, normal

to the interface and surfaces, are considered; (b) sub-

limation occurs at an interface parallel to and at a

distance X from the surface of the sample; (c) the

thickness of the interface is taken to be infinitesimal

[1,5,6,43]; (d) a binary mixture of water vapor and

inert gas flows through the dried layer; (e) at the inter-

face, the concentration of water vapor is in equilibrium

with the ice; (f) in the porous region, the solid matrix

and the gas are in thermal equilibrium; (g) the frozen

region is considered to be homogeneous, of uniform

thermal conductivity, density, and specific heat, and to

contain a negligible proportion of dissolved gases.

Energy balances in the dried (I) and frozen (II)

layers can now be made [6,42,73–77,79,81]

@TI

@t
¼ aIe

@2TI

@x2
� Cpg

rIeCpIe

@(NtTI

@x

� �

þ DHv

rIeCpIe

@Csw

@t

� �
, 0 # x # X

(11:2)
@TII

@t
¼ aII

@2TII

@x2
, X # x # L (11:3)
where aIe ¼ kIe/rIeCpIe, aII ¼ kII/rII CpII, and Nt ¼
Nw þ Nin. In the dried layer, effective parameters are

considered that include the physical properties of



both the gas and solid [6,9,11, 38,42]. The initial and

bounda ry co ndition s are

At t ¼ 0

TI ¼ TII ¼ TX ¼ T o , 0 # x # L (11 : 4)

at x ¼ 0

qI ¼ �k Ie
@TI

@x
jx ¼ 0 , t > 0 (11 : 5)

and

qI ¼ sF (T 4up � T 4I jx¼ 0 ), t > 0 (11 : 6)

for radiation heat trans fer to the upper dried surfa ce,

at x ¼X

kII

@TII

@x
� kIe

@TI

@x
þ V (rIICpIITII � r  ICpITI )

þ NtCpgTX ¼ �DH sNw , 0 < t # tX ¼L (11 : 7)

at x ¼X

TI ¼ TX ¼ TII , t > 0 (11 : 8)

at x ¼L

qII ¼ k II
@TII

@x
jx¼L , t > 0 (11 : 9)

The con tinuity (mat erial balance) equ ations for the

dried (I) layer are [6,4 2,73–7 7,79,81]

«p

@Cpw

@t
þ @Csw

@t
þ @Nw

@x
¼ 0 (11 : 10)

«p

@Cpin

@t
þ @Nin

@x
¼ 0 (11 : 11)

where Nw and N in repres ent the mass fluxe s of wat er

vapor an d inert gas, respectivel y, in the dried layer .

The term @Csw /@t in Equation 11.2 an d Equation

11.10 accou nts for the change in the co ncentra tion

of sorb ed or bound water with time. The mass flux es

Nw an d Nin can be obtaine d from the foll owing co n-

stitutive equ ations:

Nw ¼ �Dwin , e
@Cpw

@x
þ Cpw

Cpw þ Cpin

� �
Nt (11 : 12)

Nin ¼ �Dwin , e
@Cpin

@x
þ Cpin

Cpw þ Cpin

� �
Nt (11 : 13)
� 2006 by Taylor & Francis Group, LLC.
The total mass flux Nt (Nt ¼ N w þ N in) is given by

Nt ¼ v p (C pw þ C pin ) (11 : 14)

where vp repres ents the convective ve locity of the ga s

(water vapor an d inert s) in the porous dried (I) layer .

The convecti ve veloci ty vp of the gas in the dried layer

is obtaine d from Darcy ’s eq uation as follo ws:

vp ¼ �
k

m

� �
@P

@x 
(11 : 15)

In the above equati on, k is the pe rmeabili ty of the

porous dried (I) layer and m is the viscos ity of the gas.

By combinin g Equation 11.14 and Equation 11.15,

the foll owing express ion is obtaine d for Nt:

Nt ¼ �(Cpw þ Cpin )
k

m

� �
@P

@x 
(11 : 16)

Equation 11.12 and Equation 11.13 are then substi -

tuted into Equation 11.10 an d Equat ion 11.11. The

term @Csw /@t in Equation 11.2 an d Equat ion 11.10

can be qua ntified if a therm odynami cally consis tent

mathe matical model could be co nstructed that could

describ e the change in the concen tration of bound

water with tim e. Dif ferent rate mechan isms may be

consider ed [6,11,39, 44–47] . One of the rate mechan -

isms could be given by the follo wing express ion:

@Csw

@t
¼ ktC pw (CT � C sw ) � k 2C sw (11 : 17)

where CT denotes the maxi mum equilib rium concen -

tration of sorbed wat er, an d k1 and k2 repres ent the

rate constants of the adsorption and desorption steps,

respectively. The parameters k1 and k2 can be func-

tions of temperature [39,44–48,73,81]. In Equation

11.17, the term @Csw/@t is negative if k2Csw is greater

than k1Cpw (CT � Csw). Of course, if k2Csw� k1Cpw

(CT � Csw) for all times and everywhere in the dried

layer, then the term @Csw/@t could be the set equal to

�k2Csw without introducing any significant error in

the calculations of the drying rate and time.

The initial and boundary conditions of Equation

11.10, Equation 11.11, and Equation 11.14 through

Equation 11.17 are as follows:

at t ¼ 0, Cpw ¼ 0 for x > 0 (11:18)

at t ¼ 0, Cpin ¼ 0 for x > 0 (11:19)

at t ¼ 0, Csw ¼ Co
sw for 0 # x # L (11:20)



at x ¼ 0, Cpw ¼ C opw ¼ M w
po

w

RT1 jx¼ 0

� �
, t $ 0

(11 : 21)

at x ¼ 0, Cpin ¼ C opin ¼ M in
po

in

RT1 jx¼ 0

� �
, t $ 0

(11 : 22)

at x ¼ X , Cpw ¼ CpwX ¼ M w
pwX

RTX

� �

¼ Mw

g(TX )

RTX

� �
, 0 < t # tX ¼L (11 : 23)

at x ¼ X ,
@Cpin

@x
jx¼X ¼ 0, 0 < t # tX ¼L (11 : 24)

at x ¼ 0, P ¼ Po ¼ po
in þ po

w , t $ 0 (11 : 25)

at x ¼ X , Nt

¼ �( (Cpw þ Cpin ) jx¼X )
k

mjx¼X

� �

� @P

@x 
jx¼X

� �
, 0 < t # tX ¼L

(11 : 26)

The total pr essure at x ¼ X is given by PX ¼ pwX þ
PinX , wher e pwX ¼ g(TX ). The varia ble pw

o is the cham-

ber water vapor pressur e determ ined by the conde nser

design, and the functi on g(TX ) repres ents the therm o-

dynami c equilibrium be tween the frozen produ ct and

the water vapor [1,6,11] .

The mathemati cal model is complet ely specified

by a mate rial balance at the interface that defines its

velocity as

V ¼ dX

dt
¼ � Nw

rII � r  Ie

(11 : 27)

where the va riable X (position of the interface) is a

functio n of time, X ¼ X (t ).

Equat ion 11.2 throu gh Equation 11.27 repres ent

the mathemati cal mod el that co uld be used to de -

scribe the dynami c be havior of the prim ary drying

stage of the freeze drying pro cess [6,11,42]. This

model involv es a moving bounda ry (the pos ition of

the sub limation inter face) and accoun ts for the re-

moval of frozen wat er by subli mation, as wel l as for

the remova l of bound water by secondary drying in

the dried layer during the primary drying stage . Ex-

ternal trans port resistance s can be easily incorpo rated

into this model by includi ng the exp ressions devel-

oped by Liapis and Litchfiel d [9].

Ho wever, in a well-designe d freez e dr yer the ex-

ternal mass an d heat trans fer resi stance s should not

be control ling in determ ining the drying time. A poi nt
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to be stressed is that in any freez e drying process it

will be desir able to fix the de sign and ope rating con -

ditions so that the pro cess is not rate limit ed by

extern al resistance s to e ither heat or mass trans fer.

The inter nal he at and mass transfer resistance s are

charact eristic of the mate rial dried, but the extern al

resistance s are charact eristic of the eq uipment . The

design conditi ons refer to ha ving appropri ate capaci-

ties for the vacu um pump, the wat er vapor con denser,

and the heater s, an d that the spacing s betw een trays

are su ch that the external heat and mass trans fer

resistance s are not signi ficant.

Two limit s may possibl y be reached dur ing the

primary drying stage. First, the su rface tempe rature

TI (t, o) must not become too high be cause of the risk

of therm al damage. Second, the tempe ratur e of the

interface TX must be kept well below the melting

point. If the outer surfa ce tempe rature limit (Tscor ) is

encoun tered first as TI (t , o) is rais ed, the process is

consider ed to be heat trans fer control led; to increa se

the drying rate furt her, the therm al condu ctivity kIe of

the dried layer must be raise d. M any commer cial

freeze drying process es are heat trans fer co ntrolled

[1]. If the melting point tempe rature Tm is encou n-

tered fir st, then the pro cess is consider ed to be mass

transfer limit ed an d, in order to increa se the drying

rate, the effectiv e diffusiv ity of water vap or in the

dried layer Dwin, e an d the total mass flux N t must be

raised (an increa se in Nt implies that the co nvective

velocity of the vapor in the pores of the dried layer is

increased); the values of Dwin, e and Nt could be raised

by decreasing the pressure in the drying chamber.

The frozen layer temperature must be maintained

below the melting point, which may in some cases be

108C or more below the melting point of ice for the

reasons discussed previously. Typical ice temperat-

ures existing in the freeze drying of foods under con-

ditions in which the total pressure was primarily due

to water vapor and the heat transfer took place via

the dried (I) layer are sho wn in Tabl e 11.1 [5]. Typi cal

ice temperatures existing in the freeze drying of phar-

maceuticals under conditions in which the total pres-

sure was primarily due to water vapor and the heat

transfer took place via the dried (I) and frozen (II)

layers are shown in Table 11.2. Liap is and Sadiko glu

[77] proposed and developed a novel dynamic pres-

sure rise method as a remote sensing procedure

[64,77] for determining at different times during the

primary drying stage of the freeze drying process (i)

the temperature of the moving interface between the

dried and frozen layers of the product, (ii) the tem-

perature close to the upper surface of the dried layer

of the product, (iii) the temperature of the bottom

surface of the frozen layer of the product, and (iv) the

temperature profile of the frozen layer of the product.



TABLE 11.1
Frozen Layer and Maximum Dry Surface
Temperatures in Typical Freeze Drying Operation
Conducted with Heat Input through the Dry Layer

Food Material Chamber

Pressure

(mmHg)

Maximum

Surface

Temperature

(˚C)

Frozen Layer

Temperature

(˚C)

Chicken dice 0.95 60 �20

Strawberry slices 0.45 70 �15

Orange juice 0.05–0.1 49 �43

Guava juice 0.05–0.1 43 �37

Shrimp 0.1 52 �29

Shrimp 0.1 79 �18

Salmon steaks 0.1 79 �29

Beef, quick frozen 0.5 60 �14

Beef, slow frozen 0.5 60 �17

Source: From Goldblith, S.A., Rey, L., and Rothmayr, W.W.,

Freeze Drying and Advanced Food Technology, Academic Press,

London, 1975.
Furtherm ore, by knowi ng the tempe rature of the

heatin g plate and determ ining the value of the tem-

peratur e of the moving inter face from the dy namic

pressur e rise method , the va lue of the position of the

moving inter face could be determ ined by an expres-

sion de veloped by Liapis an d Sa dikoglu [77].

It sho uld be not ed that in the a bove mod el, diff u-

sion of sorbed water on the surfa ce of the pores of the

dried layer (surf ace diff usion) and diffusion of sorbed

water in the solid mate rial of the dried layer (sol id

diffusion) were not consider ed. The da ta of Pikal et al.

[10] suggest that the contribu tion of solid diffusion in

the remova l of bound water is not signifi cant. The
TABLE 11.2
Frozen Layer and Maximum Dry Surface
Temperatures in Typical Freeze Drying
Operation Conducted with Heat Input through
the Dry and Frozen Layers

Pharmaceutical

Material

Chamber

Pressure

(mmHg)

Maximum

Surface

Temperature

(˚C)

Frozen

Layer

Temperature

(˚C)

Ampicillin sodium salt 0.15 40 �24

Cloxacillin sodium salt 0.20 45 �20

Cephalosporin sodium

salt

0.15 40 �25

Collagen 0.30 70 �20
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surface diffu sion mass flux of bound wate r cou ld be

incorpora ted [73,81] in the continui ty equatio n for the

bound water, and this woul d increa se the complex ity

of the model; furthermor e, the value of the surface

diffusion coeffici ent has to be esti mated. The data of

Pikal et al. [10] appear to indica te that the de sorption

(evapor ation) of bound wat er repres ents the rate-

limiting mass trans fer process in secondary dr ying.

This model accou nts for the desorpt ion of bound

water in secon dary dry ing.

The equati ons of the model pre sented earli er can

be solved by the num erical method developed by

Liapis and Litchfi eld [49] and Mill man [42] . This

method imm obilizes the moving bounda ry and trans -

forms the problem of the freez e drying process into a

problem of fix ed extent; then the num erical solution

of the partial differen tial equati ons is obtaine d by the

method of orthogon al colloc ation [39,42 ,49]. This

model ha s been found [11,16,73 ,75, 79,81] to provide

theoretical predica tions that agree well with the ex-

perimen tal freez e drying rate and tim e data. It shou ld

be mention ed at this point that, in certa in pharmac eut-

ical produc ts, be cause of their process ing origin or for

freezing process ing purposes, solvent s other than

water are used togethe r with wat er. In this case, the

mass flux of the solvent, the mate rial ba lance equ ation

for the solvent , and the rate express ion for the remova l

of bound solvent have to be introdu ced in the struc ture

of the mathe mati cal mod el present ed earli er.

For the lyoph ilization of a pharmac eutic al

product in vial s, the mathe mati cal model in Refs

[78,90–92] should be us ed. Thi s mo del acc ounts for

the remova l of frozen an d bound wat er, and the

tempe rature and concen tration variables vary with

time and with two space variables (one space variable

is along the length of the cylindrical vial and the

other is along the radial coordinate of the vial).
11.6.1.2 Mathematical Model for the Secondary

Drying Stage

In the secondary drying stage, there is no frozen (II)

layer, and thus there is no moving sublimation inter-

face. The secondary drying stage involves the removal

of bound water. The thickness of the dried (I) layer is

L, and the energy balance in this layer (it has the same

form as Equation 11.2) is as follo ws [6,4 2,73–7 7,

79,81]:

@TI

@t
¼ aIe

@2TI

@x2
� Cpg

rIeCpIe

@(NtTI)

@x

� �

þ DHv

rIeCpIe

@Csw

@t

� �
, 0 � x � L

(11:28)



The initial and bounda ry con ditions of Equation

11.28 are

at ts ¼ 0, TI ¼ C (x ), 0 � x � L (11 : 29)

at x ¼ 0, qI ¼ �k Ie
@TI

@x
jx¼ 0 , t s > 0 (11 : 30)

and,

qI ¼ sF (T 4up � T 4I jx¼ 0 ), t s > 0 (11 : 31)

for radiat ion heat trans fer to the upper dried surfa ce,

at x ¼ L, qII ¼ kIe

@TI

@x
jx¼L , ts > 0 (11 : 32)

The mate rial balance equati ons for the water vapo r

and the inert gas are given by Equat ion 11.10 and

Equation 11.11, and the constitut ive exp ressions for

Nw and N in are obtaine d from Equat ion 11.12 and

Equation 11.13. Equation 11.17 repres ents one pos -

sible form for the rate express ion of the remova l of

bound water (see Sectio n 11.2. 2), and this equ ation

(or its sim pler form, as discus sed above) cou ld be used

to describ e the change in the con centration of sorbed

water with time. The total mass flux Nt throu gh the

porous dried layer is obtaine d from Darcy’s law, and

is given by Equation 11.16.

The initial and bounda ry cond itions of Equation

11.10, Equation 11.11, Equat ion 11.16, and Equation

11.17 in the second ary drying stage, are given by the

followi ng e xpressions:

at ts ¼ 0, Cpw ¼ g (x ), 0 � x � L (11 : 33)

at ts ¼ 0, Cpin ¼ d(x), 0 � x � L (11 : 34)

at ts ¼ 0, C sw ¼ u(x), 0 � x � L (11 : 35)

at x ¼ 0, Cpw ¼ C opw ¼ M w
po

w

RTI jx¼ 0

� �
, ts > 0

(11 : 36)

at x ¼ 0, Cpin ¼ C opin ¼ M in
po

in

RTI jx ¼ 0

� �
, ts > 0

(11 : 37)

at x ¼ 0, P ¼ P o ¼ po
in þ po

w , ts > 0 (11 : 38)

at x ¼ L,
@Cpw

@x
jx¼L ¼ 0, ts > 0 (11 : 39)

at x ¼ L,
@Cpin

@x
jx¼L ¼ 0, t s > 0 (11 : 40)
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The functio ns C (x ), g (x), d(x), and u(x) provide the

profiles of TI , C pw, C pin, and Csw at the en d of the

primary drying stage or at the beginni ng of the sec-

ondary drying stage ; these profiles are obtaine d by the

solution of the model equati ons for the prim ary dry-

ing stage . The total pressur e at x ¼ L is given by

PL ¼ pwL þ pinL.

Equat ion 11.10 through Equation 11.17 and

Equation 11.28 through Equat ion 11.40 represen t

the mathe mati cal mode l that co uld be used to de -

scribe the dy namic behavior of the secondary drying

stage of the freez e drying pr ocess; this mod el has been

found [75] to provide theoret ical predict ions that

agree well wi th the experi menta l freez e drying rate

and time data. The num erical solution of the parti al

different ial equati ons of this model can be obtaine d

by the method of orthogonal colloc ation [6,3 9,42,49].

External trans port resi stance s can be easily inco rpor-

ated into this model by includi ng the ex pressions

developed by Liapis and Litchfield [9]. But, as it was

discussed above (for the model of the primary drying

stage), in a well-designed freeze dryer the external

resistances should not be controlling in determining

the drying time.

For the lyophilization of a pharmaceutical product

in vials, the mathematical model in Refs [78,90–92]

should be used to describe the dynamic behavior of

the secondary drying stage (see Section 11.2.2).
11.6.1.3 Effect of Chamber Pressure on the Heat

and Mass Transfer Parameters of the

Dried Layer

The effective thermal conductivity kIe in the dried

material has been found to vary significantly with

the total pressure and with the type of gas present.

At very low pressures the thermal conductivity

reaches a lower asymptotic value independent of the

surrounding gas. This asymptotic conductivity re-

flects the geometric structure of the solid matrix itself,

with no contribution from the gas in the voids of the

material since the gas pressure is so low.

At high pressures the thermal conductivity levels

out again at a higher asymptotic value. This higher

asymptote is characteristic of the heterogeneous mat-

rix composed of solid material and the gas in the

voids. Consequently, the high-pressure thermal con-

ductivity is dependent on the nature of the gas present

and specifically increases as the thermal conductivity

of the gas increases and, hence, as the molecular

weight of the gas decreases.

When the thermal conductivity attains the high-

pressure asymptotic value, the mean free path of the

gas molecules within the void spaces of the dried layer



has become substantially less than the dimensions of

the void spaces. During the transition in thermal

conductivity from the low-pressure asymptote to the

high-pressure asymptote, the mean free path of the

gas molecules rivals the void space dimensions in

magnitude, but once the mean free path is reduced

to the point at which the gas phase within the solid

matrix obeys simple kinetic theory, the thermal con-

ductivity stops rising.

This reflects the fact that the thermal conductivity

of a gas obeying simple kinetic theory is independent

of the pressure. The transition in thermal conductivity

between asymptotes usually occurs between 0.1 and

100 mmHg, which includes the pressures characteris-

tic of freeze drying processes. The pressure range over

which the transition in thermal conductivity between

asymptotes occurs is characteristic of the pore size

distribution of the void spaces within the freeze-

dried material [50]. A smaller pore dimension means

that the gas must achieve a higher pressure in order for

the mean free path of the gas to become comparable to
TABLE 11.3
Thermal Conductivities of Freeze-Dried Food Substance

Food Substance Surrounding Gas

Beef Water vapor

Mushrooms Air

Cornstarch solutions Water vapor and air

Beef Air

Apple Air

Peach Air

Pear Freon-12, carbon dioxide,

nitrogen, neon, hydrogen

Apple Same

Beef Same

Apple Water vapor

Milk Water vapor

Salmon Water vapor

Haddock Water vapor

Perch Water vapor

Beef Water vapor and air

Beef Water vapor

Potato starch Water vapor and air

Gelatin Same

Cellulose gum Same

Egg albumin Same

Pectin Same

Tomato juice Water vapor

Turkey Air, water vapor, Freon-12,

carbon dioxide, helium

Source: From King, C.J., Freeze-Drying of Foods, CRC Press, Clevelan
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the pore spacing and, hence, means that the transition

between asymptotes will occur at higher pressures.

Since fast freezing before freeze drying leads to

smaller pore spacing after freeze drying [51,52], it

follows that faster freezing should lead to lower ther-

mal conductivities at a given pressure. If a freeze

drying process is rate limited by internal heat transfer,

the rate of freeze drying for fast-frozen material

should be less than that of a slowly frozen material.

Slower freeze drying rates for food pieces frozen more

rapidly have been reported [51,52]. Also, Triebes and

King [53] and Saravacos and Pilsworth [54] have

found that the thermal conductivity of freeze-dried

materials is higher at higher relative humidities of the

surrounding gas, in rough proportion to the volume

fraction of sorbed water present, and weighted in

proportion to the thermal conductivity of liquid water.

Tabl e 11.3 and Table 11.4 summ arize therm al

conductivity measurements of freeze-dried food sub-

stances and pharmaceuticals, respectively. The sur-

rounding gases and the pressure range are indicated,
s

Range of

Pressures (mmHg)

Range of Thermal

Conductivities (Btu/h ft ˚F)

0.5–2.4 0.020–0.032

0.3–760 0.006–0.021

0.1–2.0 0.008–0.019

0.001–760 0.022–0.038

0.001–760 0.009–0.024

0.001–760 0.009–0.025

0.02–760 0.013–0.108

0.02–760 0.013–0.115

0.02–760 0.022–0.116

0.01–0.3 0.020–0.067

0.01–0.3 0.013–0.047

0.15 0.024–0.077

0.08 0.011–0.015

0.08 0.013–0.020

0.007–80 0.020–0.037

0.2–3.0 0.030–0.042

0.03–760 0.005–0.024

0.03–760 0.009–0.024

0.03–760 0.011–0.032

0.03–760 0.008–0.024

0.03–760 0.007–0.024

0.4–1.5 0.020–0.100

0.01–760 0.008–0.112

d, OH, 1971.



TABLE 11.4
Therma l Conductivities of Freeze-Dried
Pharmaceutical Materials

Pharmaceutical

Material

Surrounding

Gas

Range of

Pressures

(mmHg)

Range of

Thermal

Conductivities

(Btu/h ft ˚F)

Ampicillin sodium

salt

Water vapor 0.01–0.15 0.012–0.040

Cloxacillin

sodium salt

Water vapor 0.01–0.20 0.012–0.040

Cephalosporin

sodium salt

Water vapor 0.01–0.15 0.012–0.017

Collagen Water vapor 0.1–0.4 0.015–0.040
along with the range of therm al co nductiv ities en-

countered. Ther mal con ductivities can be measur ed

by the use of a thermop ile apparat us or may be

inferred from actual freez e drying rate measur ement s

[8]. It will probably be helpful in many cases to

make use of the therm al con ductivity models for por -

ous media [8,53,55, 56] in order to extrap olate and

interpo late data to differen t cond itions.

As sho wn in Table 11.3 and Table 11.4, the ther-

mal condu ctivities of dry layers of foo ds and pharma-

ceutica ls are extre mely low compared wi th the

condu ctivities of insul ators , such as cork and styr o-

foam. As a consequ ence, the temperatur e drop across

the dry layer is large , an d with surface tempe ratur es

often lim ited to values be low 65 8 C beca use of dan ger

of discol oration and in some cases to values below

38 8 C because of the danger of denatura tion, the re-

sultant ice tempe rature is usuall y well be low �18 8 C.

Except for mate rials with very low melting points , it is

the su rface tempe rature that lim its the drying rate.

Bec ause of this limit ation, drying rates atta inable

in practi ce are muc h below the maximum rates atta in-

able wi th ice. Thus , for mate rials loaded into the

freeze drye r at abou t 8–18 kg/m 2 of tray surfa ce,

which corres ponds to indu strial practice [1], average

drying rates are of the order of 1.5 kg of water re-

moved per square mete r. The corres ponding dry ing

times are 6–10 h. A much more rapid rate can be

achieve d by decreas ing the pa rticle size and load ing

rates [6,3 7]. This corres ponds to the reduction of the

average thickne ss of the dry layer an d thus of mass

and he at transfer resistance s. This app roach, how-

ever, is limited to selec ted pro ducts, since efficien t

operati on requir es specia lized equ ipment, such as

continuous freez e dry ers.

The effe ctive diffusiv ities Dwin, e and D inw, e in the

dried mate rial are fun ctions of the struc ture of the
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material , Knudsen diffusiv ity, and molec ular diffusiv -

ity. Simpl ified express ions for Dwin, e and D inw, e are

given a s [38]

Dwin , e ¼
«p

t

1

(1 � ayw ) =Dwin þ 1=D Kw

� �
(11 : 41)

Dinw , e ¼
«p

t

1

(1 � byin ) =Dinw þ 1=D Kin

� �
(11 : 42)

where t is the tort uosity fact or of the poro us dried

layer and yw and yin are the mole fractions of wat er

vapor and inert s, respect ivel y. The express ions for a

and b in Equat ion 11.41 an d Equat ion 11.42 are

as follo ws: a ¼ 1 þ (NinM w /N wM in) and b ¼ 1 þ
(NwM in /N inM w ). The Knudsen an d the molec ular

diffusiv ities can be obt ained from the foll owing

express ions [38, 57]:

DKw ¼ 97 :0 �rr (TI =M w ) 
1= 2 (11 : 43)

DKin ¼ 97 :0 �rr (TI =M in )
1 = 2 (11 : 44)

Dwin ¼
1: 8583 � 10� 7T 

3= 2
I

Ps 
2
win Vwin

1

Mw

þ 1

Min

� �1 = 2

(11 : 45)

Dinw ¼
1: 8583 � 10� 7T 

3= 2
I

Ps 
2
inw Vinw

1

Min

þ 1

Mw

� �1 = 2

(11 : 46)

In Equat ion 11.43 and Equat ion 11.44, the term �rr is
the average por e radius in the dried layer (m). In

Equation 11.45 an d Equat ion 11.46, the terms swin

and sinw are the average co llision diame ters, and V win

and Vinw are the collision integrals .

Fr om Equat ion 11.45 an d Equat ion 11.46, it can

be obs erved that the magni tude of Dwin an d Dinw

would decreas e if the total pressur e P is increa sed. If

the value of Dwin is decreas ed becau se of increa sed

total pressur e, then Equation 11.41 indica tes that the

value of the effec tive pore diffusiv ity Dwin, e could

decreas e as the total pressure is increa sed. Therefore,

if the total pressure in the drying chamber is in-

crease d, then the effe ctive diff usivity D win, e could

decreas e, an d thus the diff usional mass flux of wat er

vapor in the dried layer cou ld decreas e.

Fur thermo re, when the total pressur e in the dry-

ing c hamber is increased, the gradie nt of the total

pressure @P /@x in the dried layer could be reduced,

and this could decrease the convective velocity vp and

the total mass flux Nt (Equ ation 11.14 through Equa-

tion 11.16). As the freez e dry ing process will become

internal, mass transfer controlled above a certain

pressure (Dwin, e and Nt decrease with increasing pres-

sure, and kIe increases with pressure), the highest rate



under mass trans fer co ntrol will oc cur at the pressure

of transitio n from he at trans fer control to mass trans -

fer co ntrol an d the attainabl e drying rate will de crease

at higher pressur es.

More elaborate expressions ofDwin, e and Dinw, e can

be found in Refs. [6,9,11,16,17,58]. These expressions

are more complex than Equation 11.41 and Equation

11.42. In all cases, Dwin, e and Dinw, e decrease with

increasing total pressure.

In general , ope rating cond itions in freez e dry ing

of foods includ e maxi mum surface tempe ratur es of

38–82 8 C and chamber pressur es of 0.1–2 mmH g.

Freeze drying of biologi cal specime ns, vaccine s, and

microo rganisms is us ually cond ucted with maximu m

surface temperatur es of 20–32 8 C and ch amber pres-

sures below 0.1 mmH g. It is possibl e to condu ct freeze

drying at atmosp heric pressur e, pro vided the gas in

which the drying is condu cted is very dry. In this case,

the heat trans fer is impro ved but the exter nal and

interna l mass transfer rates deteriorat e; mass trans fer

becomes limit ing in atmos pheric freeze drying. As

a co nsequence, for all but very smal l parti cles, the

drying rates are very slow.
11.7 CONTROL VARIABLES AND POLICIES
IN FREEZE DRYING

Much interest has been focused on ways to reduce the

drying tim es of the freeze drying pro cess so that the

proporti onal amort ization and operati ng co sts a re

minimiz ed. Thus , there has been consider able inter est

in investiga ting the fact ors a ffecting the ba tch tim e of

freeze dryers , since this varia ble is mo st amenabl e to

control , and efforts have be en made to minimiz e the

batch time [1,6,9, 12,37,42, 59,76,78, 79,82, 83].

The heat varia bles qI and qII from the energy

sources and the dr ying chamber pressur e Pch , Pch ffi
Po ¼ pw

o þ pin
o (Pch ffi Po when the exter nal mass

transfer resistance is insi gnificant , as would be the

case with a well- designe d freez e dryer) are natural

control variab les. It should be emphasi zed at this

point that (as the eq uations of the mathe mati cal

models for the prim ary and secondary drying stage s

and the material in the prec eding section indica te) the

effects on the heat and mass trans fer rates resul ting

from ch anges in the values of qI, qII , and Pch are

coupled.

The variab le pw
o is taken to repres ent the water

vapor pressure in the drying chamber (the extern al

mass trans fer resistance is taken to be insi gnificant )

and its value is de termined by the de sign and the

operati onal tempe rature of the ice co ndenser. Thus ,

Pch may be chan ged by chan ges in pw
o (pw

o co uld be

changed by changes in the temperatur e of the ice
� 2006 by Taylor & Francis Group, LLC.
conden ser), and by increa sing or decreas ing pw
o.

Therefor e, chan ges in the temperatur e of the ice co n-

denser affect the pressur e Pch (thr ough pw
o) in the

drying chamber, an d thus the mass trans fer rate in

the dried layer . The control s qI , qII , and P ch (the

tempe rature of the ice con denser and the value of pin
o

can increa se or decreas e the value of Pch ) must be

selected from a set of admis sible control lers

q
I
* � q

I
� q

I
*

q
II
* � q

II
� q

II
*

q
ch
* � q

ch
� q

ch
*

(11 : 47)

This set of co ntrollers exclude s those that woul d pr o-

duce a n unacce ptable product qua lity. Two impor t-

ant constraints on the product state are that the

surface tempe ratur e TI (t , o) must not exceed the

scorch point of the dried pro duct

TI (t , o) � T scor (11 : 48)

and that the frozen interface and, in general , the

frozen layer must not melt

TX � Tm (11 : 49)

and

TII (t , x ) � T m , X � x � L (11 : 50)

If during the drying run TI (t , o) ¼ T scor and Tx < Tm ,

then the pro cess is called heat transfer control led, and

if TI (t , o) < T scor and Tx ¼ Tm, then the process is

consider ed to be mass transfer control led.

The object ive is to mini mize the total batch time

tb , e quivalen t to defi ning a perfor mance index of the

form

Q ¼ min
qI , q II , Pch

Q ¼ min
qI , q II , Pch

ðtb

0

dt (11 : 51)

where tb is de fined as the time when a fixed amount of

water remai ns in the pr oduct. The pro blem given in

Equation 11.47 and Equation 11.51 along with a

mathe matical mod el of the freez e dry ing process (see

Sectio n 11.6.1.1 and Secti on 11.6. 1.2) is the standar d

time optimal control problem [9,12,76,79,83].

Liapis and Litchfield [9] performed a quasisteady-

state analysis for a system where qI 6¼ 0 and qII ¼ 0

and obtained general guidelines about the optimal

control policy at the beginning of the drying process

(when neither of the state constraints is active), as well

as during operation, when the process may be heat or

mass transfer limited [6,9].



The complete unsteady -state optimal co ntrol

problem has be en studi ed by Litchfield and Liapis

[12] for a system where qI 6¼ 0 and qII ¼ 0 using

turkey meat and nonf at-recon stituted mil k as mo del

foodst uffs. The results of the dynami c analysis for

nonfat- reconstitut ed milk confirm the suggest ed co n-

trol policie s of the qua sisteady- state analys is. At low

chamber pressur es the dynami c analysis with turkey

meat sh owed control resul ts similar to those obtaine d

by the quasi- steady-st ate an alysis. Ho wever, at high er

pressur es the assum ed control policy based on the

quasis teady-sta te analys is was not opt imal. The opti-

mal control dynami c study of Litchfield and Liapis

[12] suggest ed that the policies of the quasis teady-

state analys is may be useful guidel ines but they

should be inter preted with some cauti on. To obt ain

accurat e optimal control policies on the heat inp ut

and ch amber pressur e of the freeze drying process , the

complet e unsteady -state optim al co ntrol pro blem

should be solved [76,78,79 ,82,83].

M illman et al. [6] studied the freeze drying of skim

milk under various operati onal polici es that included

the case wher e qI 6¼ 0 and qII 6¼ 0. They found that the

control policy that produ ced the shorte st primary

drying stage was also the policy that provided the

shorte st ov erall drying time. Thei r results show that

at least 80% of the heat used during the primary

drying stage was transferr ed throu gh the frozen

layer of the sampl e. They also showe d that the type

of criteri on used in terminat ing the secondary dry ing

stage is of extre me impor tance, especi ally for sampl es

of large thickne sses, as it may lead to an unde sira ble

sorbed (bound) water pro file that may deteriorat e the

quality of the dried produ ct.

M el l or [1 ] ha s s ug g e st e d t ha t pe ri od i c a ll y t im e -

v a ri e d ch am be r pr e s s ur e wi l l pr od uc e i m pr ov e m e nt s

in dr y in g t im e wh e n c om pa re d w it h co nv en ti on a l

s te a dy -s t a te p re s s ur e op e ra t io n. Th e ba s is of t he a r -

g um en t w a s th at he a t m us t be t ra ns m it te d th r ou g h

a n i ns u la t in g dr i e d l ay e r t o t he ic e in t e rf a c e in or de r

to provide energy for sublimation and that the aver-

age effective thermal conductivity of the dried layer

can be enhanced by cycling the pressure. Several

industrial- and pilot-scale cyclic pressure plants have

been constructed, mainly in Australia by CSIRO, and

substantial reductions in drying time have been

reported [1].

It should be noted that any analysis or evaluation

of the cyclic pressure freeze drying process should

involve nonsteady-state heat and mass transfer equa-

tions like those present ed in Sec tion 11.6.1.1 and

Sectio n 11.6.1.2. The effe ctiveness of cycli c pressure

freeze drying and the effect of cycle period and shape

on drying times have been the subject of a number of

investigations [1,60,61]. Litchfield and Liapis [12]
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found that optimal policies with respect to pressure

could be closely approximated by a constant pressure

policy over the entire period of the primary drying

stage. This near-optimal constant pressure policy

formed the basis for comparison with the cyclic pres-

sure process [1,60]. The results for turkey meat showed

that all the cyclical policies tried were inferior (al-

though only slightly in some cases) to a near-optimal

constant pressure policy developed by Liapis and

Litchfield [9] and Litchfield and Liapis [12]. Since the

capital cost of a cyclic pressure process is considerably

greater than that of a constant pressure process [1,8], it

appears that the latter process would be preferred.

It should be noted that an increase in pressure will

increase kIe but at the expense of resistance to mass

transfer, which is also increased. Hence, the mass flux

is reduced and consequently the temperature of the

sublimation interface and of the frozen layer is in-

creased. Thus, the thermal conductivity increases but

the temperature driving force is decreased.

A simple analysis [2,60] has shown that an in-

crease in pressure (which will increase kIe) will not

guarantee an increase in heat transfer and that an

optimum pressure may exist that will maximize the

heat flux. If, furthermore, such an optimum does

exist, then a cyclic policy will have no beneficial effect

since perturbations in either direction away from the

optimum will be detrimental.

An optimum chamber pressure for turkey meat

has been found experimentally by Sandall et al. [62]

and has also been established through theoretical

analysis [12]. Litchfield et al. [61] compared cyclic

pressure and near-optimal constant pressure freeze

drying processes in a situation in which operation at

a pressure that would minimize drying time was not

possible because of an interface temperature con-

straint; at no time during the entire run did the cycled

pressure process prove superior. In view of these con-

siderations, it may be inferred that for materials exhi-

biting an attainable optimum with respect to pressure,

there will be no advantage in cycling the chamber

pressure when compared with near-optimal constant

pressure operation.

Sadikoglu et al. [76], Sadikoglu [79], Sheehan and

Liapis [78], Sheehan et al. [82], and Liapis et al. [83]

have studied the optimal control of the primary and

secondary drying stages of the freeze drying of solu-

tions in trays and in vials. Their results strongly mo-

tivate the aggressive control of freeze drying and they

have found that heat input and drying chamber pres-

sure control that runs the process close to the melting

and scorch temperature constraints yields (i) faster

drying times and (ii) more uniform distributions of

temperature and concentration of bound water at the

end of the secondary drying stage.



It is impor tant to report at this point that since a

batch of pharmac eutic al prod uct in an indust rial

freeze dryer can easily be worth significan t amou nts

of money, it is of paramount impor tance that the units

of the plant and the con trol syste ms of the pro cess

should alw ays operate unde r conditio ns at which

there is insignifican t loss in the quality of the pr o-

duct that is freez e-dri ed. For this purpose, the freeze

dryer usuall y has one add itional refr igeration or va-

cuum unit in a standby conditi on and furth ermore

the con trol instrument ation is de signed in su ch a way

that the control policies can be impl ement ed eithe r

automa tically by co mputer or by manual overrid e.

11.8 CONCLUSION

The evolut ion of freez e drying in the last 55 ye ars

indica tes that this separat ion process (unit operatio n)

is a convenient method for drying tho se deco mpos-

able products (mos tly pharmac eutic als, e.g., plasm a,

vaccine s, antibi otics, sera, and growth hormon es) that

cannot be stabiliz ed in any other way or that show

markedl y improv ed quality for a rather high average

cost (coffee, mushroom s, diced ch icken, and others );

howeve r, most food pro ducts are sti ll dried by co n-

ventio nal means for obvious economic reasons . The

absence of inter facial forces dur ing freeze drying ha s

been exploi ted to pr oduce highly disper sed, homo ge-

neous, free- flowin g, and very react ive powder s [15] .

This separat ion method has found uses in the engin-

eering c eramics area [3] and in the synthesis of super-

condu cting powder s [4].

The econ omics of the pro cess ind icate that freeze

drying can be suit able for high-v alue pro ducts wi th

specific biologi cal or phy sicochem ical pro perties. The

highest cost advantag es would be obtaine d from the

process ing of concentra ted solut ions of expensi ve ma-

terials ; in this respect , freez e drying cou ld repres ent a

viable alte rnative to filtratio n and crystall ization. It is

certain that freez e drying ha s a future, an d it is likely

that this will essential ly be in the fields of food, chem-

istry, mate rials scienc e, biologi cal scienc es, medic ine,

pharmac eutic als, and bio technol ogy. Its potenti al evo-

lution is still great and will, of course, depend upon

progres s in basic resear ch and upon the level of cre-

ativity in the design and operating co ndition s of

plants and inst rument s.

NOMENCLATURE

C annu al charge to repay $ 1 loan and inter est

Cpg heat cap acity of gas in the dried layer, kJ/kg K

Cpin concen tration of inert gas in the dried layer ,

kg/m 3
� 2006 by Taylor & Francis Group, LLC.
Cpin
o concen tration of inert gas at x ¼ 0, kg/m 3

Cpw concen tration of wat er vapo r in the dried

layer , kg/m 3

Cpo
o concen tration of wat er vapor at x ¼ 0, kg/m 3

CpwX concen tration of water vapo r at x ¼ X , kg/m 3

CpIe effecti ve he at capacit y of dried layer , kJ/kg K

CpII heat capacity of frozen layer , kJ /kg K

Csw concen tration of bound water, kg/m 3 dried

layer

Csw
o initial co ncentra tion of bound wat er, kg/m 3

dried layer

CT maxi mum equilibrium con centra tion of

bound water, kg/m 3 dried layer

Dinw molec ular diffusiv ity of a binary mixtu re of

inert gas and water vapor (E quation 11.46) ,

m 2/s

Dinw, e effecti ve pore diffusiv ity of a binary mixture

of inert gas a nd wat er vapor in the dried

layer (Eq uation 11.42) , m 2/s

DKin Knudsen diffu sivity for inert gas (Equ ation

11.44), m 2/s

DKw Knudsen diffusivity for water vapor (Equation

11.43), m2/s

Dwin molec ular diffusiv ity of a binary mixtu re of

water vapor an d inert gas (E quation 11.45) ,

m 2/s

Dinw, e effecti ve pore diffusiv ity of a binary mixture

of wat er vapor and inert gas in the dried

layer (Eq uation 11.41) , m 2/s

g(TX ) functio nal form of the thermo dynami c equi-

librium betw een the water vapor and the

frozen layer at the tempe ratur e of the sub -

limati on interface, Tx (pwX ¼ g (TX )), N/m 2

k1 rate co nstant in Equation 11.17, m 3/kg s

k2 rate constant in Equation 11.17, per s

kIe effective thermal conductivity in the dried

layer, kW/m K

kII thermal conductivity in the frozen layer,

kW/m K

L sample thickness, m

Min molecular weight of inert gas, kg/kg mole

Mw molecular weight of water vapor, kg/kg mole

Nin mass flux of inert gas in the dried layer, kg/

m2 s

Nt total mass flux in the dried layer (Nt ¼ Nin þ
Nw), kg/m2 s

Nw mass flux of water vapor in the dried layer,

kg/m2 s

PinX partial pressure of inert gas at x ¼ X, N/m2

pin
o partial pressure of inert gas at x ¼ 0, N/m2

pw
o partial pressure of water vapor at x ¼ 0, N/m2

pwX partial pressure of water vapor in equilib-

rium with the sublimation front (pwX ¼ g

(Tx)), N/m2



P total pressur e (P ¼ pin þ pw ) in the dr ied

layer , N/m 2

Po total pressur e at x ¼ 0, N/m 2

Pch total pressur e in the drying chamber, N/m 2

qI heat flux at x ¼ 0, kW/m 2

qII heat flux at the bottom of the tray, kW/m 2

Q perfor mance index

Q optim um pe rformanc e index

R gas law constant

R1 intere st rate

t time, s

tb batch time, s

ts time for seco ndary drying stage , s

tX ¼ L time at whi ch the sublimati on front arrives at

x ¼ L, s

TI tempe ratur e in the dr ied layer , K

TII tempe ratur e in the frozen layer , K

To initial tempe ratur e, K

Tm melting tempe rature, K

Tscor scorch tempe rature, K

TX tempe ratur e of the su blimatio n front, K

Tup tempe ratur e of uppe r plate , K

np conve ctive v elocity of the binary mixture of

water vapor and inert gas in the porous dr ied

layer (Eq uation 11.15) , m/s

V veloci ty of the sublimati on front (Equ ation

11.27) , m/s

x space coordinat e, m

X position of sublimation front (interface), m
GREEK SYMBOLS

DHs heat of sublimation of ice, kJ/kg

DHv heat of vaporization of bound water, kJ/kg

DP pressure drop, N/m2

DT total tempe rature differenc e in Figure 1 1.2, K

DTice temperature difference through the layer of

ice on the cold surface, K

DTrefr temperature difference between the cold sur-

face and the evaporating refrigerant, K

«p void fraction in the dried layer

k permeability of the porous dried layer, m2

m viscosity of the binary mixture of water vapor

and inert gas in the porous dried layer, kg/m s

rIe effective density of the dried layer, kg/m3

rII density of the frozen layer, kg/m3

s Stefan–Boltzmann constant

t tortuosity factor of the porous dried layer
SUPERSCRIPTS

* maximum value
� 2006 by Taylor & Francis Group, LLC.
SUBSCRIPTS

* minimum value

I dried layer

II frozen layer
REFERENCES
1.
 JD Mellor. Fundamentals of Freeze Drying. London:

Academic Press, 1978.
2.
 AI Liapis. Freeze drying. In: Handbook of Industrial

Drying, 1st ed. (AS Mujumdar, Ed.), New York: Mar-

cel Dekker, 1987, pp. 295–326.
3.
 F Dogan and H Hausner. The Role of Freeze-Drying in

Ceramic Powder Processing. Ceramic Transactions, Vol.

1 (Ceramic Powder Science II) (GL Messing, ER Fuller

Jr., and H Hausner, Eds.), Westerville, OH: American

Ceramic Society, 1988, pp. 127–134.
4.
 SM Johnson, MI Gusman, and DL Hildenbrand. Syn-

thesis of Superconducting Powders by Freeze-Drying.

Materials Research Society Symposium Proceedings,

Vol. 121 (Better Ceramics Through Chemistry III) (CJ

Brinker, DE Clark, and DR Ulrich, Eds.), Pittsburgh,

PA: Materials Research Society, 1988, pp. 413–420.
5.
 SA Goldblith, L Rey, and WW Rothmayr. Freeze Dry-

ing and Advanced Food Technology. London: Academic

Press, 1975.
6.
 MJ Millman, AI Liapis, and JM Marchello. American

Institute of Chemical Engineers Journal (AIChE Jour-

nal) 31:1594–1604, 1985.
7.
 MM Tang, AI Liapis, and JM Marchello. A Multi-

dimensional model describing the lyophilization of a

pharmaceutical product in a vial. Proceedings of the

Fifth International Drying Symposium, Vol. 1 (AS

Mujumdar, Ed.), New York: Hemisphere Publishing,

1986, pp. 57–65.
8.
 CJ King. Freeze-Drying of Foods. Cleveland, OH: CRC

Press, 1971.
9.
 AI Liapis and RJ Litchfield. Chemical Engineering Sci-

ence 34:975–981, 1979.
10.
 MJ Pikal, S Shah, ML Roy, and R Putman. Inter-

national Journal of Pharmaceuticals 60:203–217, 1990.
11.
 RJ Litchfield and AI Liapis. Chemical Engineering Sci-

ence 34:1085–1090, 1979.
12.
 RJ Litchfield and AI Liapis. Chemical Engineering Sci-

ence 37:45–55, 1982.
13.
 R Bruttini, G Rovero, and G Baldi. Chemical Engin-

eering Journal 45:B67–B77, 1991.
14.
 JW Snowman. Lyophilization techniques, equipment,

and practice. In: Downstream Processes: Equipment and

Techniques. New York: Alan R. Liss, 1988, pp. 315–

351.
15.
 A van Zyl. ChemSA, pp. 182–185, 1988.
16.
 AI Liapis and JM Marchello. A modified sorption-

sublimation model for freeze-dryers. In: Proceedings of

the Third International Drying Symposium, Vol. 2 (JC

Ashworth, Ed.), Wolverhampton, England, 1982,

pp. 479–486.



17.
� 200
JH Petropoulos, JK Petrou, and AI Liapis. Industrial and

Engineering Chemistry Research 30:1281–1289, 1991.
18.
 JH Petropoulos, AI Liapis, NP Kolliopoulos, and JK

Petrou. Bioseparation 1:69–88, 1990.
19.
 ML Roy and MJ Pikal. Journal of Parenteral Science

and Technology 43:60–66, 1989.
20.
 CC Freyrichs and CN Herbert. Journal of Biological

Standards 2:59–63, 1974.
21.
 RF Burke and RV Decareau. Advances in Food Re-

search 13:1–88, 1964.
22.
 DA Copson. Microwave Heating. Westport, CN: AVI

Publishing, 1962.
23.
 MW Hoover, A Markantonatos, and WN Parker. Food

Technology 20:107–110, 1966.
24.
 JP Bouldoires and T LeViet. Microwave freeze-drying of

granulated coffee. In: Second International Symposium on

Drying, McGill University, Montreal, Canada, 1980.
25.
 JE Sunderland. Food Technology, February 1982,

pp. 50–56.
26.
 JY Lee. Pharmaceutical Technology, October 1988,

pp. 54–60.
27.
 Food and Drug Administration. Lyophilization of Par-

enterals, Inspection Technical Guide. Washington DC:

U.S. Department of Health and Human Services, 1986.
28.
 Food and Drug Administration. Guideline on General

Principles of Process Validation. Washington DC: U.S.

Department of Health and Human Services, 1987.
29.
 Food and Drug Administration. Guide to Inspection of

BulkPharmaceuticalChemicalManufacturing.Washing-

ton DC: U.S. Department of Health and Human

Services, 1987.
30.
 EH Trappler. Pharmaceutical Technology, pp. 56–60,

1989.
31.
 KG Chapman and JR Harris. Pharmaceutical Technol-

ogy International, May/June 1989, pp. 54–58.
32.
 JS Alford and FL Cline. Pharmaceutical Technology

14:88–104, 1990.
33.
 PM Masterson. Pharmaceutical Technology, January

1989, pp. 48–54.
34.
 E Thuse, LF Ginnette, and R Derby. U.S. Patent

3,362,835, 1968.
35.
 M Anquez. Fifth International Course on Freeze-Drying,

Lyon and Dijon, France, 1966.
36.
 RB Keey. Drying: Principles and Practice. Oxford: Per-

gamon Press, 1972.
37.
 MJ Millman, AI Liapis, and JM Marchello. Journal of

Food Technology 20:541–551, 1985.
38.
 CJ Geankoplis. Transport Processes and Unit Oper-

ations. Boston, MA: Allyn and Bacon, 1983.
39.
 CD Holland and AI Liapis. Computer Methods for

Solving Dynamic Separation Problems. New York:

McGraw-Hill, 1983.
40.
 PA Belter, EL Cussler, and W-S Hu. Bioseparations—

Downstream Processing for Biotechnology. New York:

Wiley Interscience, 1988.
41.
 MJ Millman, AI Liapis, and JM Marchello. Journal of

Food Technology 19:725–738, 1984.
42.
 MJ Millman. The Modeling and Control of Freeze

Dryers. Ph.D. dissertation, University of Missouri-

Rolla, Rolla, MO, 1984.
6 by Taylor & Francis Group, LLC.
43.
 JC Harper and AF El Sahrigi. Industrial and Engineer-

ing Chemistry Fundamentals 3:318–324, 1964.
44.
 AI Liapis. Separation and Purification Methods 19:133–

210, 1990.
45.
 DM Ruthven. Principles of Adsorption and Adsorption

Processes. New York: Wiley Interscience, 1984.
46.
 MA McCoy and AI Liapis. Journal of Chromatography

548:25–60, 1991.
47.
 MA McCoy, BJ Hearn, and AI Liapis. Chemical En-

gineering Communications 108:225–242, 1991.
48.
 AI Liapis and MA McCoy. Journal of Chromatography

599:87–104, 1992.
49.
 AI Liapis and RJ Litchfield. Computers and Chemical

Engineering 3:615–621, 1979.
50.
 CJ King, WK Lam, and OC Sandall. Food Technology

22:1302–1308, 1968.
51.
 CG Haugh, CS Huber, WJ Stadelman, and RM Peart.

Transactions ASAE 11:877–880, 1968.
52.
 G Lusk, M Karel, and SA Goldblith. Food Technology

19:188–190, 1965.
53.
 TA Triebes and CJ King. Industrial Engineering

Chemistry Process Design and Development 5:430–436,

1966.
54.
 GD Saravacos and MN Pilsworth. Journal of Food

Science 30:773–778, 1965.
55.
 AV Luikov, AG Shashkov, LL Vasiliev, and YE Frai-

man. International Journal of Heat and Mass Transfer

11:117–140, 1968.
56.
 L Marcussen. Mathematical models for effective ther-

mal conductivity. In: Thermal Conductivity, Vol. 18 (T

Ashworth and DR Smith, Eds.), New York: Plenum

Press, 1985, pp. 585–598.
57.
 RB Bird, WE Stewart, and EN Lightfoot. Transport

Phenomena. New York: John Wiley & Sons, 1960.
58.
 EA Mason and AP Malinauskas. Gas Transport in

Porous Media—The Dusty-Gas Model. New York: Else-

vier, 1983.
59.
 JI Lombrana and JM Diaz. Vacuum 37:473–476, 1987.
60.
 RJ Litchfield, FA Fahradpour, and AI Liapis. Chem-

ical Engineering Science 36:1233–1238, 1981.
61.
 RJ Litchfield, AI Liapis, and FA Fahradpour. Journal

of Food Technology 16:637–646, 1981.
62.
 OC Sandall, CJ king, and CR Wilke. American Institute

of Chemical Engineers Journal (AIChE Journal)

13:428–438, 1967.
63.
 MJ Pikal. Freeze drying. In: Encyclopedia of Pharma-

ceutical Technology, Vol. 6. New York: Marcel Dekker,

1992, pp. 275–303.
64.
 AI Liapis, MJ Pikal, and R Bruttini. Drying Technology

14:1265–1300, 1996.
65.
 R Bruttini, OK Crosser, and AI Liapis. Drying Tech-

nology 19:2303–2314, 2001.
66.
 JJ Meyers and AI Liapis. Journal of Chromatography A

852:3–23, 1999.
67.
 H Sadikoglu, AI Liapis, OK Crosser, and R Bruttini.

Drying Technology 17:2013–2035, 1999.
68.
 BA Grimes, JJ Meyers, and AI Liapis. Journal of Chro-

matography A 890:61–72, 2000.
69.
 JJ Meyers, S Nahar, DK Ludlow, and AI Liapis. Jour-

nal of Chromatography A 907:57–71, 2001.



70.
� 200
F Franks. Biophysics and Biochemistry at Low Temper-

atures. Cambridge, England: Cambridge University

Press, 1985.
71.
 BA Grimes and AI Liapis. Journal of Colloid and Inter-

face Science 234:223–243, 2001.
72.
 L Rey and JC May (Eds.), Freeze Drying/Lyophilization

of Pharmaceutical and Biological Products. New York:

Marcel Dekker, 1999.
73.
 AI Liapis and R Bruttini. Separations Technology

4:144–155, 1994.
74.
 AI Liapis and R Bruttini. Drying Technology 13:43–72,

1995.
75.
 H Sadikoglu and AI Liapis. Drying Technology 15:791–

810, 1997.
76.
 H Sadikoglu, AI Liapis, and OK Crosser. Drying Tech-

nology 16:399–431, 1998.
77.
 AI Liapis and H Sadikoglu. Drying Technology

16:1153–1171, 1998.
78.
 P Sheehan and AI Liapis. Biotechnology and Bioengin-

eering 60:712–728, 1998.
79.
 H Sadikoglu. Dynamic Modeling and Optimal Control

of the Primary and Secondary Drying Stages of

Freeze Drying of Solutions in Trays and Vials. Ph.D.

dissertation, University of Missouri-Rolla, Rolla, MO,

1998.
80.
 MJ Pikal and S Shah. PDA Journal of Pharmaceutical

Science and Technology 51:17–24, 1997.
81.
 R Bruttini. Analytical Modelling and Experimental

Studies of the Primary and Secondary Drying Stages

of the Freeze Drying of Pharmaceutical Crystalline and

Amorphous Solutes. Ph.D. dissertation, University of

Missouri-Rolla, Rolla, MO, 1994.
6 by Taylor & Francis Group, LLC.
82.
 PSheehan,HSadikoglu, andAILiapis.Dynamic behav-

ior and process control of the primary and secondary

drying stages of freeze drying of pharmaceuticals in

vials. In: Proceedings of the 11th International Drying

Symposium (IDS ’98), Vol. C, Ziti Editions (AS Mujum-

dar, CBAkritidis, DMarinoskouris, andGD Saravacos,

Eds.), Thessaloniki, Greece, 1998, pp. 1727–1740.
83.
 AI Liapis, R Bruttini, H Sadikoglu. Optimal control of

the primary and secondary drying stages of the freeze

drying of pharmaceuticals in vials. In: Proceedings of

the 12th International Drying Symposium (IDS ’2000)

(PJAM Kerkhof, WJ Coumans, and GD Mooiweer,

Eds.), Noordwijkerhoot, The Netherlands, 2000,

Paper No. 115 (Scientific Paper), pp. 1–9.
84.
 O Cornu, X Banse, PL Docquier, S Luyckx, and C Del-

loye. Journal of Orthopaedic Research 18:426–431, 2000.
85.
 JI Lombrana, CD Elvira, and MC Villaran. Inter-

national Journal of Food and Technology 32:107–115,

1997.
86.
 ZH Wang and MH Shi. Chemical Engineering Science

53:3189–3197, 1998.
87.
 ZH Wang and MH Shi. Journal of Heat Transfer

120:654–660, 1998.
88.
 G Schelenz, J Engel, and H Rupprecht. International

Journal of Pharmaceutics 113:133–140, 1995.
89.
 C Ratti. Journal of Food Engineering 49:311–319, 2001.
90.
 KH Gan, R Bruttini, OK Crosser, and AI Liapis.

Drying Technology 22: 1539–1576, 2004.
91.
 KH Gan, R Bruttini, OK Crosser, and AI Liapis.

Drying Technology 23: 341–363, 2005.
92.
 KH Gan, R. Bruttini, OK Crosser, and AI Liapis, Int.

J. of Heat and Mass Transfer 48: 1675–1687, 2005.





12
Microwave and Dielectric Drying
� 2006 by Taylor & Francis Group, LLC.
Robert F. Schiffmann
CONTENTS

12.1 Background.......................................................................................................................................... 286

12.2 Fundamentals of Microwave and Dielectric Heating .......................................................................... 287

12.2.1 Electromagnetic Waves ........................................................................................................... 287

12.2.2 Heating Mechanism ................................................................................................................ 289

12.2.3 Ionic Conduction..................................................................................................................... 289

12.2.4 Dipolar Rotation..................................................................................................................... 289

12.2.5 Interaction of Electromagnetic Fields with Materials ............................................................. 290

12.2.5.1 Moisture Content ....................................................................................................... 291

12.2.5.2 Density ....................................................................................................................... 292

12.2.5.3 Temperature ............................................................................................................... 292

12.2.5.4 Frequency ................................................................................................................... 292

12.2.5.5 Conductivity ............................................................................................................... 292

12.2.5.6 Thermal Conductivity................................................................................................. 292

12.2.5.7 Specific Heat ............................................................................................................... 292

12.2.5.8 Penetration Depth ...................................................................................................... 292

12.3 Process Advantages of Microwave and Dielectric Systems.................................................................. 293

12.3.1 Advantages of Microwave and Dielectric Heating.................................................................. 293

12.3.2 Advantages of Microwave and Dielectric Drying ................................................................... 294

12.3.2.1 Preheating................................................................................................................... 294

12.3.2.2 Booster Drying ........................................................................................................... 294

12.3.2.3 Finish Drying ............................................................................................................. 295

12.4 Equipment for Microwave and Dielectric Heating and Drying........................................................... 295

12.4.1 Generators............................................................................................................................... 295

12.4.2 Applicators .............................................................................................................................. 296

12.4.2.1 Dielectric Systems....................................................................................................... 296

12.4.2.2 Microwave Systems .................................................................................................... 297

12.4.3 Other Devices .......................................................................................................................... 297

12.4.3.1 Control Systems.......................................................................................................... 297

12.4.3.2 Leakage and Safety Control Systems ......................................................................... 298

12.4.3.3 Protective Devices....................................................................................................... 298

12.5 Industrial Applications of Microwave and Dielectric Drying.............................................................. 298

12.5.1 Guidelines for the Selection of Microwaves or Dielectrics...................................................... 298

12.5.1.1 Size of Load................................................................................................................ 298

12.5.1.2 Watt Density .............................................................................................................. 299

12.5.1.3 Power.......................................................................................................................... 299

12.5.1.4 Geometry.................................................................................................................... 299

12.5.1.5 System Compatibility ................................................................................................. 299

12.5.1.6 Self-Regulation ........................................................................................................... 299

12.5.1.7 Self-Limiting ............................................................................................................... 299

12.5.2 Dielectric Drying Systems ....................................................................................................... 299

12.5.2.1 Lumber ....................................................................................................................... 299

12.5.2.2 Textiles ....................................................................................................................... 299

12.5.2.3 Paper........................................................................................................................... 300



12.5.2.4 Autom obile Tires ............. ............... .......... .......... ............... .......... ............. ............... ... 300

12.5.2.5 Food ............. ............... .......... .......... ............... .......... ............. ............... .......... .......... .. 300

12.5.2.6 Cera mics .......... ............... .......... .......... ............... .......... .......... ............... .......... .......... .. 300

12.5. 3 Microwave Dryi ng Systems .......... ............... .......... .......... ............... .......... ............. ............... ... 300

12.5.3.1 Food ............. ............... .......... .......... ............... .......... ............. ............... .......... .......... .. 300

12.5.3.2 Lum ber ..... .......... ............. ............... .......... .......... ............... .......... ............. ............... ... 301

12.5.3.3 Labor atory Anal ysis ........ ............... .......... .......... ............... .......... ............. ............... ... 301

12.5.3.4 Microw ave Fr eeze Dryi ng and Vacuum Drying .......... .......... ............... .......... .......... .. 301

12.5.3.5 Phar maceutical s ..... .......... ............... .......... .......... ............... .......... ............. ............... ... 301

12.5.3.6 Indu strial Coat ing .......... .......... .......... ............... .......... .......... ............... .......... .......... .. 301

12.5.3.7 Cera mics .......... ............... .......... .......... ............... .......... .......... ............... .......... .......... .. 301

12.5.3.8 Casting Molds .......... .......... ............. ............... .......... ............. ............... .......... .......... .. 302

12.5. 4 Criter ia for Suc cessfu l Microw ave an d Diel ectric Drying System s .......... ............. ............... ... 302

12.6 Econom ics of M icrowave and Dielectr ic Dryi ng Systems ..... .......... ............... .......... .......... ............... ... 302

12.6. 1 Capital Equi pment Costs ............. ............... .......... .......... ............... .......... ............. ............... ... 302

12.6. 2 Tube Repl acement Costs .......... .......... .......... ............... .......... ............. ............... .......... .......... .. 303

12.6. 3 Energy Cost ..... .......... ............... .......... .......... ............... .......... ............. ............... .......... .......... .. 303

12.6. 4 Other Costs ..... .......... ............... .......... .......... ............... .......... ............. ............... .......... .......... .. 303

12.7 Conclu sion .......... ............... .......... ............. ............... .......... .......... ............... .......... ............. ............... ... 304

References ..... ............... .......... .......... ............... .......... .......... ............... .......... ............. ............... .......... .......... .. 304
It is somet imes surpri sing to realize that diele ctric and

microwav e heating have been in use for quite so me

time. It app ears to many engineer s that these are new

forms of heatin g when in fact practical applic ations

began dur ing W orld War II a nd the home micr owave

oven was invent ed shortly after World War II. Yet ,

these remai n smal l indu stries, and for the most part,

the equ ipment manufa cturers are likewi se smal l com-

panies. The older of the two, diele ctric heating, is a

‘‘workhors e’’ heati ng method used in many indu s-

tries, includin g plastics , wood, ceram ics, furni ture,

textile s, and paper. It is also by far the large r of the

two industries ; howeve r, it is also not very glamo rous,

and the indust rial microwav e heating indust ry ha s

glamo r, but limited sales . To try to qua ntify the rela-

tionsh ip, there are pr obably only 100 to 150 MW of

microwav e power in use glob ally for indust rial heat-

ing purpo ses, wher eas a singl e large diele ctric heating

system may employ as much as 2 or 3 MW of power .

The annual world wide sales of indust rial micr owave

heatin g systems probably amoun ts to only less than

100 mil lion dollar s, but the sales of the home micr o-

wave ov ens in the Unit ed State s is of the order of 1.5

to 2.0 billion dollar s. The reasons for the relative ly

small size of these markets are severa l, but two stand

out: first, the heati ng mech anisms are not fami liar to

most engineer s, and secon d, they often repres ent a

radica l departur e from conven tional syst ems and

there is generally a tendency to resi st real inno vation

in most indust ries.

In the past few years, there has been a surge of

interest in the applic ations of micr owave and diele c-

tric he ating for industrial purpo ses. Thi s is pr imarily
� 2006 by Taylor & Francis Group, LLC.
due to the worldw ide energy crisis and the growing

accepta nce of a nd famili arity wi th microwav e ov ens.

The unique heati ng mech anisms of micr owave s and

dielectri cs permit dramat ic en ergy saving s in many

instances, as wel l as providi ng other be nefits. This is

nowher e better seen than in some of the applic ations

in drying. The pur pose of this ch apter is to provide

backgrou nd into these heatin g method s and their a p-

plications and, it is hoped , thereby stimu late their

consideration in new drying systems.
12.1 BACKGROUND

The terms ‘‘dielectric’’ and ‘‘microwave’’ are some-

what confusing and must be defined as best we can.

The term ‘‘dielectric heating’’ can be applied logically

to all electromagnetic frequencies up to and including

at least the infrared spectrum. The lower frequency

systems operate at frequencies through at least two

bands: high frequency (HF) (3–30 MHz) and very

high frequency (VHF) (30–300 MHz). Thus the

names HF, dielectric, radio frequency (RF), and RF

heating can often be used interchangeably. However,

it is generally accepted that dielectric heating is done

at frequencies between 1 and 100 MHz, whereas

microwave heating occurs between 300 MHz and

300 GHz. This makes the wavelengths in dielectric

heating extend to many meters. Microwave wave-

length s ran ge from 1 mm to 1 m. Table 12.1 and

Table 12.2 sho w the indust rial, scientific, and medic al

(ISM) bands established by international agreement

[1–3]. Note that these frequency allocations are made



TABLE 12.1
Frequencies Designated by the International Telecommunication Union for Use as Fundamental Industrial,
Scientific, and Medical Frequenciesa

Center

Frequency (MHz)

Frequency

Range (MHz)

Maximum

Radiation Limitb
Number of Appropriate Footnote

to the Table of Frequency Allocation

to the ITU Radio Regulations

6.780 6.765–6.795 Under consideration 524c

13.560 13.553–13.567 Unrestricted 534

27.120 26.957–27.283 Unrestricted 546

40.680 40.66–40.70 Unrestricted 548

433.920 433.05–434.79 Under consideration 661c, 662 (region 1 only)

915.000 902–928 Unrestricted 707 (region 2 only)

2450 2400–2500 Unrestricted 752

5800 5725–5875 Unrestricted 806

24,125 24,000–24,250 Unrestricted 881

61,250 61,000–61,500 Under consideration 911c

122,500 122,000–123,000 Under consideration 916c

245,000 244,000–246,000 Under consideration 922c

aResolution No. 63 of the ITU Radio Regulations applies.
bThe term ‘‘unrestricted’’ applies to the fundamental and all other frequency components falling within the designated band. Special

measures to achieve compatibility may be necessary where other equipment satisfying immunity requirements (e.g., EN 55020) is placed

close to ISM equipment.
cUse of these frequency bands is subject to special authorization by administrations concerned in agreement with other administrations with

radio communication services that might be affected.

Source: From IEC CISPR Publication 11, 2nd ed., 1990–09, Limits and Methods of Measurement of Electromagnetic Disturbance;

Characteristics of Industrial, Scientific, and Medical (ISM) Radio-Frequency Equipment. With permission.
by the Inter nationa l Telecomm unicat ion Union (ITU)

and so me frequenci es are specific to certa in coun tries.

For examp le, 915 MHz is allowed in the Unit ed State s

but not in Euro pean coun tries.
TABLE 12.2
Frequencies Designated on a National Basis
in CENELEC Countries for Use as Fundamental
Industrial, Scientific, and Medical Frequencies

Frequency

(MHz)

Maximum

Radiation Limita
Notes

0.009–0.010 Unlimited Germany only

3.370–3.410 Unlimited Netherlands only

13.533–13.553 110 dB(mV/m) at 100m United Kingdom only

13.567–13.587 110 dB(mV/m) at 100m United Kingdom only

83.996–84.004 130 dB(mV/m) at 30 m United Kingdom only

167.992–168.008 130 dB(mV/m) at 30 m United Kingdom only

886.000–906.000 120 dB(mV/m) at 30 m United Kingdom only

aDistance measured from the exterior wall outside the building in

which the equipment is situated.

Source: From Cenelec European Standard, CISPR 11, modified,

Limits and Methods of Measurement of Radio Disturbance

Characteristics of Industrial, Scientific, and Medical (ISM) Radio-

Frequency Equipment, 1991. With permission.
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Pr actical he ating applic ations, includin g those for

drying, are done at 13.56, 27.12, 40.68, 896, 915, and

2450 MHz. Note that a great deal of diele ctric indus-

trial heati ng in the Unit ed State s is done at freque n-

cies other than these ISM bands, as explained below .

Alth ough the basic princi ples of he ating and dry-

ing at diele ctric and microwav e frequenc ies are the

same, the methods of ge neration and equipment a re

different . These will be de scribed separately late r in

the chapter . In other cases, the two term s may be used

intercha ngeably in the text.
12.2 FUNDAMENTALS OF MICROWAVE
AND DIELECTRIC HEATING

12.2.1 ELECTROMAGNETIC WAVES

We are surround ed by elect romagne tic waves at all

times. Light, x-irradi ation, TV, AM, and FM rad io

waves, ultr aviolet, infr ared, and microwav es are so me

of the common manif estations of these wave s. All

bodies in the universe, above absolute zero tempera-

ture, emit electromagnetic waves. The relationship of

these waves is found in the electromagnetic spectrum

(see Figure 12.1) . All elect romagne tic waves are char-

acterized by their wavelength and frequency, and an
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FIGURE 12.1 The electromagnetic spectrum.
illustration of a plane monochromatic electromag-

netic wave is seen in Figure 12.2. It is seen that an

electromagnetic wave is a blend of an electric com-

ponent E and a magnetic component H. Note that E

and H are perpendicular to each other and both are

perpendicular to the direction of travel. This is what

makes this a ‘‘plane’’ wave. Note further that the field

strength at any point may be represented by a sine or

cosine function, which is what makes it ‘‘monochro-

matic.’’ Further, it is ‘‘linearly polarized’’ as the elec-

tric and magnetic field vectors E and H lie in one

direction only. The plane of polarization is YX for

the E vector and ZX for the H vector.
z

Ho

Eo

y

E H

FIGURE 12.2 Diagrammatic illustration of a plane electromag

components of the wave; Eo and Ho are their respective amplitu
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Figure 12.1 also indicates that the wave is travel-

ing in the X-direction at the velocity C, which is

equivalent to the speed of light in air or vacuum but

slows as it passes through another medium, as indi-

cated in Equation:

Vp ¼
Cffiffiffiffi
«0
p (12:1)

where Vp is the velocity of propagation, C is the

speed of light in air, and «’ is the dielectric con-

stant of the material through which the wave is

propagated.
x

netic wave. E and H represent the electrical and magnetic

des.



TABLE 12.3
Partial List of Energy Conversion Mechanismsa

Ionic conduction

Dipole rotation

Entire molecule quantized

Twist

Bend

Interface polarization

Dipole stretching

Ferroelectric hysteresis

Electric domain wall resonance

Electrostriction

Piezoelectricity

Nuclear magnetic resonance

Ferromagnetic resonance

Ferrimagnetic resonance

aIt is the first two with which we are primarily interested in

dielectric heating phenomena.
W e furth er note the dist ance l, whi ch is the wave -

length . Equation 12.2 sho ws the relat ionship between

the frequency of the wave f, that is, how many tim es

it goes through a full cycle per second, an d the

wavelengt h:

f ¼ Vp

l 
(12 : 2)

Note that as an elect romagne tic wave pa sses through

a material its frequency remains the same; theref ore,

its wave lengt h cha nges, and this affe cts the depth of

penetration, and will be discussed later.

A furt her exami nation of Fi gure 12.1 indica tes

that an electromagnetic wave is an energy wave that

changes its energy content and amplitude as it travels

through a medium, as seen by a change in the ampli-

tude of the wave. For example, if we trace the

E component we see that at some point it is zero;

then it builds up to a maximum value, decays to

zero, and again builds up to a maximum value with

the opposite polarity before again decaying to zero.

The same thing happens to the H component. The

amplitude of the wave at any point along the X-axis

represents the electrical (E) or magnetic (H) field

strength, which are measured as volts or amperes

per unit distance, respectively. It is this periodic flip-

flopping of the wave’s polarity and its decay through

zero that cause the stress upon ions, atoms, and mol-

ecules, which is converted to heat, and the greater the

field strength, the greater will be the whole effect.
12.2.2 HEATING MECHANISM

A crucial fact to keep in mind at all times is that

microwaves and dielectrics are not forms of heat but

rather forms of energy that are manifested as heat

through their interaction with materials. It is as if

they cause materials to heat themselves. There are

many mechanisms for this energy conversion, as can

be seen in only a partial listing in Table 12.3 [3].

12.2.3 IONIC CONDUCTION

Since ions are charged units they are accelerated by

electric fields. In a solution of salt in water, for ex-

ample, there are sodium, chloride, hydronium, and

hydroxyl ions, all of which will be caused to move in

the direction opposite to their own polarity by the

electric field. In doing so, they collide with unionized

water molecules, giving up kinetic energy and causing

them to accelerate and collide with other water mol-

ecules in billiard ball fashion, and when the polarity

changes the ions accelerate in the opposite fashion.

Since this occurs many millions of times per second,
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large numbers of collisions and transfers of energy

occur. Therefore, there is a two-step energy conver-

sion: electric field energy is converted to induced

ordered kinetic energy, which in turn is converted to

disordered kinetic energy, at which point it may be

regarded as heat. This type of heating is not depen-

dent to any great extent upon either temperature or

frequency. The power developed per unit volume (Pv)

through ionic conduction is shown as

Pv ¼ E2qnm (12:3)

where q is the amount of electrical charge on each of

the ions, n is the ion density, the number of ions per

unit volume, and m is the level of mobility of the ions.

12.2.4 DIPOLAR ROTATION

Many molecules, such as water, are dipolar in nature;

that is, they possess an asymmetric charge center.

Water is typical of such a molecule. Other molecules

may become ‘‘induced dipoles’’ because of the stresses

caused by the electric field. Dipoles are influenced by

the rapidly changing polarity of the electric field.

Although they are normally randomly oriented, the

electric field attempts to pull them into alignment.

However, as the field decays to zero (relaxes), the

dipoles return to their random orientation only to

be pulled toward alignment again as the electric field

builds up to its opposite polarity. This buildup and

decay of the field, occurring at a frequency of many

millions of times per second, causes the dipoles simi-

larly to align and relax millions of times per second.

This causes an energy conversion from electrical field



energy to stored potential energy in the material and

then to stored random kinetic or thermal energy in

the material. This temperature-dependent, molecular

size-dependent time for buildup and decay defines a

frequency known as the ‘‘relaxation frequency.’’ For

small molecules, such as water and monomers, the

relaxation frequency is already higher than the micro-

wave frequency and rises further as the temperature

increases, causing a slowing of energy conversion. On

the other hand, large molecules, such as polymers,

have a relaxation frequency at room temperature

that is much lower than the microwave frequency

but that increases and approaches it as the tempera-

ture rises, resulting in better energy conversion into

heat. This may lead to runaway heating in materials

that at room temperature are very transparent to the

microwave field. This must be superimposed upon the

fact that such liquids as water and monomers are

better absorbers of microwave energy than polymers.

Since in drying or curing applications it is the liquids

and monomers that require heating, not the existing

polymeric substrate, it is possible to execute the pro-

cess well, often at a lower temperature. In fact, it is

even possible to dry such materials as foods and

medicinals at cold or subfreezing temperatures.

The power formula for dipolar rotation is

Pv ¼ kE2f «0 tan d

or

Pv ¼ kE2f «00 (12:4)

where k is the constant dependent upon the units of

measurement used, E is the electric field strength, in

volts per unit distance, f is the frequency, «’ is the

relative dielectric constant, or relative permittivity,

tan d is the loss tangent or dissipation factor, and «’’
is the loss factor.

The relative dielectric constant expresses the de-

gree to which an electric field may build up within a

material when a dielectric field is applied to the ma-

terial. The loss tangent is a measure of how much of

that electric field will be converted into heat.

A further examination of Equation 12.4 reveals

that E and f are functions of the equipment, whereas

«’, «’’, and tan d are factors related to the material

that is heated. Another important point is that as

frequency f is changed it is necessary to increase the

electric field strength E in order to maintain a

particular power level Pv. Since dielectric heating fre-

quencies are much lower than microwave frequencies,

this requires that the field strengths be much higher

for comparable power output in a dielectric system.

This may lead to voltage breakdown of air (arcing) or
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in the process material. The sparking threshold for air

is about 30,000 V/cm (75,000 V/in.).

12.2.5 INTERACTION OF ELECTROMAGNETIC FIELDS

WITH MATERIALS

We may divide materials and the way they interact

with electromagnetic fields into four categories:
1. Conductors. Materials with free electrons, such

as metals, are materials that reflect electromag-

netic waves just as light is reflected by a mirror.

These materials are used to contain and direct

electromagnetic waves in the form of applica-

tors and waveguides.

2. Insulators. Electrically nonconductive mater-

ials, such as glass, ceramics, and air, act as

insulators, which reflect and absorb electro-

magnetic waves to a negligible extent and pri-

marily transmit them (that is, they are

transparent to the waves). They are therefore

useful to support or contain materials to be

heated by the electromagnetic field and may

take the form of conveyor belts, support

trays, dishes, or others. These materials may

also be considered ‘‘nonlossy dielectrics.’’

3. Dielectrics. These are materials with properties

that range from conductors to insulators. There

is within this broad class of materials a group

referred to as ‘‘lossy dielectrics,’’ and it is this

group that absorbs electromagnetic energy and

converts it to heat. Examples of lossy dielectrics

are water, oils, wood, food, and other materials

containing moisture, and the like.

4. Magnetic compounds. These are materials, such

as ferrites, that interact with the magnetic

component of the electromagnetic wave and

as such will heat. They are often used as shield-

ing or choking devices that prevent leakage of

electromagnetic energy. They may also be used

for heating in special devices.
As indicated earlier, those properties that govern

whether a material may be successfully heated by a

dielectric or microwave field are the dielectric proper-

ties: relative dielectric constant «’, loss tangent or

dissipation factor (tan d), and the loss factor «’’.
Note that the complex dielectric constant « may

be expressed as

« ¼ «0 � j«00 (12:5)

where j ¼
ffiffiffiffiffiffiffi
�1
p

, which indicates a 90˚ phase shift

between the real («’) and imaginary («’’) parts of

the complex dielectric constant. The loss tangent is



TABLE 12.4
Heating Properties of Various Materials

Heat Well Heat Poorly

Water Hydrocarbons

Acid anhydrides Halogenated hydrocarbons (symmetrical)

Alcohols

Aldehydes Alkali halides (e.g., salt)

Ketones Inorganic oxides (e.g., alumina)

Amides

Amines Some elements (e.g., sulfur)

Nitrates Boron nitride

Cyanides Mica

Proteins

Halogenated

hydrocarbons

(unsymmetrical)

Ferrites

Ferroelectrics
defined as the ratio of dielectric loss to dielectric

constant:

tan d ¼ «00

«0
(12:6)

These factors are affected by several parameters.

12.2.5.1 Moisture Content

The amount of free moisture in a substance greatly

affects its dielectric constant since water has a high

dielectric constant, approximately 78 at room tem-

perature; that of base materials is of the order of 2.

Thus, with a larger percentage of water the dielectric

constant generally increases, usually proportionally.

It should be emphasized that very complex phenom-

ena occur when different dielectrics are mixed. How-

ever, a few rules of thumb may be applied.
Ionic solutions

Source: From White, J., Transactions of the International

Microwave Power Institute, 1:40–61 (1973), Manassas, Virginia.
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1. The higher the moisture content, usually the

higher is the dielectric constant.

2. The dielectric loss usually increases with in-

creasing moisture content but levels off at val-

ues in the range of 20 to 30% and may decrease

at still higher moisture.

3. The dielectric constant of a mixture usually lies

between that of its components.
Slope de"/dm
e"

mc

% Moisture (m)

FIGURE 12.3 The critical moisture content mc. The dielectric

loss factor is «’’. The region below mc is indicative of bound

water, whereas above free water is more easily removed.
Various materials, including alcohols and some

organic solvents, also exhibit dielectric properties

that make them suitable for heating with microwave

and dielectric energy and, so, behave similarly to

water. Table 12.4 indicates the heating properties of

various classes of materials.

Since drying is concerned with the removal of

water or a solvent, it is interesting to note that as

these liquids are removed the dielectric loss decreases

and hence, the material heats less well. In many cases,

this leads to self-limitation of the heating as the ma-

terial becomes relatively transparent at low moisture

content. This has great value in obtaining moisture

leveling, especially in sheet materials, in which the

electromagnetic energy is likely to preferentially dry

the wetter areas. Figure 12.3 shows a general graph of

the variation in loss factor with moisture content [4].

Water exists in materials in different states, for ex-

ample, bound or free, and these states may be

ascribed to different regions on the graph, as indi-

cated by the change of slope (d«’’/dm). Thus at low

moisture contents, below the critical moisture con-

tent, we are dealing primarily with bound water;

above it we encounter primarily free water. (Note

that the dielectric loss of bound water is very low

since it is not free to rotate under the influence of
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the electromagnetic field. This is seen in an analogous

situation with ice, which has a dielectric loss factor of

approximately 0.003; that of water is approximately

12.) The change in the slope may be quite gradual for

some materials, making positive identification fairly

difficult. The critical moisture content for highly

hygroscopic materials occurs between 10 and 40%

(dry basis); for nonhygroscopic materials it is in the

region of about 1%. It is obvious that moisture level-

ing will be quite effective above the critical moisture

content but not so effective below it. Although some

materials become quite transparent below the critical



moisture con tent, there are others, such as wood

and text iles that will continue to he at and may scorch

or burn.

12.2.5 .2 Dens ity

The diele ctric con stant of air is 1.0, an d it is, for all

practical pur poses, trans parent to elect romagne tic

waves a t indu strial frequenci es. Ther efore, its inclu-

sion in mate rials reduces the diele ctric constant s, and

as den sity de creases so do the dielectri c prop erties,

and heati ng is reduced.

12.2.5 .3 Te mpera ture

The tempe ratur e depend ence of a dielectri c c onstant

is quite complex , and it may increa se or decreas e wi th

tempe rature dep ending upon the mate rial (see Se ction

12.2.4). In general , howeve r, a mate rial below its

freezing point exhibi ts low ered dielectric co nstant

and dielectri c loss. Above freezing the situ ation is

not clear -cut, and since mois ture and tempe rature

are impor tant to both drying and diele ctric pro per-

ties, it is impor tant to underst and the functi onal rela-

tionsh ips in material s to be dried. Wo od, for exampl e,

has a positive tempe ratur e coeffici ent at low mois ture

content [5]; that is, its diele ctric loss increa ses wi th

tempe rature. This may lead to runaw ay heatin g,

which in turn will cause the wood to bur n inter nally

if heati ng c ontinues onc e the wood is dried.

12.2.5 .4 Freq uency

Dielectr ic pro perties are affected by the frequen cy of

the applied elect romagne tic fie ld. How ever, since in-

dustrial he ating is rest ricted to the ISM frequenci es,

the engineer is limit ed in mak ing use of this phen om-

enon. It may, howeve r, be useful in measur ing mois -

ture co ntent.

12.2.5 .5 Condu ctivity

Conduct ivity refers to the ability of a material to

condu ct electric currents by the displ acement of elec-

trons an d ion s; this effect is descri bed in de tail in

Section 12.2.3. Suffice it to say that these charged

units can have a major effect on heating, and in a drying

situati on in which the ion con centration increa ses as

the water is remove d, this effect can be very complex .

12.2.5 .6 The rmal Conduct ivity

Thermal cond uctivity often plays a less er role in

microwav e and dielectric heati ng than in con ventio nal

heatin g be cause of the great speed with which the

former heat thu s reducing the tim e in which therm al
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condu ctivity can be effectiv e. Ther e are cases, how-

ever, in whi ch it has a major role. For exampl e, when

penetra tion depth of the elect romagne tic en ergy is

small in compari son wi th the volume heated, therm al

condu ctivity may be depen ded upon to trans fer

the heat to the interior. Anothe r impor tant case is

to even out the nonuniform ities of heatin g that

may occur wi th electromag netic fields. Sometimes

the microwav e or diele ctric power is pulsed on and

off to allow for this evening out of tempe rature, as in

microwav e thawing.

12.2.5 .7 Sp ecific Heat

The specific heat pa rameter is often neglected by the

research er or engineer dealin g wi th elect romagne tic

heatin g who focuses attention only on the diele ctric

propert ies. Howe ver, specific heat c an have profound

effects and may, in fact, be the ove rriding parame ter,

causing materials to heat mu ch faster than one would

predict by looking only at their dielectric prop erties.

12.2.5 .8 Pe netration Depth

Although not a prop erty of a mate rial but rather a

result of its various pro perties, pen etration depth is of

utmos t impor tance. Since elect romagne tic heatin g is,

in effe ct, bulk heatin g, it is impor tant that the energy

penetra tes as deep ly as possibl e. If it doe s not, then

the heati ng is limit ed to the surfa ce. Thos e parame ters

affecti ng the de pth of the field into the material are

the wave lengt h, the dielectric constant , and the loss

factor, as sho wn in Equation 12.7

D ¼ l0

ffiffiffi
2
p

2p
«0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ («00=«0 ) 2

q
� 1)

� �� 1 = 2

(12 : 7)

where D is the penetration depth at which the avail-

able power in the m aterial h as dropped to about

37 % ( 1 / e ) of its value at the surface and l0 is the f ree

spac e wavelength. If « ’’ is low, Equation 12.7 m ay

be simplified:

D ¼ l0

ffiffiffiffi
«0
p

2p«00  
(12 : 8)

This equ ation is reasonabl y accurat e for most food s

even though many have relative ly high «’’ values .

Fr om these equatio ns, it is obv ious that material s

with high diele ctric constant s and loss factors will

have smaller depths of penetra tion than those with

lower values . It is also apparent that the de pth of

penetration is greatly affected by the wavelength

(and hence the frequency) of the applied field. This

is illustrated in Table 12.5, in whic h penetra tion dep th



TABLE 12.5
Wavelength and Depth of Penetration in Douglas Fir
at Various Frequencies

Frequency (MHz)

5.0 13.56 27.12 40.0 915 2450

Wavelength

Meters 60.0 22.1 11.1 7.5 0.328 0.122

Feet 196.9 72.6 36.3 24.6 1.07 0.400

Depth of penetration

Meters 23.9 8.8 4.4 3.0 0.130 0.049

Feet 78.4 28.9 14.4 9.8 0.425 0.158

Source: From Tinga, W.R., Proceedings of the International

Microwave Power Institute Short Course for Users of Microwave

Power, Manassas, Virginia, 1970, pp. 19–29.
into Douglas fir is shown for various wavelengths [5].

This demonstrates the very clear superiority of dielec-

tric heating of very large materials with substantial

dielectric properties.

A peculiarity of this type of heating is the unusual

temperature gradients that may be generated. This is

due to a number of factors. First, unless an auxiliary

heat form is applied, the air in the system remains

cold. Hence, the surface will be cooler than a zone

somewhat below the surface. This is especially true in

a drying system in which evaporative cooling of the

surface will occur.

Another circumstance concerns the depth of pene-

tration as it relates to the size of the piece that is

heated. If the piece is several times larger than the

depth of penetration, then the temperature gradient

will resemble conventional gradients, with a cooler

interior and a warmer exterior. However, if the piece

is small in comparison with the penetration depth, for

example only one or two times greater, then there

may be a focused accumulation of the electromag-

netic field in the center of the piece due to the multiple

passes of the waves and internal reflections. In this

case, the center may be the hottest place, and in fact,

if it is overheated, the center may burn whereas the

surface remains cool.

12.3 PROCESS ADVANTAGES
OF MICROWAVE AND
DIELECTRIC SYSTEMS

12.3.1 ADVANTAGES OF MICROWAVE AND

DIELECTRIC HEATING

Heating and drying with microwave and dielectric

energy is distinctly different from conventional
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means. Whereas conventional methods depend upon

the slow march of heat from the surface of the mater-

ial to the interior as determined by differential in

temperature from a hot outside to a cool inside, heat-

ing with dielectric and microwave energy is, in effect,

bulk heating in which the electromagnetic field inter-

acts with the material as a whole. The heating occurs

nearly instantaneously and can be very fast, although

it does not have to be. However, the speed of heating

can be an advantage, and it is often possible to ac-

complish in seconds or minutes what could take min-

utes, hours, and even days with conventional heating

methods. The fastest industrial heating system of

which this author is aware heats fine plastic thread

at the rate of about 30,0008C/s (the material was

actually heated about 1008C in about 3 ms) [3]. On

the other hand, one can heat at the rate of 18C per

century, if desired. The governing parameters here are

the mass of the material, its specific heat, dielectric

properties, geometry, heat loss mechanisms, and

coupling efficiency, the power generated in the mater-

ial, and the output power of the microwave–dielectric

heating system. If all other things are equal, the speed

may be doubled by doubling the output power.

A list of advantages of microwave and dielectric

heating includes the following:
1. Process speed is increased, as described above.

2. Uniform heating may occur throughout the

material. Although not always true, often the

bulk heating effect does produce uniform heat-

ing, avoiding the large temperature gradients

that occur in conventional heating systems.

3. Efficiency of energy conversion: In this type of

heating, the energy couples directly to the ma-

terial that is heated. It is not expended in heat-

ing the air, walls of the oven, conveyor, or

other parts. This can lead to significant energy

savings. Also, the energy source is not hot and

plant cooling savings may be realized.

4. Better and more rapid process control: The

instantaneous on–off nature of the heating

and the ability to change the degree of heating

by controlling the output power of the gener-

ator mean fast, efficient, and accurate control

of heating.

5. Floor space requirements are usually less. This

is because of more rapid heating.

6. Selective heating may occur. The electromag-

netic field generally couples into the solvent,

not the substrate. Hence, it is the moisture

that is heated and removed, whereas the carrier

or substrate is heated primarily by conduction.

This also avoids heating of the air, oven walls,

conveyor, or other parts.



TABLE 12.6
Advantages of Microwave and Dielectric Drying

Efficiency: in most cases, the energy couples into the solvent, not

the substrate

Nondestructive: drying can be done at low ambient temperatures;

no need to maintain high surface temperatures, leading to lower

thermal profiles

Reduction of migration: solvent often mobilized as a vapor;

therefore does not transfer other materials to the surface

Leveling effects: coupling tends toward the wetter areas

Speed: drying times can be shortened by 50% or more
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7. Product qua lity may be impr oved. Since high

surface tempe ratur es are not usuall y generat ed,

overheat ing of the surface an d case ha rdening,

which are common with conve ntional heating

methods are eliminat ed. This often leads to less

rejected produ ct.

8. Desirable chemi cal and physica l effects may

result. Man y ch emical an d phy sical reaction s

are promot ed by the heat generat ed by this

method, leadi ng to puffin g, drying, melt ing,

protein denatura tion, starch gelatini zation ,

and the like.

Uniformity of drying: by a combination of more uniform thermal

profiles and leveling

Conveyorized systems: less floor space, reduced handling

Product improvement in some cases: eliminates case hardening,

internal stresses, and other problems
12.3.2 ADVANTAGES OF MICROWAVE

AND DIELECTRIC DRYING

The mechanism for drying with microwave and dielec-

tric energy is quite different from that of ordinary dry-

ing. In conventional drying, moisture is initially flashed

off from the surface and the remaining water diffuses

slowly to the surface. Although the potential of energy

transfer for heating is the temperature gradient, which

results in energy transfer to the interior of the material,

the potential for mass transfer is the mass concentration

gradient existing between the wet interior and the drier

surface. This is often a slow process, diffusion rate

limited, which requires high external temperatures to

generate the temperature differences required.

W ith inter nal he at gen eration, in microwav e and

dielectri c syste ms, mass trans fer is primarily due to

the total pressur e gradie nt establ ished be cause of the

rapid vap or gen eration within the mate rial [6]. M ost

of the mois ture is vap orized before leavin g the sam-

ple. If the sampl e is init ially very wet and the pressure

inside the sampl e rises very rapidl y, liquid may be

remove d from the sampl e unde r the influence of a

total pressur e gradien t. The higher the initial mois -

ture, the great er is the influ ence of the pre ssure gradi-

ent on the total mass remova l. Thus , there is, in effect,

a sort of ‘‘pum ping’’ action, forcing liquid to the

surface , often as a vapor. This leads to very rapid

drying withou t the need to overheat the atmos phe re

and pe rhaps cause case harden ing or other surface

overheat ing pheno mena. Tabl e 12.6 summ arize s the

advantag es of micr owave an d diele ctric drying.

Of great interest today are the potenti al energy

saving s achieva ble from such a system. Thi s is due to

speed of drying, the direct coup ling of energy into the

solvent , pos sible low er drying temperatur es, far mo re

effecti ve use of conventi onal he ating in co mbination

with the dielectri c methods , an d less overal l he at loss.

A word of cau tion must be express ed here. These

systems ca n heat and dr y quickly , but too rapid

heatin g can be destr uctive. Car e must be taken not

to heat so fast that the mate rial may scorch, burn , or
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be oth erwise damaged or dry so quickly that the

steam or other vap ors cann ot escape quickly enoug h,

leadin g to intern al pressur e bui ldup, whi ch c an lead

to rup ture of the piece or an explosi on.

W hen drying with diele ctric he ating it is usual to

combine hot air with the system, pa rticular ly with

microwav e syst ems. This is bec ause it usuall y im-

proves the effici ency and the eco nomics of the drying

process [7]. Hot air is, by itself, relatively efficient at

removing free water at or near the surface, whereas

the unique pumping action of dielectric heating pro-

vides an efficient way of removing internal free water

as well as bound water. By combining these properly,

it is possible to draw on the benefits of each and

maximize efficiency and keep the costs of drying

down. Note that drying with microwaves or dielec-

trics alone can be very expensive in terms of both

equipment and operating costs.

There are three ways in which microwave and

dielectric energy may be combined with conventional

drying metho ds, as illustrated in Figure 12 .4.

12.3.2.1 Preheating

By applying the microwave or dielectric energy at the

entrance to the dryer, the interior of the load is heated

to evaporation temperature, thereby immediately for-

cing moisture to the surface and immediately permit-

ting the conventional dryer to operate at its most

efficient condition, at higher temperatures (Figure

12.4a). The drying curve is steeper, and drying time

is shortened.

12.3.2.2 Booster Drying

The microwave or dielectric energy is added to the

conventional dryer when the drying rate begins to fall
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FIGURE 12.4 Typical drying curves for microwave and

dielectric drying systems: (a) preheating with microwave

or dielectrics; (b) booster drying; (c) finish drying.
off (Figure 12.4b). The surface of the material is dry,

and moisture is concentrated in the center. The added

electromagnetic energy generates internal heat and

vapor pressure, forcing the moisture to the surface,
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where it is readily removed. The drying is sharply

increased with a leverage of 6:1 or 8:1 in terms of

increased drying capacity for each unit of electromag-

netic energy added. This is most effective on thick,

hard to heat materials.

12.3.2.3 Finish Drying

The least efficient portion of a conventional drying

system is near the end, when two thirds of the time

may be spent removing the last one third of the water

(Figure 12.4c). By adding a microwave or dielectric

dryer at the exit of the conventional dryer, this re-

places the inefficiency of hot air drying with internal

heat generation. The conventional dryer may also be

speeded up, thereby increasing the throughput of the

dryer whereas presenting the dryer with a wetter load,

thus increasing the efficiency. This method also pro-

vides close control of the terminal moisture and mois-

ture leveling at the same time avoiding overdrying.

The most common methods of application are

booster and finish drying, and in spite of the greater

cost for electrical energy than gas, the overall increase

in drying efficiency and throughout can bring about

large economic savings.
12.4 EQUIPMENT FOR MICROWAVE AND
DIELECTRIC HEATING AND DRYING

The heating mechanisms for microwave and dielectric

heating are similar, but the means of achieving them

are somewhat different. The basic components of these

systems are a means of generating the high-frequency

energy—the generator —and a means of applying it to

the workpiece—the applicator. These are described in

the following sections.

12.4.1 GENERATORS

The basic function of the generator is to convert the

alternating current of 50 or 60 Hz to the high frequen-

cies desired. The means of doing this are quite differ-

ent for dielectric and microwave systems.

Dielectric systems usually employ negative grid

triode tubes, although some systems operating in the

50 to 100-MHz range use beamed power types. RF

circuits are usually simple, self-excited oscillators of

the Hartley, Colpitts, or tuned plate-tuned grid type.

These circuits usually consist of coils and capacitors

or coaxial lines. The load to be heated may actually

form part of the tank circuit capacitance, it may be

separately tuned or inductively or capacitively coupled

to the oscillator, or it may be a combination of these,

which is directly connected to the oscillator and also
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FIGURE 12.5 Electrode configurations for dielectric heat-

ing systems: (a) platen type for bulky objects; (b) stray field

type for thin webs; (c) staggered type for thick webs or

board.
partiall y tun ed to the oscillat or circuit. Thi s last option

has a distinct advantag e in dr ying ap plications , in

which the electrodes may be partiall y tuned to the

oscillat or circui t on the side of the tuning cu rve,

where they will be detuned when a dry load with a

lower dielectric constant is present . Thus , a wet load

will cause an increa se in elect rode vo ltage, and a dry

load will cause a power reducti on. In this way, there is

a self-limi ting or level ing effect [8]. Note that energy

not dev eloped in the load can be lost in the coupled

circuits, ca using less efficien cy and wasted power .

A negative grid tube is a varia ble power de vice

that draw s cu rrent from the supp ly line only in suffi-

cient quantity to supply circui t losses plus the power

consumed in the load. Thus , mo st dielectri c syst ems

control power to the load by varyin g the RF electrode

voltage , often by a varia ble capacito r. In many in-

stance s, this system is self-l imitin g and self -regulati ng,

supplyi ng power onl y as deman ded by changes in size

or electrica l charact eristic s of the load [8].

Diel ectric heati ng syst ems util ize a wide range in

frequenci es, from 3 MHz to more than 150 M Hz.

Many of these are not confi ned to the ISM bands

and may vary frequen cy to improve the efficiency of

heatin g. In doing so, howeve r, they must be pro perly

shielded and filtered to comply with Part 1 8, Subpa rt

D of the FCC Rule s an d Regulati ons, to prevent out-

of-band radiation leakage .

M icrowave systems operate on a nom inal fixed

frequency of 915 or 2450 MHz, with the frequency

control led by the tube dimens ions and geomet ry.

They must also be shiel ded to preven t excess ive radi-

ation of harmoni cs, as well as for safety.

A microwave generator consists of a dc power sup-

ply and a tube—either a magnetron or a klystron. These

t ub es a re c on st ant ou tput po we r d ev ic es , a nd po we r t o

the load may be controlled by sensing the load require-

ments and controlling the input power accordingly,

usually by indirectly varying the dc anode voltage. Al-

though magnetrons and klystrons are capable of with-

standing a reasonable degree of mismatching,

manifested as power reflected back to the tube, precau-

tions must be taken to avoid overheating or in other

ways damaging these tubes (see Section 12.4.3.3).

12.4.2 APPLICATORS

The means of applying microwave and dielectric

energy to a workpiece differ in a very significant

manner. Microwave energy may be transported

through free space and must be focused upon the

load. On the other hand, dielectric energy is usually

applied by means of electrodes, in which the field oscil-

lates through the load, which is placed between the

electrodes. This is described in the following sections.
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12.4.2.1 Dielectric Systems

There are many types of electrodes, but they may

be described in three basic categories, which are

illustrated in Figure 12.5.

The platen type usually consists of flat plates in

pairs, between which the workpiece may be held in a

batch system or pass on a conveyor belt. Often, a

conveyor belt may represent one of the plate elec-

trodes. This is especially useful for bulky objects.

A drawback is that as the plates become widely sep-

arated the high field strengths required may cause

voltage discharge, which can burn the load.

With the stray field type, the load, usually in the

form of a thin web, passes over the electrodes of

alternating polarity. Since the load represents the

path of least electrical resistance, the dielectric field

passes through it, causing heating. The staggered type

is usually used for sheet materials and thick webs. The

distance between the electrodes is kept to a minimum

in order to achieve heating without arcing.

As for other types, electrodes may also be shaped

to conform to the geometry of the load or may be part

of the conveyor or hydraulic or pneumatic press. The

entire system is confined within a metal housing to

prevent leakage of radiation. At the same time, hot air

of controlled temperature, humidity, and velocity

may be passed through the applicator.



12.4.2 .2 Mic rowa ve Syste ms

After generat ing the microwav e energy it mu st be

transp orted to the applica tor. This is usually accom-

plished by means of wave guides, althoug h coaxial

cable is also useful for low er power .

The wavegu ide is ordinar ily a hollow rectan gular

metalli c co nduit, usuall y made of bra ss or alumin um.

Its inter ior dimens ions are caref ully cho sen to control

the nature of the micr owave field presente d to the

applic ator. Applicator s are of severa l major types

and are always constru cted of meta l.

Waveguides themselves may be used as applicators.

As the electric field may be maximum in the center of a

waveguide, it is possible to pass a material through this

intense fie ld to obtain very efficient heati ng. A good

exampl e is the he ating of filamen tary mate rials.

Tr aveling wave applica tors are also known as

slotted, folded, or serpent ine wave guides. A slot is

cut into the narrow sides of the waveguide, and several

waveguides are joined together as shown in Figure 12.6.

A thin-sheet material, such as paper or textile, may be

passed through the slots. The microwave energy makes

several passes through the load, heating it as it travels.

These are highly efficient heating systems, although

they may cause some side-to-side nonuniformity.

Cavity applicators are a large class of applicators,

but they are probably the most common type. Home

microwave ovens are a typical example. They consist of

metal boxes, which may be used for conveyorized sys-

temsor in batchoperations. Themicrowave energymay

be coupled into this applicator by means of waveguide

or coaxial cable through a single port or multiple ports
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FIGURE 12.6 Slotted or serpentine waveguide. The material to

sides of the waveguide and exposed by multiple passes to the m
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(see Figure 12.7). There is an industrial system in which

over 100 magnetrons are separately introduced into the

cavity. In this type of applicator, the load usually rep-

resents only a small fraction of the volume of the appli-

cator and is subjected to the microwave field reflected

from the sides of the applicator and passing through it

from all sides. This causes a three-dimensional bulk

heating effect that is unique and is of great use.

A major problem with cavity applicators is uni-

formity of the microwave field in the load. In order to

ensure uniformity of heating, a number of steps may

be taken, usually in combination: moving or turning

the load in the applicator by means of conveyors or

turntables; providing mode stirrers, which often re-

semble slowly rotating fans and increase the number

of modes in the oven, causing reflective scattering of

energy; using multiple inputs for the microwave en-

ergy; using multiple microwave sources with slight

differences in frequency that cause different mode

patterns; and choosing the cavity dimensions to sup-

port the maximum number of modes, the so-called

resonant multimode cavity.

12.4.3 OTHER DEVICES

A number of auxiliary devices and systems should be

mentioned at this point.

12.4.3.1 Control Systems

Since the output power of the microwave or dielectric

heating system is governed by electrical energy, unique

control systems can be designed utilizing feedback
Power pack

be dried, usually a thin web, is passed through slots in the

icrowave field.
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FIGURE 12.7 A typical microwave heating system utilizing a conveyorized cavity applicator. A feedback system monitors

the heated material and automatically adjusts the output power of the magnetron to control the final moisture.
loops that monitor some function of the load, such

as moisture, and automatically control the output

power to give better and faster control of the moisture

content.

12.4.3.2 Leakage and Safety Control Systems

As mentioned earlier, the amount of radiation leaking

from a microwave or dielectric heating system must

be controlled, both to contain RF interference within

acceptable limits and for personnel safety. Numerous

devices, often called ‘‘chokes’’ or ‘‘attenuating tun-

nels,’’ are used for this purpose at conveyor openings,

around doors and windows, at seams, and the like.

Good engineering design should make it possible to

keep leakage radiation well below the limits and

guidelines set by the various controlling governmental

organizations.

12.4.3.3 Protective Devices

Several protective devices are used in microwave sys-

tems to prevent high levels of reflected microwave

energy from damaging the magnetron or klystron.

The simplest of these are thermal switches that sense

overheating of the tube and shut off the power. These

may not be sufficient to protect the tube, however.

Another method is the use of directional power sen-

sors that discriminate between forward and reflected

power and can shut off the systems when the latter

becomes excessive. By far, the most sophisticated

system is the ferrite circulator or isolator, which by
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influencing the magnetic field passes microwave en-

ergy only in the forward direction, causing the

reflected power to be shunted off into a dummy

load. This system is highly efficient and especially

recommended for high-power applications.
12.5 INDUSTRIAL APPLICATIONS
OF MICROWAVE AND
DIELECTRIC DRYING

It has been estimated that in Western Europe and the

United Kingdom, RF equipment with 30 MW is

manufactured annually compared with about 2 MW

of microwave industrial equipment [9]. Roughly, half

of the RF is used for plastic welding, with the rest

given over to diverse systems. The industrial applica-

tions of microwave and dielectric heating are many

and varied. In some cases, the application is unique

to one form of energy or the other; in other cases,

either form may be used. Although it is not possible

to give any hard and fast rules for selecting one over

the other, there are some guidelines that may be

followed [8].

12.5.1 GUIDELINES FOR THE SELECTION

OF MICROWAVES OR DIELECTRICS

12.5.1.1 Size of Load

If the load is very large or very wide, dielectric heating

may be preferred. The depth of penetration is also



directly proportional to wavelength, and in dielectric

heating it is measured in meters; in microwaves it is

measured in centimeters. On the other hand, if the

piece is small, microwave heating is preferred.

12.5.1.2 Watt Density

If the watt density requirement is very high, micro-

waves may be preferred to avoid arcing and burning

of the material. For example, a bulky product con-

sisting of loosely packed particles with a loss factor

less than 0.05 favors microwaves.

12.5.1.3 Power

If the power requirement is high, over 50 kW, eco-

nomics favor the dielectric system.

12.5.1.4 Geometry

If the product has an irregular shape with no rect-

angular cross section, the multimode microwave cav-

ity will provide more uniform heating.

12.5.1.5 System Compatibility

If the system requires the use of pneumatic or hy-

draulic presses, metal conveyors, metal dies, or tenter

frames, dielectric heating may be the only choice.

12.5.1.6 Self-Regulation

If the load fluctuates rapidly or goes through drastic

changes in dielectric constant or dissipation factor

during its heat cycle, partially tuned electrodes and

instantly variable power from dielectric heating are

advantageous.

12.5.1.7 Self-Limiting

If the load has a low-frequency loss tangent greater

than 1.0, it is more resistive than capacitive, and in

many cases this element disappears as the load dries

or cures. RF will heat the resistive elements, and it

will be more self-limiting in these areas and will not

overheat or overdry. However, if the load has a low-

frequency dissipation factor of less than 0.5, then it is

mostly capacitive, and reduction of the dielectric con-

stant as it dries or cures will be the predominant

change and will permit better self-limiting at micro-

wave frequencies. For example, dielectric heating has

very little leveling effect on the moisture content of

paper below about 5% because it is self-limiting in

that region, but microwave energy could be used to

dry the paper to near zero moisture content.
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12.5.2 DIELECTRIC DRYING SYSTEMS

There are numerous systems in the lumber, furniture,

textile, paper, food, tire, and ceramic industries, to

name but a few. A brief description of these follows.

In only a few cases, such as the postdrying of

crackers, cookies, and biscuits or the drying of foun-

dry sand cores are there many systems utilizing the

same basic equipment. In most cases, the systems are

customized or ‘‘one of a kind’’ so the number of

actual applications is much larger. The same holds

true for microwave drying.
12.5.2.1 Lumber

Dielectric heating is used for both drying and gluing

lumber. It is used in the manufacture of plywood for

drying of the veneer in order to remove pockets of

moisture and provide moisture leveling. Otherwise,

during hot pressing, steam pockets would form and

delaminate the board. It is also used to cure the glue

in plywood, medium-density fiberboard, and particle

board. In all these cases, the dielectric system can

utilize the plates of the presses as electrodes to give

fast, efficient heating. These systems range in output

power from 250 to over 1500 kW.

The rapid drying of lumber is also made use of in

the furniture industry; in which precut furniture parts

may be dried in minutes rather than days or weeks

and the shrinkage is well controlled. Dielectrics are

also used to dry the glue. Golf clubs are also dried in

this manner [10,11].
12.5.2.2 Textiles

A large number of dielectric drying systems are used

in the textile industry for drying of textile packages,

hanks, skeins, tops, and loose stock. Speed, preven-

tion of surface overdry, and leveling effects are all

benefits of this technique, which results in super-

ior product quality. Another benefit is more even

distribution of dyes due to the diffusion of water

vapor rather than liquid water during drying. Textile

systems are in the 50 to 100 kW range primarily,

although some as large as 250 kW and as small as 3

kW have been built [12]. A recent RF application is

for the drying of loose fibers, especially for high-grade

animal hair such as cashmere in which a loss of qual-

ity is unacceptable. The lower the temperature of the

fiber mass the better and, by drawing air heated by

the waste heat from the RF tube through the bed, a

low fiber temperature can be maintained [9].



12.5.2.3 Paper

Dielectric heating is used to dry printing inks, adhe-

sives, and coating materials on paper, as well as to dry

the paper itself. This has been combined with hot air,

infrared, and other heating media to achieve optimum

results. Some examples of commercial installations

include the following [9]:
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1. Business forms, in which the RF units are used

in conjunction with both presses and collators,

with energy savings up to 75%. Up to 14-part

forms can be dried as quickly as 180 m/min.

2. Direct mail line speeds up to 10,000 sheets/h or

30 m/min for web-feed systems.

3. Envelopes, for which the selectivity of RF

energy heats and dries only the adhesive lines,

leaving the bulk of the paper cool and flat.

4. Book binding, in which case the RF dries the

adhesive, usually low-cost polyvinyl acetate.

5. Varnishes and water-based coatings for book

covers, record sleeves, confectionary boxes,

publicity brochures, and more.

6. Film laminates, in which nontoxic water-based

adhesives are used in conjunction with polyes-

ter and polypropylene films.
For papermaking, machines are in use with 50 to 500

kW of RF at 27.12 or 13.56 MHz. The RF is able to

overcome the most common problems encountered at

the dry end of the process: low efficiency due to

moisture distribution through the paper thickness,

uneven moisture distribution across the width of the

web, temporary unevenness or streaks of moisture

due to some failure of the equipment, and cyclic

variations in the machine direction.

12.5.2.4 Automobile Tires

Anunusual application is the drying of the latex coating

on fiberglass for fiberglass cord automobile tires. The

coating is necessary to prevent abrasion of the fiber-

glass. Air drying of the coating must be slow to prevent

surface skinning, which results in rupture of the coating

when the internal steam pressure becomes sufficiently

large. The dielectric drying of the coating results in

uniform moisture loss in as little as 2.5 s, thereby in-

creasing the solids level of the coating from 25 to 98%.

Superior bonding of the latex to the fiberglass results

from this process as well. PPG industries utilize such

equipment with a capacity of several megawatts [13].

12.5.2.5 Food

Dielectric drying has several uses in the food industry,

including drying of breakfast cereal; postbake drying
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of crackers, cookies, and biscuits; and postbake dry-

ing of dog biscuits. There are now several hundred

such postbaking systems in operation in North Amer-

ica and Europe. These usually consist of a short post-

baking conveyor, 3 to 4 m in length, immediately

following the fuel-fired oven. Thus, the product may

exit the baking oven at a much higher moisture con-

tent, which is then rapidly removed by the RF dryer.

Oven speeds may thus be increased by 30 to 50% or

more, yielding higher quality product through the

avoidance of case hardening [9].

12.5.2.6 Ceramics

Many drying systems of hundreds of kilowatts in

power have been installed in the last 10 years for

drying of ceramic monoliths, which must be done to

permit firing of the ceramic. Because ceramics are

good insulators, normal drying times are 24 h or

more at high oven temperatures. The dielectric drying

system accomplishes this in 20 to 22 min, which re-

sults in substantial energy savings as well as high

product quality due to the uniformity of drying.

12.5.3 MICROWAVE DRYING SYSTEMS

Numerous industries use microwaves for drying,

many of which are the same as those that use dielec-

tric drying. However, there are several unique drying

systems.

12.5.3.1 Food

Microwaves are used to dry pasta products, and there

are over a dozen operational industrial systems. The

systems utilize microwaves and hot air of controlled

humidity to dry pasta and macaroni products in less

than 1 h instead of the conventional 8-h drying time.

These systems handle approximately 3000 lb of prod-

uct per hour with 60 kW of microwave energy at 915

MHz. These systems offer substantial savings in en-

ergy, operation, and maintenance. They also provide

bacteriologically more acceptable product, with

reductions in microbial contamination and insect in-

festation [14].

Other food industry drying applications include

drying of onions, seaweed, and potato chips [15].

The drying of onions is particularly interesting in

providing substantial benefits in terms of moisture

leveling, a 30% reduction in energy costs in the final

drying, and a reduction in bacterial count of 90%.

Here, hot air reduces the moisture level from 80 to

10% and the microwaves from 10 to 5% [16]. This is

an ideal example of combining the two forms of

energy in the most economical form.



12.5.3.2 Lumber

An unusual microwave application was in the drying

of lumber for the manufacture of baseball bats from

wood from the tanoak tree. This wood normally takes

up to 2 years to dry. A microwave system at 2450

MHz heated the wood for 4 h, after which it was

allowed to dry for another 2 weeks at ambient condi-

tions. This was done on precut billets, which were

later shaped into the bats, but is no longer used [17].

12.5.3.3 Laboratory Analysis

Several microwave systems have been developed for

analytical laboratory drying to determine solids and

moisture content. These systems have great advan-

tages of speed with good precision and accuracy. It

is often possible to do a complete moisture deter-

mination in 2 or 3 min that might otherwise take

several hours.

12.5.3.4 Microwave Freeze Drying

and Vacuum Drying

There has been great interest for many years in the

possibility of utilizing microwaves for freeze drying.

A problem in freeze drying is that, as the moisture

front recedes, the product becomes harder to dry

because of the reduced thermal conductivity of the

material. Microwave radiation could be ideal to pro-

vide the required heat to the receding moisture. Un-

fortunately, at the high vacuum pressures involved in

freeze drying there is increased opportunity for ion-

ization of the gases, causing plasma discharge that

can burn the product. There is indication that these

and other problems have been overcome, and com-

mercial microwave freeze drying systems are now

feasible and may, in fact, already be operational for

coffee [18].

The microwave vacuum dryer offers an interesting

alternative to freeze drying, and several systems are in

commercial production, manufacturing fruit juice

concentrates, tea powder, and enzymes. Pilot-plant

tests have also been successfully performed for drying

such vegetables as mushrooms, onions, and aspara-

gus. Still another pilot system is used for the drying

of soya beans. The operational cost of microwave

vacuum drying is said to be midway between spray

and freeze drying [19].

In these systems, the material, often in paste form,

is spread on a conveyor belt and passed through the

specially built tunnel at a vacuum of 1 to 20 torr. This

causes formation of a foam that, when dried, has ex-

cellent rehydration properties. An advantage of this

method is that it allows materials of much higher solids
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content than in spray and freeze drying [19], which

reduces the cost since less energy must be expended.

There has also been great interest in a new system

aimed at drying grain with a combination of micro-

waves and vacuum. By pulling a vacuum of about 20

torr, moisture in the grain can be evaporated at ap-

proximately 1258F rather than the 2008F air tempera-

ture currently used [20].

A recent overall review of microwave applications

in the food industry covers these and other systems

and discusses the industry’s problems in adopting

microwave technology [21].

12.5.3.5 Pharmaceuticals

The pharmaceutical industry has become very inter-

ested in microwave vacuum drying, particularly for

the manufacture of tablet granulations [22]. These are

blends that are then formed into tablets. During the

course of manufacture, they may be mixed with

water, ethanol, or acetone and must, subsequently,

be dried. These microwave systems are gaining use

and may combine mixing, granulating, lubricating,

and dry sizing in a single step. Systems as large as

1200 L, employing 36 kW of microwave power, are in

use. They demonstrate advantages in operator safety,

cleaning, pollution control, and energy savings at

costs often comparable to conventional systems.

12.5.3.6 Industrial Coating

There are a number of microwave drying systems for

drying coatings on plastics and paper. (Included in

these is the drying of silver halide on photographic

film.) These combine high-speed drying with moisture

leveling effects for high efficiency.

12.5.3.7 Ceramics

The ceramic industry has, for many years, examined

the use of microwaves for drying purposes. Today,

several uses are operating successfully. One such sys-

tem, MCB Ceramics in Toronto, Canada, uses micro-

waves at two stages to replace a slow, hand-operated

batch system with a continuous process. A 27-kW

microwave oven is used to speed up the initial drying

in the mold to 20 min from its previous 1 h, during

which the microwaves are applied for only 2 min. The

final drying used to take 24 h, but now is done with

microwaves in only 8 min, after which the piece is

glazed and fired. The process is used to produce small

bathroom accessories such as towel bar holders and

soap dishes [23].

In another process, ceramic filters, which are used

to clean the slag in foundries before pouring the liquid



metals, are uniquely produced with microwaves.

These filters, which may be as large as 12-in.2 and 2-in.

thick, are made by coating, both internally and exter-

nally, an expanded polyurethane or rubber foam with

a ceramic slurry. This is then dried in about 25 min for

even heating, and then the filter is placed into a kiln that

burns away the foam leaving the porous ceramic

structure (Krieger, 1994, private communication).

12.5.3.8 Casting Molds

The use of microwaves in the foundry industry for

drying and polymerizing the sand molds used for

casting is very important. This allows the complete

recovery of the sand and provides a great increase in

speed in making the mold, which otherwise must be

slowly dried and cured with hot air. An example of

this application is the manufacture of the internal

castings for automobile engines. Many RF systems

are also used for this process.

A new method of casting, the lost foam process,

makes excellent use of the unique heating mechanisms

of microwaves. Intricate castings, such as automobile

engines and marine parts, are made of polystyrene

foam and coated with a ceramic that must then be

dried. The foam is an excellent insulator so hot air

drying may take many hours, whereas microwave

alone or in combination with hot air shortens the

time dramatically. The system for automobile engines

for the Ford Motor Company utilizes foam clusters

hanging from a monorail traveling through a micro-

wave oven 45 ft� 25 ft� 7 ft and utilizes 48 kW

of microwave power. In this case, the clusters are

first dried with warm air for about 70 min and then

finish dried with microwaves for 20 min, a much

shorter and efficient process than the 4 h required if

only hot air is used.

The demands on this process are very stringent

because the ceramic coating must be 100% dry, have a

smooth, evenly coated exterior and interior, have no

brittleness nor be overdried and browned, and have

no flaking or separation of the coating. The equip-

ment must also deal with varying process rates and so

the number of units in the oven may vary from full

capacity to none and with a large opening at the

entrance and exit with no significant leakage so as

to maintain personnel safety. The system has been

operating flawlessly since 1985.

12.5.4 CRITERIA FOR SUCCESSFUL MICROWAVE

AND DIELECTRIC DRYING SYSTEMS

There are several criteria for successful microwave

and dielectric drying systems. Cost is reduced. This

is often a major factor. Cost savings may be realized
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through energy savings, increased throughput, labor

reduction, reduction in heat load in the plant,

speedup of the process, operational efficiencies, and

reduced maintenance costs.

Quality is improved. Two examples are the drying

of the latex-coated fiberglass cord and the drying of

onions. In the first, there is prevention of rupture

of the coating and, in the second, a reduction of

bacterial contamination.

Yield is higher. The avoidance of high surface

temperatures prevents overheating of the material

dried and may lead to a lower level of rejects. The

near instantaneous control of temperature in these

systems allows better control of drying to closer tol-

erances. Moisture leveling effects also avoid over- or

underdrying of products.

Product cannot be produced by any other way.

Again, the careful control of temperature combined

with the unique manner in which microwave and

dielectric energy couple into materials allows the dry-

ing of extremely thermolabile materials with no dam-

age to the product. Occasionally, a unique beneficial

effect may be obtained, such as the slight puffing of

the pasta noodles when they are microwave dried.

This allows them to be cooked more quickly.

It is usual that two or more of these attributes may

be combined. However, the bottom line is economics,

and if a process does not produce a sufficient return

on investment, it will not meet with success.

12.6 ECONOMICS OF MICROWAVE
AND DIELECTRIC DRYING SYSTEMS

In analyzing the economics of a microwave or dielec-

tric drying system, the costs can be divided into cap-

ital and operating costs, and this latter may be further

broken down to tube replacement, general mainten-

ance, energy, and floor space costs. We could also add

costs for cooling water for the tubes or for materials

specific to a system; however, we will concentrate

on only the following: capital equipment cost, tube

replacement cost, and energy costs.

12.6.1 CAPITAL EQUIPMENT COSTS

Capital equipment costs refer to the cost of the equip-

ment and is sometimes a bit difficult to define. For

example, a microwave drying system may increase the

throughput of a product dramatically and thereby

necessitate the purchase of additional packaging

equipment, conveyors, feed systems, and the like. In

that case, the overall capital outlay would be much

higher than for the microwave dryer alone.

Another problem in trying to compare the costs

of microwave and dielectric dryers is that the latter



often include hydrau lic or pne umatic presse s,

material s-handl ing de vices, and the like, bui lt into

the syst em, wher eas this is unusu al for a micr owave

system [8]. Als o, suppliers express their costs in many

different ways.

In gen eral, though, we can limit our selves to look-

ing only at the ba sic drying syst em, con sisting of the

generat or, tube, applic ator, control syst em, and co n-

veyor, if there is one . In that case, some rough figu res

are avail able. Dielectr ic syst ems are usuall y the less

costly of the two, especi ally at high power output,

and recent estimat es given by Wils on [24] of 350 0 to

10,000 pe r kilowat t, with the higher co st associated

with low er power equipment . Microw ave syste ms

vary be tween 7000 and 10,000 pe r kilowa tt, again

with the lower co st associated with higher power

equipment . Highe r co sts are also related to higher

degrees of soph istication and au tomation of these sys-

tems. Ther efore, for drying syst ems, by estimating

that 1 kW of micr owave or diele ctric en ergy wi ll re-

move 3.0 lb of water per hour, we begin to get a feel ing

for the econo mic feasi bility of applyi ng these ene rgy

systems to a specific drying proce ss. If it app ears that

over 100 kW is requir ed to remove the wat er, then the

capital cost may be pro hibitive, particular ly for

the micr owave syst em. How ever, it is imperati ve to

remem ber that it is unlikel y that all the water will be

remove d by microwav es, but they sho uld be employ ed

discretel y along wi th a conven tional form of he at

energy. In that case, they may only be requir ed to

remove the last few percent ages of mois ture from a

material , at a much redu ced capital cost.

As an exampl e, consider the drying of bread

crumbs from 27 to 5% mois ture, at a rate of 1000 lb

of wet bread crumbs per hour. In such a syst em, it

would be ne cessary to evaporat e 231.6 lb of wat er pe r

hour (1000 lb of bread cru mbs contai n 270 lb of water,

but when dried to 5% co ntain onl y 3 8.4 lb of water) .

This woul d requ ire ab out 77 kW to dry (231. 6/3.0),

plus an ad ditional 20 kW to heat to the drying tem-

peratur e, for 97 kW , neglect ing all hea t losses. If we

assum e this syste m to have a co upling efficien cy of

75% (that is, the effici ency of co upling micr owave s

into the product) , then a system of 130 kW is re-

quired, which would cost approxim ately one mil lion

dollars. On the other hand, if a con vention al hot air

dryer is used to reduc e the moisture from 27 to 1 2%

and the micro wave dr yer to finish drying it to 5%,

then the amount of water to be evapo rated by the

microwav e syste m is only 61.6 lb, which requires

20.4 kW (61. 1/3.0). Since the pro duct is already hot,

we ne ed to only increa se the output to 27 kW to

accoun t for the 75% co upling effici ency (20. 4/0.75).

Such a system woul d cost of the order of 2 00,000 plus

the co st of the less exp ensive con vention al dryer.
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Note, however, that there are times when such a

microwave or dielectric dryer can be less costly than

the conventional, especially when drastic improve-

ments are made in the drying rate such that 25% or

less time is required to dry a product.

12.6.2 TUBE REPLACEMENT COSTS

The cost of tubes varies greatly, depending upon the

output power. The least expensive tubes by far are

the microwave oven tubes, and the output power of

which is of the order of 1000 W and may be pur-

chased, in quantity, for under $15 each. However,

higher power tubes are far more expensive. The ap-

proximate replacement costs and the approximate

tube lives are sho wn in Table 12.7.

12.6.3 ENERGY COST

There was a time when electrically powered systems

were considered too costly to operate for high-power

applications. However, today, with the rising costs of

oil and gas, this is no longer necessarily true, espe-

cially when far greater heating and drying efficiencies

are possible with these systems. It is not practical to

try to compare gas, oil, and electricity prices at this

point as these are so variable. However, we can look

at the conversion efficiencies of the various systems.

In general, the conversion efficiency of electricity to

microwave energy is estimated to be of the order of 45

to 50%, which includes losses in conversion from ac to

dc (about 4%), from dc to microwaves (about 40%),

and waveguide and applicator losses (about 10%).

For dielectrics, there is an approximately 60% overall

efficiency, based on a combined filament, control, and

dc supply efficiency of 92%, times a tube efficiency of

73%, times a circuit efficiency of 90% [8]. Thus the

energy cost per hour may be calculated as
Energy cost=hour
¼ (utilityrate=kWh)(kW of system)(efficiency)

(12:9)

12.6.4 OTHER COSTS

Other costs may be considered, such as the cost for

floor space for the system and the cost of mainten-

ance. These may vary for individual situations and

cannot be considered here. We may, however, con-

sider the cooling water cost. Many of the tubes are

water cooled, and the cost for the cooling water

should be considered. The water requirements are

directly proportional to the output power of the

tube; for example, a 6-kW magnetron at 2450 MHz



TABLE 12.7
Tubes: of Approximate Replacement Costs

Size (kW) Type Frequency

(MHz)

Life (h)a Actual

Cost ($)

($) Per Hour of

Operation Per kW

Microwave tubes

2.5 Magnetron 2450 4,000 1,500 0.15

6.0 Magnetron 2450 6,000 3,300 0.09

50 Klystron 2450 25,000 69,000 0.06

30 Magnetron 915 8–10,000 5,300 0.02

50 Magnetron 915 6–8,000 6,000 0.02

Dielectric tubes

5 Up to 100 5–10,000 1,600 0.04

10 Up to 100 5–10,000 2,200 0.02

50 Up to 100 5–10,000 3,600 0.01

100 Up to 30 5–10,000 8,400 0.01

200 Up to 30 5–10,000 16,800 0.01

aApproximate.
requir es 1.5 gal/mi n; a 30-kW magnet ron at 915 M Hz

requir es 5 gal/mi n.

An article by Jones and Metaxas [25] describes a

case study on providing additional drying capacity in a

papermaking operation. This paper compares the pre-

sent conventional drying system to microwave, RF, and

infrared systems and provides the analysis that led to

the final decision. A detailed cost-benefit analysis is

provided an d is a g ood summ ary of the procedu res

that shou ld be follo wed in such circumsta nces.

Ano ther go od summ ary of the economic facto rs

to be con sidered in ch oosing a micro wave or dielectric

drying syst em is given in an early paper by Jolly [26] .

Here a de tailed compari son is given for the eco -

nomic co nsider ations that enter into the choice of

a new micr owave syst em ov er the standar d conve n-

tional proced ure.

12.7 CONCLUSION

The ap plication of micro wave and dielectri c heating

to indust rial drying syst ems is of increa sing interest ,

particu larly becau se of the increa sed energy and op-

eration al efficien cies they affor d. Their unique heat-

ing means provide benefits not obtaina ble from other,

more con vention al methods . However, their high c ap-

ital co sts ge nerally req uire that they be used judi-

ciously in conjuncti on wi th more conve ntional he at

forms. Their uni que prop erties also requir e the sys-

tems be designe d by en gineers thoroughl y familia r

with the art and scienc e of micr owave and diele ctric

heatin g ap plications .

Considerable research and development has been

devoted t o the understanding of the f und amentals of
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dielectric drying and to the development of indus-

trial applications in the past decade. For more r e-

cent, a uthoritative, in-depth reviews of t his s ubject

the interested r eader i s referred t o t he papers by

Schmidt et al. [27] and Jones [ 28]. Turner and R u-

dolph [29] have presented a model f or combined

microwave and convective drying. Cohen et al. [30]

have demonstrated the benefits of microwave-

assisted freeze drying of peas. A number of other

appl ications can be f ound in the proceedings of the

biennial International Drying Symposium (IDS) ser-

ies. Further, a special issue of Drying Technology—

An International Journal dealt with all aspects of

dielectric drying [31]. Two recent articles discuss

moisture transport and the drying by means of

microwaves [32,33].
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13.1 INTRODUCTION

Open-air sun drying has been used since time imme-

morial to dry plants, seeds, fruits, meat, fish, wood,

and other agricultural or forest products as a means of

preservation. However, for large-scale production the

limitations of open-air drying are well known. Among

these are high labor costs, large area requirement, lack

of ability to control the drying process, possible deg-

radation due to biochemical or microbiological reac-

tions, insect infestation, and so on. In order to benefit

from the free and renewable energy source provided by

the sun several attempts have been made in recent

years to develop solar drying mainly for preserving

agricultural and forest products.

13.2 ASPECTS AND LIMITATIONS
OF SOLAR DRYING

13.2.1 GENERAL CONSIDERATIONS

Among the advantages of solar drying one may cite a

free, nonpolluting, renewable, abundant energy source

that cannot be monopolized [1]. At the same time, in

using solar radiation for planned drying, several diffi-

culties must be overcome. There is the very basic prob-

lem of the periodic character of solar radiation, a

problem that gave rise to the idea of storing part of

the energy gained during radiation periods. This diffi-

culty can be eliminated, aside from employing heat
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storage devices, only with the use of an auxiliary energy

source. Even the radiation periods may produce certain

difficulties. First, the intensity of incident radiation is a

function of time. This is a circumstance that demands

adequate control strategy and the means necessary for

the control. Another problem is caused by the low

energy density of solar radiation, which requires the

use of large energy-collecting surfaces (collectors).

Thus, the nature of solar radiation has innate

problems that require means (heat stores, auxiliary

energy source, control system, and large-surface

solar collectors) for their solution, and so the invest-

ment costs are considerable. Obviously, a prerequisite

to utilizing solar energy is economics and the need to

achieve an acceptable rate of return.

An examination of the technoeconomics of solar

drying has led to the knowledge of the main factors,

their roles, and influencing mechanisms. The first

obvious discovery was that solar energy can be eco-

nomically used for drying only if the purpose can be

coordinated with the specific characteristics of solar

radiation. Thus, geographic circumstances deciding

the number of sunny days yearly and the incident

radiation intensity give different energy gain in various

areas of the Earth. The relatively small energy flux

density of solar radiation implies that it is particularly

suited to drying processes with small energy demands.

Seasonal changes of solar radiation suggest the use

of solar drying in the maximum radiation intensity

season: e.g., part of the agricultural products should



TABLE 13.1
be dried during this period [202]. Matching of the

drying process and the specific characteristics of

solar radiation is also important in governing the

investment costs. Because of the small flux density

of solar radiation, a high-temperature drying medium

can only be produced with concentrating collectors.

Such collectors are generally very expensive. Cheaper,

flat-plate collectors, on the other hand, can be applied

only for producing a moderate-temperature medium

(usually under 608C), and their efficiency improves

with a decrease in operation temperature. So dryers

with flat-plate collectors can be used for products

requiring low-temperature drying.

One way to reduce the costs of solar collectors is

to strive for cheap and simple construction. This can

mean a decrease in operation life and efficiency so

that the task must be handled as an optimization

problem. Another possibility is multipurpose con-

struction, for instance, building the collector into the

roof structure as an integrated part.

At this point technical development can proceed in

two directions: simple, low-power, short-life, and com-

paratively low-efficiency dryers in one direction, and

high-efficiency, high-power, long-life, expensive dryers

in the other direction. The latter are characterized not

only by an integrated structure but also by integration

in an energy system involving processes other than

drying. The aim is twofold: coupling a solar energy

dryer to a farm’s energy system gives the possibility of

using solar collectors practically throughout the whole

year, for example to produce hot water when the dryer

is not in use; also, the hot water tank of the farm can be

used as a heat store of the solar system.
Total Horizontal Solar Insolation and Sunshine
Hours for Some Developing Countries

Country Average Insolation

(kWh/m2 day)

Sunshine

Hours (h/d)

Cameroon 3.8–5.5 4.5–8.0

Egypt (Cairo) 6 9.6

Guatemala 5–5.3 —

India 5.8 8–10

Indonesia 4.24 —
13.2.2 ROLE AND IMPORTANCE OF SOLAR

DRYING IN THE DEVELOPING COUNTRIES

Due to the lack of adequate preservation methods,

direct open-air drying is still a widely used means of

food preservation in most parts of the developing

world [147,152]. This traditional practice has its in-

herent disadvantages:

Kenya 5.25–5.6 6–7

Malaysia 4.41 —

Mali 4.34 8.4

Mauritius 4.5 7

Mexico (Jalapa, Veracruz) 4.65 —

Nicaragua 5.43 —

Nigeria 3.8–7.15 5–7

Papua New Guinea 4.6–9.6 4.5–8

Philippines (Metro Manila) 4.55 —

Sierra Leone 3.4–5.3 3–7.5

Thailand 4.25–5.66 —

Togo 4.4 5.5–7.2
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Damage to the crop by rodents, birds, and animals

Degradation through exposure to direct irradi-

ation of the sun and to rain, storm, and dew

Contamination by dirt, dust, wind-blown debris,

and environmental pollution

Splitting of the grain bleaching and loss of

germination capability due to overdrying

Insect infestation

Growth of microorganisms

Additional losses during storage due to insuffi-

cient or nonuniform drying
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Postharvest losses can be estimated at more than

30% [148,149] and it could be reduced to a great

extent by adequate drying of crops [150].

There are two possible ways for the proper pre-

servation by drying: by using fossil fuels and by using

solar energy. Not considering the disadvantageous

environmental pollution effects caused by the CO2,

SO2, and NOx emission, the use of fossil fuel fired or

electrically powered dryers is limited and inappropri-

ate for most of the farmers in developing countries.

The main reasons are as follows:
Expensive investment and high energy costs

Lack of skilled personnel for operation and

maintenance

Conventional sources of energy are either unavail-

able or unreliable [151]
During the last decades, several developing coun-

tries have started to change their energy policies to-

ward further reduction of petroleum import and to

alter their energy use toward the utilization of renew-

able energies [152].

With very few exceptions, the developing coun-

tries are situated in climatic zones of the world

where the insolation is considerably higher than the

world average of 3.82 kWh/m2 day [153]. In Table 13.1

daily average horizontal insolation data and sun-

shine hours are given for some developing countries

[152,154].



An alternative to traditional drying techniques

and a contribution toward the solution of the open-

air drying problems is the use of solar drying. The

main reasons are as follows [216]:
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1. Solar drying provides the desired reduction of

losses together with improved quality of the

dried products.

2. The time of drying can be significantly reduced.

3. The harvesting period can be shortened, which

enables the soil to be prepared for the cultiva-

tion of another crop.

4. The drying season can be lengthened by succes-

sive harvests and by using solar dryers in which

various types of products can be preserved.

5. Farmers may have a greater income by the

production of marketable crops.

6. The additional costs involved in installing solar

dryers can be returned by the increased profits.
Accordingly, the availability of solar energy and the

operational marketing and economy reasons offer a

good opportunity for using solar drying all over the

world. A great number of successful practical appli-

cations have already been reported [152,155–

174,206,211,215,217].
13.3 CONSTRUCTION PRINCIPLES
OF SOLAR DRYERS

13.3.1 MAIN PARTS OF SOLAR DRYERS

Solar dryers have the following main parts:
South 1 Air
out
1. Drying space, where the material to be dried is

placed and where the drying takes place

2. Collector to convert solar radiation into heat

3. Auxiliary energy source (optional)

4. Heat transfer equipment for transferring heat

to the drying air or to the material

5. Means for keeping the drying air in flow

6. Heat storage unit (optional)

7. Measuring and control equipment (optional)

8. Ducts, pipes, and other appliances
32

Air
in

FIGURE 13.1 Structure of a cabinet dryer. (From Special

issue, Sunworld, 4, 179, 1980; Garg, H.P., in Proceedings of

the Third International Drying Symposium (J.C. Ashworth,

Ed.), Drying Research Limited, Wolverhampton, England,

1982, p. 353.)
13.3.2 CLASSIFICATION OF SOLAR DRYERS

The structure of solar dryers is adjusted to the quan-

tity, character, and designation of the material to be

dried as well as to the energy sources used. Accord-

ingly, a great variety of solar dryers have been devel-

oped and are in use. The following classification

suggests three main groups for solar dryers on the

basis of the energy sources used [175]:
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1. Solar natural dryers using ambient energy

sources only

2. Semiartificial solar dryers with a fan driven by

an electric motor for keeping a continuous air

flow through the drying space

3. Solar-assisted artificial dryers able to operate

by using a conventional (auxiliary) energy

source if needed
13.3.3 SOLAR NATURAL DRYERS

In the main group of solar natural dryers two sub-

groups are included: the subgroup of the passive,

natural convection solar dryers (cabinet, tent type,

greenhouse type, chimney-type dryers) and the sub-

group of active, partly forced convection solar dryers

having a fan driven by electric energy converted by

photovoltaic solar cells [226] or driven by a small

wind turbine.

13.3.3.1 Cabinet Dryers

The simplest solar dryers are the cabinet dryers (Fig-

ure. 13.1). Their main characteristic is that the heat

needed for drying gets into the material through dir-

ect radiation and through a south-oriented, transpar-

ent (glass or foil) wall 1. Other walls of the dryer are

opaque and well insulated. The drying material 2 is

spread in a thin layer on a tray 3. The bottom plate of

the tray is perforated. Air flows through the holes by

natural convection through the material and finally

leaves through the upper part of the cabinet [2,3]. The

design of the dryer is simple, and its cost is low. It is

suitable for drying small quantities (10–20 kg) of

granular materials (e.g., for individual farmers). The

products dried in cabinet dryers are mainly agricul-

tural products—vegetables, fruits, spices, and herbs.
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FIGURE 13.2 Cabinet dryer variations: (a) tent-type dryer; (b) its terrace-type solution. (From Special issue, Sunworld, 4,

179, 1980.)
Drying of the material can be mad e more even by

periodi c turnin g over of the mate rial. It is employ ed

chiefly in tropi cal countri es, but during the war m

months it can be used in the tempe rate climates as

well. The usu al size of the drying area is 1–2 m 2 (see

also Figu re 13.47) .

A varia tion of the cabinet drye r is the tent dryer,

which con sists of a triangular framew ork covered

with a thin sheet (Figur e 13.2a) . The south- oriented

front wall 1 is trans parent; the back wall is co vered by

a black sheet. The material is sp read on a tall tray

made of ne tting or wi re mesh.

Ano ther type of tent dryer has its roof covered by

polyet hylene sheet. The dry ing mate rial is spread ov er

a concret e floor (e.g., c offee bea ns) [2]. Ano ther type

of the tent dryer is the terrace dry er. Its cross- section

is sketche d in Fi gure 13.2b [2]. The drying shelve s

1 stand on posts 2; the ro of and the front wall are

covered wi th a polyet hylene foil 3. Cer tain types of

terrace dryers are made with ro ofs that ope n so that

under favora ble weather cond itions the dr ying mate r-

ial is exposed to direct radiat ion. Const ructing tent

and terr ace dryers is cheap a nd simp le. They are

widely used for drying coffee. In Colombia, abou t

70% of the coffee bean s are dried in such dryers [2].
4
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Air in

FIGURE 13.3 Shelf-type dryer with separate collector. (From W

Drying, CNED-UNESCO, Manila, 1980, p. 1.)
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13.3.3 .2 Nat ural Conve ction , Static Bed,

or Shelf- Type Dryers

The capacit y pe r unit area of ca binet dryers is limited

by two co nditions: need for direct radiation on the

drying material and smal l airflow rate. To dry large r

quantities of mate rial, the basic area of the dryer ha s

to be increa sed. To avo id this pro blem it is preferab le

to place the material in severa l indepen dent layer s; the

necessa ry heat transfer is thus accompl ished by con -

vection . The increa se in the mass flow rate of air can

be achieve d by increasing the effects that produce

natural conv ection. These effects must a lso be in-

crease d if the air is to be circulated through a material

laid in severa l layer s one over the other, or through a

thick layer, as in the case of the stat ic be d type. To

keep up the na tural pressur e difference wi thout using

a ventilator (for instance, in a field), the ‘‘chimney

effect’’ must be exploited. For this purpose the verti-

cal flow of hot air in the dryer must be increased.

In Figure 13.3 a scheme of the so-called shelf dryer

can be seen [4]. The material to be dried is placed on

perforated shelves 1 built one above the other. The

front wall of the case faces south, its top and sides

2 are covered by transparent walls (glass or sheet),
2 5
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FIGURE 13.5 Tray- and chimney-type solar dryer with heat

storage. (From Puiggali, J.R. and Lara, M.A., in Proceedings

of the Third International Drying Symposium (J.C. Ashworth,

Ed.), Drying Research Limited, Wolverhampton, England,

1982, p. 390.)
and the back wall 3 is heat insul ated. The back wal l

and the floor are co vered with a coating of black

paint. The ambie nt air is war med in a flat-pl ate col-

lector 4 joined to the bottom of the case, and it flows

up to the space unde r the lowest shelf. M oist air exit s

to the open throu gh the upper ope ning of the case 5.

In the scheme shown in Figure 13.3 the chimney effe ct

is en sured by the increa sed height (approxi mate ly

1 m). Test measur ement s ha ve shown that over a

period of 5 y the be st resul ts wer e obtaine d wi th the

aid of a glass -cover ed absorber plate placed in the

middle of the air opening. Cost s of utilized energy

(Thaila nd climate, January–A pril) amount to abo ut

U.S. $.03/ kWh. The experimen ts indica ted that sep-

aration of the c ollector is only justified with a high-

efficien cy collector. The dryer is suit able for drying

fruit and vegeta ble good s. (For a theoret ical analys is

of she lf-type solar dryers, see Ref . [5].)

For large amou nts of mate rial to be dried the

airflow rate through the dryer should be increa sed.

In case of static bed-ty pe solar dry ers an a ppropri-

ately high ch imney has to be connected to the dr yer

housing [204]. Figu re 13.4 gives the cro ss-section of a

chimney -type dryer designe d and built for drying

1000-kg rice [2]. Rice is placed in a static bed I in a

0.1-m thick layer. The co llector 2 co nsists of a plast ic

coveri ng and roasted rice shell, the latter playi ng the

role of absorber . The front surfa ce 3 over the layer of

rice is also trans parent. The wall of the chimney 5 is

made of black plastic foil. The framew ork of the dr yer

is wood an d wire; manu facture is inexpensiv e and

simple. The air needed for drying amounts to

5.7 m 3/min per m 3 rice. The chimney is 5 m high .

Drying is not uni form, so the rice in the static bed

must be turned ov er at intervals . The dur ation of

drying is 3–4 d in the case of 15 MJ/m 2, da y mean

global su n radiation, and 23 m 2 collector surfa ce.

With the application of a large r (36 m 2) colle ctor

surface , dry ing time can be reduced to 1–2 d in good

weather. As a rule of thumb , the so lar collector sur-
5
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FIGURE 13.4 Static bed-type solar dryer with chimney.

(From Special issue, Sunworld, 4, 179, 1980.)
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face must be a pproxim ately three times the surfa ce of

the be d.

Pr eliminar y steps [6] have been mad e for the de -

velopm ent of he at-storin g chimney -type dryers with

the purpose of extendin g the drying process over

radiation- free periods . A schema tic of the dryer is

shown in Figu re 13.5. Air gets through the colle ctor

1 to the he at-storin g space 2. The co llector is foil

covered; its angle of inclinati on can be adjusted to a

small deg ree. A refl ection panel 3 is placed near the

air en try, whi ch serves for warming the enterin g air to

a small degree. Water-fill ed vessels 4 serve to store

heat. The wal ls of the heat-stor ing sp ace are insulated

by reflect ing panels that can be turned down for the

night. Duri ng night ope ration the outsi de air can be

let into the he at-storin g bodies through openings 5

made in the bottom of the heat-stor ing space . The

front an d sidewal ls of the heat-stor ing space are co v-

ered wi th trans parent foil s like the souther n sidewal l

of the chimney 6. Its back wall and bottom plate , a s

well as the drying space , are well insulated. In the

drying space 7, the dr ying material is spread on

trays with perforated bottom s. Test measuremen ts

indicate about 10% drying efficiency as related to

the inpu t solar en ergy (see also Figure 13.48) .

13.3.4 SEMIARTIFICIAL SOLAR DRYERS

The greatest advantage of chimney-equipped natural

convection dryers is that no auxiliary energy source is

needed and thus they can be operated far from popu-

lated areas. The disadvantage is that the height of

inexpensive-finish chimneys (without special stiffeners

and foundation) is limited mainly because of the in-

creased wind loading. Limitation of the chimney
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FIGURE 13.6 Forced convection solar dryer for timber.

(From Résumé de l’étude en cours on CTB sur l’utilization

de l’énergie solaire, Centre Technique du Bois, Paris, 1978;

Yang, K.C., Forest Product J., 30, 37, 1980.)
height means a limitation on the hyd rostatic pressure

difference an d also that of maintainab le airflow rate.

Anothe r disadva ntage of natural convec tion dryers is

that the air entering the colle ctor flows through the

drying space and then into the atmos phere. During

drying the tempe rature of the mate rial approach es the

dry bulb tempe ratur e and the en thalpy increa se of the

air taken up from the collector is used for drying in

decreas ing quan tity while an ever- increasing pa rt

leaks into the atmosp here through the chimney a s

exit heat loss.

In view of this, solar dryer varia tions have been

developed in which a small power v entilator is fitted

for maintaini ng airflow whereas recir culat ion is co n-

trolled by simple fla ps built at su itable spots to im-

prove thermal efficien cy. The con struction of such

dryers is relative ly simp le and inexpen sive. In a

high-pe rforman ce tent-type dryer variation designe d

for dry ing 3–4 tons of peanu ts [7], the material to be

dried is placed and dried in a drying drum locat ed in a

closed ch amber with perfor ated walls, whic h plays the

role of a solar co llector as well. A venti lator deliv ers

outsid e air into the chambe r and as the air is warmed

it co mes into the drum through its perfor ated mantle

and from there into the open air; a part of the exit air

may be recirculat ed if desired . Far from the grid (e.g.,

in rural areas) , the elect ricity for drivi ng the fan can

be pro duced by phot ovolta ic modules moun ted on

the co vering surfa ce of the colle ctor [208, 227].

An effective solution of semia rtificial solar dryers

is the directly irrad iated, foil-cover ed solar tunn el

dryer with integ rated colle ctor section [183]. Sch eme

and ope ration of that drye r is given in Figu re 13.46

(see Secti on 13.7.3).

13.3.4 .1 Room Dryers

Figure 13.6 shows the schema tic structure of a solar

timber drye r [8,9]. A stack with air clearan ces 1 is

made of 30–65- mm wide conife rous and oa k timb er

in the inner space of a buildi ng. The nor thern wall of

the buildi ng 2 is well insul ated; its roof 3, souther n

wall 4, and sidewal ls are made of specia l two-lay er

transp arent syn thetic plates. The dryer is built on a

concret e base 5. Solar radiat ion co ming in through

the trans parent walls warms the black- painte d alumi -

num absorb er 6. The airflow de livered by an axial

ventilat or 7 flows along the two sides of ab sorber 6;

one part of it enters the stack at the back side, the

other from the bottom. The adjust able angle of in-

clination of the uppe r (top, roof) part of the abso rber

6 makes it pos sible to control the qua ntity of air

directly led into and circulated in the stack. The pr o-

portio n of fres h and recir culated air can be changed

by sim ple flap valves 8. The flow volume of the
� 2006 by Taylor & Francis Group, LLC.
ventilat or is 2.5 m 3/s, with 1 80 Pa. Depending on the

width of the buildi ng, one or severa l ve ntilator s may

be used . (For exampl e, two venti lators are needed for

a 5.64 m wide buildi ng. The he ight of the souther n

wall is 2.50 m; the width of the buildin g is 3.05 m.

Stack volume is 5–9 m3. For tests made with a drye r

of sim ilar constru ction, see Ref s. [10,11]; wi th rock

heat stora ge placed on the floor, see Ref. [12].)

The applic ation of forced airflow is necessa ry for

drying pr oducts in static beds, whi ch form a c ompara-

tively large flow resi stance in the bed. Suc h prod ucts

include grains an d hay. One solution is to build a solar

room dryer [13] as sho wn in Figure 13.7a. The grains

to be dr ied are placed as a be d 1 on a pe rforated

flooring. Collect ors 2 are locat ed on the souther n

wall and the roof of the buildi ng. The air warmed in

the collectors is ke pt in circul ation through chann el 3

by fan 4 and venti lated through the bed across the

lower distribut ing sp ace 5. Wet air exits to the open

air from the roof space throu gh sidewal l open ings. The

collector area was ch osen to be 4 m2 for 1 m 3 wheat of

20–24% initial mois ture content (double co vering, 200

W/m 2 long-t erm mean collector power ). M easure-

ments sho wed that a maximum of 55 8 C enteri ng air

tempe rature could be reached withou t influencing ger-

mination ability. In the low er layer s there is the

possibili ty of overdryi ng, which may be avoided

economic ally by employ ing sep arate heat stora ge.

The role of the dryer hous ing ca n be played by a

grain bin [8,14]. In this case the collectors are inte-

grated with the wall of the cylind rical- or squ are-

shaped bin. Othe r varia tions use a separate plane

collector system [15].

Figu re 13.7b shows the schema tic constr uction of

a solar rough fodder dryer [16]. The material is placed

in a static bed 1. The collector system 2 is placed, as in



South

South

2

1

2

3

4

5

2

1

3
(b)

2

Air
in

Air
in

Air
in4

(a)

FIGURE 13.7 Solar room dryers: (a) room solar grain

dryer. (From Wieneke, W., Agricultural Mechanization in

Asia, Autumn, 11, 1980.) (b) Solar fodder dryer. (From

Dernedde, W. and Peters, H., Landtechnik, 29, 1978.)
Figure 13.7a, on the souther n wall and the roof, but

with airflow in the opposit e direction. The colle cting

channe l is placed at the bottom , joined to the hous ing

of a fan 3. The fan is able to dr aw in outsid e air

directly 4. For bad weat her there is the possibili ty of

using an aux iliary energy source (e.g., gas-he ated he at

exchanger) on the suction side of the ven tilator . (Fo r

further ap plications of collec tors integ rated into the

roof, see Refs. [17, 18].)
1

3 2

3 4

FIGURE 13.8 Solar dryer equipped with water-type heat storag

Hemisphere, New York, 1980, p. 292.)
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13.3.4 .2 So lar Dryers with Phy sical Heat Storage

The application of heat storag e in solar drying syste m

is justified by three circumsta nces:
e. (
1. Drying period can be extended by the stored

energy

2. The surp lus energy appea ring at the radiation

peaks can be store d to avoid local overdryi ng

3. The tempe rature of the drying air can be con -

trolled to avoid damage to material
In an y ca se, when dimens ioning the co llector sur-

face of the dryer wi th heat stora ge, attention must be

paid to the fact that the energy ge tting into the stor-

age unit form s a part of the energy gained by the

collector syste m. Also, use of heat stora ge will neces-

sarily involve a decreas e in the tempe ratur e level of

the energy obtaine d. In the case of directly radiated

heat stora ge (formed, e.g. , as the absorber of the

collector) this effect is less impor tant.

One pays for the advantag e of using heat storage

with higher invest ment an d operatin g co sts. Car eful

technoecon omic eva luation must be made be fore

using so lar energy storage in solar drying.

Natur al or artificial mate rials may be employ ed

for heat stora ge. Natural mate rials (wa ter, pebb le

bed, and rock bed) are usu ally cheap er than synthet ic

material s (e.g., latent he at-storing salt solut ions and

adsorbents). Detailed discussion of heat stores is be-

yond the scope of this chapter.

Sensible heat storage of high capacity calls for

water as the working medium (indirect heating sys-

tem). Accordingly, the collectors are more expensive,

and the application of a water–air heat exchanger also

involv es furt her co st (see Se ction 13.5. 2).

In Figure 13.8 the construction of a solar dryer

with water storage is shown [19]. The dryer is an

indirect system. Pump 2 circulates the working med-

ium of the collectors 1 along a pipe 3 and warms the

fluid in a storage tank 4. The dryer uses outside air
6
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From Auer, W.W., in Drying ’80 (A.S. Mujumdar, Ed.),



drawn by venti lator 7 and heat ex changer 5. The

primary medium of the heat exchanger is the fluid

from tank 4 circulated by pump 6. Air can be warmed

to the ne cessary tempe ratur e by the he ater 8. The

material to be dried is placed in a static bed 9 . Meas-

urement s have proved that 50–60% of the energy

needed for drying ca n be gained from solar energy.

Fig ure 13.9 shows the arrange ment of a solar

dryer with rock-bed storage [20]. The dryer is a direct

system; the colle ctors 1 are located on the grou nd and

have an area of 193 m 2. The air war med in the col-

lectors is forwarded into drying space 3 by a fan 2.

The dryer has room for a maximu m of 6.5 m 3 timb er

4. In the uppe r roof space two ven tilator s are placed

that are used for c ontinuous circulati on of the air.

Vents 6 are placed in the sidew alls of the roof space

for allow ing inflow and outflo w of air. The rock bed

7 is ab out 22 tons of 19-mm crushed basalt. The dr yer

operate s as follo ws.
FIG
hea
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1. During the warming period, a fan 2 revolves, first

slowly, then at full rotation; a damper 8 opens

gradually; damper 9 is in the position marked in

the figure by the dotted line. Air flows from the

dryer space back into the collector.

2. During drying a nd ch arging of he at stora ge,

damper 9 is in the pos ition shown in the figu re

by a solid line, air flows from the dryer space

into the rock bed and back to the c ollector.

3. During ope ration when there is no solar radi-

ation, damper 9 is in the medium pos ition, air

flows from the dryer into the rock bed , is

warmed, and flows again into the dryer. The

operation of dampers 6 is con trolled by the wet

bulb temperatur e measur ed in the dryer.
The economic design of the ro ck-bed storage

device is of great impor tance [213] .
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URE 13.9 Solar timber dryer equipped with rock-bed

t storage. (From W. Read, R., Choda, A., and Cooper,

., Solar Energy, 15, 309, 1974.)
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13.3.5 SOLAR -ASSISTED A RTIFICIAL DRYERS

13.3.5 .1 So lar-Assist ed Dryer for Seeds

In Figure 13.10 the scheme of a so lar-assist ed seed

dryer is present ed. Figu re 13.10a sho ws the cross-

section of the dryer with layer -type arrange ment and

Figure 13.10b a co ntainerized constru ction for sensi -

tive mate rials [185, 197,19 9]. The drying space is div-

ided into two c ells 1, 2 for the bette r direct ion of the

drying process (see also Sectio n 13.7.3). Eac h cell ha s

an individu al fan 5 of two RPM stage s. Fans are

arrange d in separate spaces 3. Among the two -fan

spaces the space 4 of the auxiliary heater 6 ope rating

with natural gas is situated (Figur e 13.10c ).

As solar energy convert ers, unc overed flat-pl ate

air c ollectors 7 are used integ rated into the roof struc -

ture of the buildi ng. Air duc ts of the collector field a re

connected to a co llecting– distribut ing air channel 10.

By moving sli ding plate s 11 the co llecting cha nnel can

be ope ned an d conn ected to the fan spaces to divide

the total preheat ed airflow, in a pr oper ratio, between

the cells. For seed grains of small dimens ions a layer -

type static bed is prefer red (Figur e 13.10a ). For seed

grains of large r dimens ions (e.g ., beans) use of co n-

tainers with perfor ated bottom s is recomm ended to

avoid the possibl e da mages during trans portation and

feedin g in and out . M oist air leaves the drying cell s

through the openings 20.

The main techn ical da ta of the dryer are a s

follows :
Number of cells: 2

Effect ive surface area of the bed for one ce ll: 56 m2

Dry mass of seed for one ce ll and seed grains of

meadow grass: 5,600 kg

M ass flow rate of air of one fan: at RPM 1,090 pe r

min, 41,000 m 3/h; at RPM 475 per min, 12,500

m 3/h

Sur face of the co llector fie ld: 191 m 2

Aver age effecti veness of the collector: 0.3

Aver age tempe rature increa se of the air prehea ted

by solar energy (July , Hungary ): at RPM 1090

per min, 2.9 8 C; at RPM 475 per min, 9.86 8 C
Output of the auxil iary air heater : 9 3 kW

(medi um-scale crop-dr yer with ung lazed colle ctor

is present ed in Ref. [218]).
13.3.5 .2 So lar-Assist ed Dryer with Gravel-B ed

Heat Storag e

The con struction of a high-pe rformance rais in dry er

is shown in Figure 13.11 [19] with rock -bed he at

storage. The collector syst em 1 consists of 42.7-m

long units with a surface area of 1812 m2, located on
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FIGURE 13.11 Solar raisin dryer with gravel-bed heat storage. (From Auer, W.W., in Drying ’80 (A.S. Mujumdar, Ed.),

Hemisphere, New York, 1980, p. 292.)
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the ground. Fresh air is drawn into the system through

a heat recovery wheel 9 by ventilator 10, and with the

damper 4 in the horizontal position it is sent to the

collector. Air coming from the collectors through

the collecting duct 11 arrives in space 6, where a gas

burner heats it as needed. Ventilator 7 sends the warm

air into a drying tunnel 8 and from there through the

heat recovery wheel into the open air. When switching

on ventilator 2 a part of the air flows through the rock

pile storage 3. If the collector system is out of oper-

ation, air can be circulated into the drying space

through the heat storage with damper 4 in the perpen-

dicular position. Further, if damper 5 closes the upper

duct, the dryer can operate with auxiliary energy as the

only energy source. The solar energy system covers

69% of the energy needed for drying in a yearly 214-d

sunny season in California. (For a similar solution for

crop dehydration, see Ref. [21].)
13.3.5.3 Solar-Assisted Dryer Combined with

Heat Pump and Heat Storage

Heat pumps are coolers (refrigerators) that raise the

energy gained by cooling from a low-temperature

energy carrier with the aid of further external (driv-

ing) energy to a higher temperature level and transfers

it from there to an energy-carrying medium [22,23].

The term heat pump refers to the fact that both the

cooling and the heating performance of the refriger-

ator are utilized.
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FIGURE 13.12 Solar dryer for peanuts equipped with absorptio

’80 (A.S. Mujumdar, Ed.), Hemisphere, New York, 1980, p. 29
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Figure 13.12 shows the schematic arrangement of

a solar dryer equipped with absorption heat pump

and heat storage [19]. A part of the enthalpy of enter-

ing outside air1 is used—interposing pump system

2—for evaporating sprayed water in an evaporator

3. The water vapor goes over to the brine sprayed into

tank 4. Pump 5 feeds the brine through a regenerator

heat exchanger 6 into a high-pressure boiler 7. Water

in the boiler is distilled with the help of solar energy

obtained in a collector 10 and stored in a water tank

11, and by using auxiliary energy A to the extent

necessary the strong solution is led back into tank 4

through regenerator 6. The high-pressure water vapor

condenses in condenser 8 and with the help of the

pump heat exchanger system 9 warms the air of re-

duced moisture content, which is supplied to the

dryer. The condensed high-pressure water flowing

through an expansion valve E cools and arrives in

evaporator 3. This system was originally designed

for drying peanuts. A ‘‘hybrid’’ solar dryer with heat

pump and photovoltaic modules has been constructed

for drying vice [219].

13.3.5.4 Solar-Assisted Dryer Integrated

into a Complex Energy System

One economic factor in the use of solar dryers is the

amount of solar energy over the year and the yearly

drying period. In any case, even in the drying season

there are unavoidable breaks, and during the rest

of the year the collector system cannot be used for
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utilizin g solar energy. For year- round utilizat ion it is

desirab le to look for other possibi lities for using solar

heat. Such a possibili ty is given, for inst ance, by

satisfy ing the hot water needs of a stock- breeding

farm. With the integ ration of the so lar syst em into

the hot water system of the farm , investmen t costs can

be saved . The storage tank of the hot wat er syste m

can be used a s wat er stora ge for the solar syst em. In

additio n, the complex system solut ion may permi t

increa sing the effici ency of the solar system and thu s

the amoun t of solar energy obtaina ble. The efficiency

of fla t-plate co llectors (for more detai ls see Se ction

13.5.2) impr oves with decreas e in operati onal tem-

peratur e. So it is more advan tageous if the colle ctors

are used for war ming cold water from wells or the

water supply system than if the workin g medium

return ing from the fluid–ai r he at exch anger of the

dryer is led into the co llector at a tempe rature high er

than the ambie nt.

Figu re 13.13 sho ws the scheme of a solar alfalfa

dryer joined to the hot wat er syst em of a stock-

breeding farm [24,25,19 9]. The flui d med ium colle ctor

system 5 built on top of the dryer buildin g is co n-

nected to a closed circui t. The system can have differ-

ent ope rating mo des. When valves 2 and 3 are closed,

the colle ctor system works on the fluid –air he at ex-

changer 6 and serves dryer 7. With valves 1 and 3

closed, the water heat storage 8 is warmed. In the

transiti on pos ition of valves 1 and 2 (val ve 3 is closed) ,

the two mo des can parti ally ope rate sim ultane ously.

If valves 1 an d 4 are closed, the drying air is warmed

in heat exchang er 6 by using the hot water reser ves of

heat stora ge 8.
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FIGURE 13.13 Solar hay dryer connected to technological hot

L.I., and Molnár, K., in Proceedings of the Third International

Limited, Wolverhampton, England, 1982, p. 370; Imre, L., Fa

Conference on Numerical Methods in Thermal Problems, Seattle
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The air leavi ng the dryer has almos t the same

enthal py it ha d on enteri ng the dryer. A co nsiderab le

part of the enthalp y used on drying can be regai ned

by co ndensing the ab sorbed wat er vapor. For this

purpose a heat pump may be inserted in the energy

system. Figure 13.14 ill ustrates the sch eme of a syste m

complete with a he at pump [24]. Part of the mois t air

leaving the dryer flows through the evapo rating he at

exchanger 9 of the heat pum p, and a pro portion al

part of its mois ture co ntent is condensed . The he at

input to the worki ng medium of the heat pum p (com-

pleme nted by the input en ergy of compres sor 10 and

with the aid of the con denser he at exchanger 11) can

be taken into the hot water syst em. Depen ding on the

ambie nt state, the air leaving heat exchanger 9 can be

return ed to he at exchanger 6 of the dryer. (Other

labels in the figure are the same as those in Figure

13.13.) In the case of a drye r c onnected to the energy

system of a cattle- raising farm , a heat pum p can be

also us ed for co oling mil k and prod ucing hot water at

the same time.

Inasm uch as the stock- breeding farm possess es a

biogas-p roducing system, the hot wat er pro duced can

be utilized for heatin g the gas-pr oducing co ntaine rs in

place of biogas, whi ch c an be util ized in other ways .

In this case, naturally, biogas can be used as an

auxiliary en ergy source for the dryer during pe riods

of ba d weather.

When solar dryers are integrated into the complex

energy system of a farm, adsorbent beds can also be

utilized as auxiliary units. Adsorbent materials have

to be regenerated for exploiting their dynamic ad-

sorption capacities. The regeneration temperature is
5

6
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3 4
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water system of stock-breeding farm. (From Imre, L., Kiss,

Drying Symposium (J.C. Ashworth, Ed.), Drying Research

rkas, I., Kiss, L.I., and Molnár, K., in Third International

, 1983.)
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typicall y ov er 150 8 C, depending on the adsorb ent

[26]. A con dition of economic al ap plication is that a

consider able pa rt of the energy use d for regener ation

should be us ed for producing hot wat er, for exampl e.

Durin g breaks in solar radiation , drying can be co n-

tinued at the expense of the ad sorption capacit y of the

adsorbent s. Ther efore, the ad vantage of applyi ng ad-

sorbent s is that a consider able part of the energy used

for regen erating the adsorbent can be util ized mo re

cheaply for other purpo ses than using the same en-

ergy for heati ng the drying air.
13.3.5 .5 S olar-Assist ed Adso rption Dryer

Figure 13.15 shows the scheme of a complex solar

system co mplemen ted with ad sorbent units [24]. Air

warmed in the air-type co llector system is delivered to

the dryer by fan 1. The ducts of the adsorben t units

are joined to the duct section before the fan at points

2 and 3. Un it A2 in the state dr awn in the figure (thick

lines) is unde r regener ation; active unit A1 is unde r-

going ad sorption . At joint 3 dry air flows to the

airflow of fan 1. Fan 2 draw s air through filter F;

then the airflow is divide d into tw o parts . In the open

position of 8 an d closed pos ition of 9 a pa rt of the

airflow goes through A1 to the sucti on side of fan 1;

the other part is war med in heat e xchanger H1 and

serves the purpo se of regener ating unit A2 and then

moving into heat exch anger H2. The primary medium

of heat exch anger H1 is air heated by energy sou rce

E (e.g., biogas) , and driven by fan 3. The medium
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leaving heat exchangers H1 and A2 flows into the

second pa rt of heat exchanger H2. Heat exchang er

H2 is con nected to the water system of tank T of the

hot wat er syst em. Water is circulated by pum p 1.

Pump 2 supp lies hot water for 15 consumer lines .

(A is the auxiliary energy source of the water tank.)

The energy co nditions of solar dr yers integ rated

into a co mplex energy system are favora ble. At the

same tim e, the number of necessa ry au xiliary eq uip-

ment is greater, investment costs are higher, and co n-

trol of the syst em is more co mplicated. The eco nomics

of such a system dep end on local conditi ons.

Solar dryers can be used with an adso rption bed

for energy stora ge [12,26–29] . The stora ge of energy

accordi ngly occurs, partly in the form of physica l he at

and partly in the form of mois ture adsorpt ion cap -

acity. The total energy storage capacit y of the ad sorb-

ent heat store per uni t mass is abou t ten time s great er

than that of a physical heat store. An optimally

designed timber dryer fitted with adsorbent energy

storage has been compared with rock-bed storage

and proven competitive [28,29].
13.4 ECONOMICS OF SOLAR DRYERS

13.4.1 MAIN ECONOMIC FACTORS

The economics of solar drying depend on the costs

involved and benefits gained. Interpretation of the

benefits gained by solar dryers is less unambiguous

than that of other solar systems [196]. The main
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reason can be found in the great variety of solar

dryers. For evaluation of the gain a correct basis

should be interpreted by finding the extra income

(i.e., the savings) of the solar dryers as compared to

a basic solution [175,176].

Natural solar dryers should be compared to open-

air drying. Savings are realized by reducing the losses

of the open-air drying and no energy savings can be

considered. Semiartificial solar dryers should be com-

pared to an artificial dryer with the same perform-

ance. Their advantages are in reducing the first costs

by an unsophisticated construction and by the energy

substituted by solar energy. With solar-assisted artifi-

cial dryers, savings should be interpreted by the sub-

stituted energy. As costs, the investment of the solar

energy converting system should be taken into ac-

count only.

The savings depend on the lifetime of the dryer

and, for the last two main groups of solar dryers, on

the cost of the substituted fuel or energy carrier. The

lifetime of the dryer can be estimated in advance; it is

in any case related to the maintenance costs as well.

An error made in the estimation of lifetime may cause

significant uncertainty in the economic evaluation.
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The price of the dried products and the substi-

tuted energy is not stable. These prices may change

during the lifetime of any dryer. For changes in the

prices, predictions can be used; however, these must

be taken as estimates, again causing some further

uncertainty in economy calculations.

The sum of overall installation costs is composed

of investment costs, interest and maintenance, service,

tax, and insurance charges. Inflation modifies the

total cost of installation. In view of the uncertainties

mentioned it is expedient to make some estimations

for the calculations.

13.4.2 DYNAMIC METHOD OF ECONOMIC

EVALUATION

Economic evaluation of solar dryers usually aims at

determining the payback time. The dynamic method

of calculations takes the influence of inflation into

consideration. The following considerations summar-

ize this method, according to Böer [30].

Payback occurs when the accumulated savings S

equals the sum of investment capital I plus yearly

interest and the accumulated costs E:



S ¼ I þ E (13:1)

The annual accumulated savings can be calculated

from the net income D by reducing the mass and

quality losses and thus by increasing the marketing

price of the product in case of natural solar dryers.

For semiartificial and solar-assisted artificial dryers

savings can be calculated from the price of the sub-

stituted conventional energy D. Considering the an-

nual interest rate r and the yearly inflation rate e for

the prices of energy, for n years the annual accumu-

lated savings can be calculated as follows:

S ¼ (1þ r)00 � (1þ e)00

r� e
D (13:2)

The sum of first investment cost C with interest will

be, during n years,

I ¼ C(1þ r)00 (13:3)

Accumulated yearly costs, taking the annual fixed

charge rate mC and inflation rate i for equipment

into consideration, will be

E ¼ mC(1þ r)00 �mC(1þ i)00

r� i
(13:4)

Knowing C and D, diagrams can be made for the

determination of payback time n, referring to values
0.1

2

4

6

8

10

12

14

16

18

20

0.2

6 2 15 4 3

D
C

n

years

FIGURE 13.16 Payback time in years as a function of D/C, with
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of r, m, i, and e. From these diagrams the require-

ments for the expected payback time can be easily

seen. Figure 13.16 shows the payback time as a func-

tion of D/C for various values of r, m, i, and e,

following Böer [30]. One can see from the diagram

which D/C values can bring about the desired pay-

back time when the various other parameters are at

given values. With parameters differing from the

above, the calculation must be made separately fol-

lowing Equation 13.1 through Equation 13.4. A com-

parison of curves 1 and 2 indicates the influence of

interest rate r in cases with no inflation; curves 3 and

6, when compared, lead to the effect of energy prices.

As can be seen in all the cases examined, the D/C ratio

needed for a 10-year payback time falls in the 0.12–

0.23 range. Since payback time is a function of D/C, it

is obvious that cheaper (smaller C) and less efficient

(smaller D) installations are justified insofar as real-

ization of less expense does not mean a significant

decrease in the durability (lifetime) of the system.

Payback calculations refer to the whole solar en-

ergy drying system [31,32]. With appropriate division

of the costs, there is of course nothing in the way of

making the calculation only for the collector system

[33,34]. Construction of the collectors can be planned

on the basis of the economic optimum [35,36].

When the application of a solar dryer results in

improved quality of the dried product, the value of

D is savings S and has to be increased in relation to

the value of the quality enhancement.
0.3 0.4

1:    r = 0.1 
     m = 0.05
       i = e = 0

2:    r = 0.055 
     m = 0.05
       i = e = 0

3:    r = 0.065 
     m = 0.05
       i = 0.05
      e = 0.04

4:   r = 0.1
    m = 0.05
     i   = 0.05
     e = 0.09
5:   r = 0.0055
    m = 0.05
      i = 0.05
     e = 0.09
6:   r = 0.0065
    m = 0.02
      i = 0.05
     e = 0.09

different parameters r, m, i, and e. (From Böer, K.W., Solar



13.5 KEY ELEMENTS OF SOLAR DRYERS

13.5.1 SOLAR C OLLECTORS

13.5.1 .1 Cons truct ion of Solar Collectors

The solar colle ctor plays the part of primary ene rgy

source for a so lar dryer. Essentiall y it has functio ns of

energy con version and energy trans fer. As energy co n-

verter the collector convert s the direct and diffu se

radiation coming from the sun into heat. Thi s energy

transform ation takes place in the so-called absorber of

the co llector (Figur e 13.17). The absorber is made of a

material of high a bsorption coefficien t for the radi-

ation of the sun or has a coati ng with su ch a charact er.

The radiat ion abso rbed ca uses the inner energy of the

absorber to grow an d its tempe rature to rise .

The energy- trans ferring functi on is to trans fer the

radiation energy trans formed into heat in the ab -

sorber to the workin g medium of the collector. The

workin g medium is, wi th direct syst em solar dryers ,

the drying air itself; wi th indir ect systems this is an

approp riately cho sen liqui d (dis tilled wat er or, in

winter ope ration, a fluid with low freez ing point, oil,

and nona queous liquid s).

Heat trans fer betw een absorber and the medium

flowin g through the collector occu rs by co nvectio n.

Only pa rt of the heat coming from the incide nt radi-

ation gets into the workin g medium .

The part of the radiant energy irradiat ed that

causes in increa se of enthalp y of the working medium

flowin g through the colle ctor is consider ed utilized

heat; the rest is heat loss. For atta ining a realist ic

rate of heat loss mo st colle ctors are covered with

transp arent material s to solar rad iation (gla ss, plast ic

foil, and others ). If the absorpt ion of the cove ring

material and its refl ection is high for the absorber ’s

own long-w ave radiat ion, it will reduce the radiation

loss of the absorber . For reducing the radiation loss, a
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FIGURE 13.17 Setup of flat-plate collectors: (a) air; (b) liqu

insulation).
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coatin g that selec tive ly reflect s long-w ave radiation

can also be app lied to the coveri ng. Since the tem-

peratur e of the coveri ng is con siderab ly low er than

that of the absorber , the coati ng will also reduce the

convecti ve he at loss from the struc ture to the ambie nt

air. The number of co verings is usuall y not more than

two. For the redu ction of furt her heat loss it is desir -

able to insulate the nontrans paren t pa rts of the col-

lectors. Effi cient means for redu cing convec tive he at

loss are co llectors with the space between cov ering

and a bsorber evacuat ed (vacuum colle ctors); this

makes the colle ctors expen sive.

The final form of the colle ctor is a problem of

reading a technoeco nomic optim um (see for instan ce,

the D /C ratio in Secti on 13.4). In general , beyon d a

certain limit the reducti on of heat loss is no longe r

economic al.

The simp lest types of solar dryers (e.g ., cab inet

dryers , tent dryers , and certain chimney shelf dryers )

(see Figure 13.1, Figure 13.2, and Figure 13.4), do not

employ a separate absorbe r; the role of the absorber is

played by the irra diated mate rial its elf. The major ity

of high-pe rforman ce solar dry ers are eq uipped with

flat-plate collectors [205].

Figu re 13.18 presen ts flat-plate co llectors withou t

coveri ng using air as the worki ng medium . Air flows

in the ch annel betw een the absorber and the he at

insulati on. The absorb er is a co mmercial ly avail able,

rolled meta l shee t, usually with a surfa ce coating.

Absor bers made of zinc or steel galvanized with zinc

can be applie d without a co ating. The applic ation of

collectors without a coveri ng is just ified for low -per-

forman ce dry ers.

Figu re 13.19 shows some variations of air-type

collectors wi th one coverin g. These struc tures can

also be made with two coveri ngs. Flow under the

absorber reduces the con vective heat loss of the air

from the covering. There are designs in which air
� � �
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2

id as working medium (1, covering; 2, absorber; 3, heat
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FIGURE 13.18 Scheme of flat-plate collectors without cov-

ering, with air as working medium: (a) corrugated plate; (b)

trapezoid plate; (c) triangle waved plate (as absorber).
flows on both sides of the ab sorber. A c orrugated or

finned absorber surfac e impr oves heat trans fer be -

tween air and absorber . With the latt er, flow direction

is usuall y parallel to the fins.
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FIGURE 13.19 Scheme of air-type flat-plate collectors with

covering: (a) plane absorber, flow over absorber; (b) plane

absorber, flow under absorber; (c) absorber with corrugated

surface; (d) finned absorber (in c and d, flow is under the ab-

sorber, perpendicular to the plane of the paper); (e) plane

absorber, flow over and under absorber (two way). (From

Vijeysundera, N.E., Ah, L.L., and Tijoe, L.E., Solar Energy,

28, 363, 1982.)
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Improv emen t of heat trans fer betw een air and

absorber is aime d at collector de signs with ab sorbers

of divided surface (Figure 13.20). The air is forced to

flow through the gaps. There are a large number of

matrix-type and porous absorbers. The matrix-type

absorber, for instance, can be made of wire bundles

and of slit and expanded aluminum foil (Figure

13.20c).

An air collector with integrated latent heat storage

is shown schema tica lly in Figure 13.21a. The casing

of the heat storage material acts as the absorber [37].

Here advantage over air-warmed storage is that heat

store warms through direct irradiation; thus heat-

storing materials having a phase-change temperature

[38,39] higher than the temperature of the air can be

used. An integrated rock absorption and storage air

collector system has also been developed [40].

Another variation of combined collectors is the hy-

brid (two-working media) collector (Figure 13.21b).

Hybrid collectors are liquid-type collectors in which

air flows over an absorber that is common for air

and liquid. The application of hybrid collectors is

reasonable if the dryer is connected with sensible heat

water storage [25]. During collection, hybrid col-

lectors warm air and water simultaneously, the latter

serving to charge the heat storage tank. During the

radiation-free period of operation (e.g., night), the hy-

brid collector works as a water–air heat exchanger

and, using hot water from the heat storage tank, pre-

heats the drying air. Both integrated collector types

can operate at night as they are usually made with a
3

3

3 (c)

(b)

(a)
1

1

1

2

2

2

FIGURE 13.20 Air-type flat-plate collector constructed with

divided surface absorber: (a) stepwise divided absorber

made of overlapped plates; (b) perforated double-plane ab-

sorber; (c) matrix-type absorber.
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double (glass–glass or glass–foil) covering to reduce

radiation loss at night.

A very simp le design of air collectors is the poly-

ethylen e tube colle ctor [41]. A black absorb er tube is

placed insid e a clear tube con nected to the fan. The

tube assum es its cyli ndrical form on overpres sure. It

can be laid on the ground in approp riate length ,

chiefly for agric ultural drying purposes.

Air -type co llectors have the advan tage of cau sing

no serious conseque nces if leakin g occu rs [42]. Dif fi-

culties may arise in unifor m dist ribution of air: for

advantag eou s even dist ribution, con siderab le fan per-

forman ce is needed. This ha s some unfavora ble infl u-

ence on operati ng costs.

Col lectors wi th a liquid worki ng medium are used

for indir ect-type solar dryers , us ually with water heat

storage . Their app lication for high -performanc e in-

stallation s is justified because no large and costly

distribut ing and colle cting air ch annel system is

needed as for the air-type collectors . On the oth er

hand, a water–ai r heat exchanger must be employ ed .

A draw back of the liquid-t ype collectors is the

danger of leakage and freezing. The form er can be

averted by approp riate junction s that permi t dilat a-

tion, the latter by using antifreeze liquid s as working

media , for examp le, by integratio n into the hot wat er

system of the farm for year-ro und perfor mance.

Ow ing to the wi despread app lication of solar hot

water systems, a great number of varia tions of fluid

collectors ha ve been developed an d commer cialized

circulati on. It is most ly the 1–2 m 2 surface-m ounted

units that are avail able commer cially; these, joined in

an ap propria te number, form a full collector syst em.

The advantag e of commer cially avail able colle ctor

surface s is the quick and sim ple replac ement of the

elemen ts and guarant eed therm al effici ency. A disad-

vantage is the usu ally high investmen t cost and the

long payback time . For indir ect solar dryers , low er

cost is involv ed with panel-type collectors , if the costs
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of collectors need to be reduced . Pane l collectors can

be used for both air a nd fluid workin g media . The

absorber and he at insul ation form a singl e continuou s

surface, an d it is only the glass coveri ng that is made

of smal ler fram ed parts . If placed on the roof of an

agricu ltural buildin g, the c ollector integ rated in the

roof struc ture can play the role of roofin g as well. The

absorber surface of panel- type colle ctors can be

mounted on 5–10-m long elemen ts corres pondin g to

the full wid th; thus the number of joint s is consider -

ably less than those of surfac es made of smal l col-

lector units . In this way not only the constr uction cost

is lower, but the pr obability of leakage is also re-

duced.

The abso rber of the liquid -type collector most fre-

quently used for solar dryers is a surfa ce formed of

ribbed pipes. Its material is metal or syn thetic (plas tic).

Plastic is used for pro ducing carpet-lik e co llectors co n-

taining ap propria te fluid ducts. The colle ctor carpet

usually bro ught into c irculatio n can be spread ov er a

very large , contigu ous surfa ce and can be used with

panel colle ctors, too, with or without coveri ng. Its

advantag e is sim ple moun ting; its disadva ntage is its

wear. The ultr aviolet (UV)- stabilized constru ction ha s

a comp arativel y long lifespan. Plast ic is also used for

making absorbe rs of pipelines laid side by side [43] .

Their disadva ntage— apart from that alrea dy men -

tioned— is that a great number of connecti ons and

very caref ul moun ting are requir ed. Anothe r disad-

vantage of plastics is their sensi tivity to high tempe ra-

ture. Even on using a cover a tempe rature rise in the

absorber of over 100 8 C may occu r if there is no he at

remova l. The tempe ratur e of colle ctor types without a

coveri ng does not rise to a dan gerous level.

M ost liquid colle ctors used wi th high-pe rform -

ance solar dryers are mad e with a finne d meta l tube

absorber . The absorber s applie d to solar hot wate r

producing systems are often made of sheet ha lves

with stamped passages bonded by seam welding or

by rolling them toget her (Figur e 13.22a ) .

Flat-plate collectors with finned tube absorber

(shown in Figure 13.22b) can be built of extruded

elements. This is proposed for integrated or panel

collectors. The absorber elements perpendicular to

the plane of the paper can be ordered from the manu-

facturer by length of the panel. The structure must be

designed so that dilatational movement of the elem-

ents is possible. Collectors built of absorbers from

pipes soldered or welded to a sheet are shown in

Figure 13.22c through Figure 13.22f. The type in

Figure 13.22f ensures great strength (rigidity) even

with long panel collectors.

The materials commonly used for finned tube ab-

sorbers are copper, aluminum, or steel [44]. Copper is

rather expensive for dryer collectors. Aluminum gives
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FIGURE 13.22 Some designs of liquid-type collectors: (a)

absorber plate made of stamped sheets; (b) collector with

extended finned tube absorber elements; (c) through (f)

different tube-sheet, flat-plate collectors.
a long operation life with nonaqueous working

media. The corrosion of steel can be reduced with

the application of inhibitors.

13.5.1.2 Efficiency of Flat-Plate Collectors

The surface required for the collectors of solar dryers

can be determined from the energy demand of the

dryer. In most solar dryers, drying takes place in

stages and only a small part of a dryer is used for

drying of continuous material flow.

In the case of drying in stages, the energy de-

mand is not constant: it is greater at the beginning

of the drying process and decreases as drying pro-
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ceeds. For dimensioning the collectors, the starting

point must be the drying requirements and thus

the drying characteristics of the material. Drying

requirements specify the planned drying time and

the permissible material temperature, among others.

The drying characteristics of the material serve to

determine, with the help of simulation or laboratory

drying experiments (or both), the necessary inlet

characteristics of drying air (temperature and rela-

tive humidity) and the necessary air mass flow rate

_mma for the drying period with the highest energy

demand.

The air is usually taken from the surroundings. In

the case of a direct system, the air collector, and with

an indirect system the liquid-type collector and

liquid–air heat exchanger, serve to heat the air. If

heat storage is also employed, the temperature of

the medium leaving the collector has to be set to

a value that can ensure the prescribed temperature

of the drying air even when air heated by the heat

storage is used.

In the case of drying in continuous material flow

or of preliminary drying, the drying energy demand

for a given material is nearly constant over time. The

standard energy demand of the dryer fd is covered by

the enthalpy increase of the drying air. When using a

direct system, the temperature of the air entering the

dryer Td,in is equal to the temperature of the air

leaving the collector (Tc,out ¼ Td,in). The necessary

enthalpy increase of the air in the collector is

f ¼ _mmacp,a(Tc,out � Tc,in) (13:5a)

With air-type collectors, if recirculation from the

dryer is not employed the temperature of air entering

the collector is equal to the ambient temperature

(Tc,in ¼ To).

With liquid-type collectors, Equation 13.5a is

valid for the air flowing through the fluid–air heat

exchanger (Tc ¼ TH). The necessary temperature Tf
’

of the fluid entering the heat exchanger from

the collector (Tf
’ ¼ Tc,out) can be determined by the

efficiency of the heat exchanger H. For _mmacp,a >
_mmfcp,f the energy balance for adiabatic heat exchanger

gives

fd ¼ _mmfcp,fH(T 0f � To) (13:5b)

If the heat loss of the flow duct system fl is not

negligible [45], the energy demand for the collector is

fu ¼ fd þ fl.

Therefore from Equation 13.5b

T 0f ¼ Tc,out ¼
fu

_mmfcp,fH
þ To (13:5c)
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The ne cessary en thalpy increase for the fluid flowing

through the liquid-t ype collector is

fu ¼ _mm f c p, f ( Tc , out � Tc , in ) (13 : 6)

When using air co llectors, the full airflow demand by

the dryer is gen erally led through the co llector (the

value of _mma,c will be equ al to the energy de mand of the

dryer, _mma). The air heated in the co llector can be

mixed with the air sucked in direct ly from outsi de in

a mixi ng space form ed on the suction side of the fan.

The _mmf mass flow rate in the colle ctors of indir ect

system dryers can be ch osen, within certain limit s.

Howev er, _mmf is inter depen dent wi th the thermal effi-

ciency h of the colle ctor. Aft er clearing up the neces-

sary energy flow rate to be utilized in the co llector, the

requir ed c ollector su rface must be determ ined. On the

basis of util ized fu heat flow rate and the en ergy flux

of the incide nt radiat ion (energ y flow rate pe r surface

unit: irra diance) , the efficien cy of the colle ctor can be

express ed as

h ¼ fu

Ac I 
(13 : 7)

where Ac is the necessa ry co llector surface. Equation

13.7 can be interp reted only as a transient value

owing to the tim e de penden ce of the irradiance.

For a defi nite period, the so-called long-term effi-

ciency of the co llector can be express ed with the time

integral of util ized an d inp ut energy flow rates

h ¼
Ð t

to
fu dt

Ac

Ð t

to
I dt 

(13 : 8)

The durati on for averagi ng can be chosen in acco rd-

ance with the operatin g time of the co llector and the

purpose of calcul ation (daily, monthl y, or yearly

long-term efficien cy).

The efficie ncy of the colle ctor can be determined

by calcul ation and measur ement s. For design pur -

poses, different calcula tion method s c an be used

[34,35,37 ,46–52 ]. The effici ency data for co mmercial ly

availab le colle ctors are determ ined by standar d meas-

urement s [53, 54]. (For ‘‘s econd law efficie ncy,’’ see

Ref. [55].)
f

f =
Ta−To

I

FIGURE 13.23 Instantaneous efficiency diagram of a flat-

plate collector.
13.5.1 .3 Sim plified Calcul ation

of Colle ctor Efficien cy

In Equat ion 13.7 of the inst antaneous efficiency ,

utilized heat flow rate fu is the diff erence be tween

the heat flow rate absorbed by the absorber fa and the

heat flow rate lost fl to the ambient air
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fu ¼ fa � fl (13:9)

where

fa ¼ taIAc (13:10)

is the heat flow rate absorbed by the absorber from

the irradiation getting through the covering, and

fl ¼ AcUl(Ta � To) (13:11)

is the heat flow rate transferred to the ambient air from

an absorber at Ta temperature. In Equation 13.11, Ul is

the overall heat transfer coefficient of the collector to

the a mbient air. Subs tituting into Equation 13.7, the

instantaneous efficiency of the collector is [46–50]

h ¼ ta�Ul

Ta � To

I
(13:12)

If t, a, and Ul are taken as constant values, instant-

aneous efficiency in the function

f ¼ Ta � To

I

(efficiency function, an independent variable) can be

plotted as shown in Figure 13.23. At a given operat-

ing point, the utilized energy flow rate from the col-

lector is fu ¼ hAcI.

These considerations can be appropriately applied

according to Equation 13.8 for expressing the long-

term efficiency by substituting time averages (I)av,

(Ta)av, and (To)av:

h ¼ ta�Ul

(Ta)av � (To)av

(I)av

(13:13)

From Equation 13.12 and Equation 13.13 the thresh-

old value of incident radiation flux can be determined



with which the ab sorbed energy flow rate and the loss

heat flow rate are equ al and thus the efficien cy is zero:

Ith ¼
Ul [(Ta )av � ( To ) av ]

t a 
(13 : 14)

From Ith, using the appropri ate mete orologi c da ta, the

possibl e ope ration time of the co llector can be stated .

The inst antaneous efficien cy of the co llector can

also be expresse d from the know n inlet tempe rature

Tin of the worki ng medium with the aid of the he at

remova l fact or FR [56] :

h ¼ FR ta�Ul ( Tin � T o )

I

� �
(13 : 15)

The c oefficien t FR takes into con siderati on the rela-

tive decreas e of efficie ncy cau sed by the increa se of Ta

absorber mean temperatur e comp ared with Tin inlet

tempe rature of the worki ng medium .

Fur ther, instantaneo us effici ency can be exp ressed

directly as a ratio of useful he at flow rate coming into

the working medium and the incide nt he at flow rate

on the absorber :

h ¼
_mmcp ( Tc , out � T c ,in )

Ac I 
(13 : 16)

In practi ce, h( Tin � T o ) or h (T c,out � T c,in ) diagra ms

are often use d in place of the h( f ) effici ency diagra m.

For repres entat ion of the therm al behavior of col-

lectors, besides those above, other practi cal diagra ms,

such as h( _mmcp ) and  h( Tc,in ), function curves, can also

be used. In these cases other factors in the h equ ation

appear as the parame ters of the efficienc y cu rves.

The simp lified calcul ation method has severa l

weak points . One is that the value of Ta must be

known to perfor m the calcul ation. The tempe rature

of the absorb er chan ges in the flow direct ion of the

workin g medium , an d Ta can be inter preted only as a

mean tempe rature and can be determ ined onl y wi th

knowl edge of the absorber tempe rature dist ribution.

The greatest error app ears in the app lication of

the ov erall heat trans fer co efficient Ul and its use as a

constant value. Ul models the overal l effe ct of com-

plex and nonl inear heat transfer proce sses. Its v alue

for a given colle ctor de pends on the local v alues of Ta,

on the sky tempe rature Ts in view of rad iation, on the

mass flow rate of the working medium , an d on

the weath er (e.g., wind ) condition s. In the value of

Ul, the tempe rature depend ence of the heat trans fer

from the coveri ng is strong . One can inter pret the

value of Ul as the sum of three coeffici ents: he at

transfer from top cove ring (Ut), from the bottom

plate ( Ub), and from the edges (U e ):
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Ul ¼ U l þ U b þ Ue (13 : 17)

For a simple de terminat ion of the top loss coeffici ent

Ut, a set of diagra ms is presented by Du ffie and

Beckman [56] .
13.5.1 .4 Sim ulation of Flat-Plate Colle ctors

For computer simulat ion of the perfor mance of

flat-plate solar collectors , several methods and com-

puter program s ha ve been used. Finite-dif ference [57] ,

network [26, 37,54,57] , stochas tic [58], dy namic [59] ,

and sim plified models [60] and method s (see Ref . [99] )

have been elabora ted.

In the foll owing a short de scription of a sim ula-

tion method based on a heat flow netw ork mod el is

given. This method was ap plied for optim um de sign

and control of ro of pan el-type collec tors of solar

dryers [26, 37,212 ].

The essential poin t of a heat flow netw ork mod el

is the division of the struc ture of the c ollector into

discrete parts with tempe ratures that can ap proxi-

mately be ch aracterize d by a single value. In the

network model the discrete pa rts are repres ented by

nodes. The heat capacit ies and heat sources and the

so-called tempe ratur e sources modelin g the bounda ry

conditio n reference tempe rature s are connected to the

nodes. In this way the ambie nt air is also rep resented

in the network by a node . The node s are co nnected to

a network by heat transfer resistances characterizing

the thermal interactions among the discrete parts.

Identification of network elements proceeds with

constant values at the beginning of the calculation.

The identification of temperature-dependent and

time-changing network elements takes place in sub-

routines in the computer program, over the course of

calculation, with time increments.

The system of equations for the network can be

written from the node and branch equations [37]. For

its solution, finite difference or finite time-element

schemes can be applied. An advantage of the network

model is its flexibility and multipurpose applicability

for collectors of different construction. Refinement of

discretization is simple to accomplish.

The construction of a network model is shown for

a hyb rid colle ctor in Figure 13.24a (double coverin g,

finned tube absorber) [57]. The main model condi-

tions are as follows:

M1: In the collector plane, the temperature dis-

tribution is uniform in the direction perpen-

dicular to the flow of the medium.

M2: For collectors with pipe ducts, the tempera-

ture nonuniformity of the absorber perpen-

dicular to the flow direction of the medium is
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(From Imre, L. and Kiss, L.I., in Numerical Methods in Heat Transfer, Vol. 2 (R.W. Lewis, K. Morgan, and B.A. Schrefler,

Eds.), Wiley, Chichester, England, 1983, chap. 15.)
taken into accoun t by an average tempe ra-

ture using the fin effici ency [43,56].

M3: The fram e of the colle ctor is assum ed wel l

insul ated.

M4: The flow dist ribution between the colle ctor

tubes is uniform (for the effe ct of nonuni -

form distribut ion, see Ref. [51]).

M5: The spectral variations of absorption and

transmission relative to heat radiation are

taken into account by average values weighted

with the solar spectrum and with the distribu-

tion of the low-temperature Planck radiator.

The collector of lengt h L is divide d in the flow

direction of the worki ng medium in z numb er of

discrete sections of length DL ( L ¼ z D L). The length

of the sectio ns is not ne cessarily eq ual:

L ¼
Xz

n ¼ 1

DLn

Further, if it is assum ed that the therm al relation

between each discr ete secti on is establ ished only by
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the flowi ng medium , the full netw ork mo del of the

collector can be separat ed into indivi dual ne twork

models of discrete sections z . Ther efore the solution

for the whole colle ctor wi ll be produced through a

sequence of the solutions of the individual (in this

case, seven- node) part netw orks pro ceeding by time

incremen ts along z sections.

In Figure 13.24b, the connecti on of the heat flow

network of the n th discr ete part is sketche d. The

numberi ng of the node s in Figure 13.24b corres ponds

to the num bers of the discr ete parts in Figu re 13.24a .

In the network model, heat flow sources f1

through f6 repres ent the heat flow rates absorbed

from incide nt radiation; C1 through C7 are the he at

capacities of the discr ete parts; Ts ( t ) and T o (t ) are the

tempe rature sources givin g the tempe ratur e of the sky

and the ambie nt air, respect ively; and Ri,j
r , Ri,j

k , and

Ri,j
j are radiat ion, co nduction, and conv ection he at

transfer resi stance s between the discr ete parts , re-

spectively . Netwo rk elem ent Ti,n� 1 is the tempe ra-

ture sou rce repres enting the inlet tempe ratur e of the

working medium flowi ng into the nth sectio n from



the n � 1 discrete secti on. From the heat balance

equati on,

Ti ,n � 1 ¼ Ti , n� 2 þ
fn� 1

_mmcp

(13 : 18)

In the case of liquid-t ype colle ctor simulat ion, T3,n�1

is omitted (see Figure 13.24b) . To use the network

model for an air-type collector, branches 3–4 and 4–5

of the network are disconnected.

For liquid–air hybrid collectors with counterflow

movement of the media, the heat flow network of the

collector cannot be separated into z number of part

networks with m nodes. In this case the part

networks of the sections must be connected into a

single zm node network with the aid of the relation-

ship Ri(n,n�1) ¼ �C�1 formal resistances inserted be-

tween the nodes of the working media. (In writing the

nodal equations, the formal resistances will be taken

into account only in the direction of the medium flow

[61].) Taking the lengthwise heat conduction in the

absorber into account will lead to a network of the

same type. In the following, the correlations for cal-

culating the network elements are described.

The heat flux incident on a given element can be

written as

fi(t) ¼ aiI(t)
Yi�l

m¼1

tm (13:19)

The incident solar flux density I and its directional

distribution vary in time. In I(t) time function the

geographic position, the relative position of the col-

lector to the sun, is present as a regular, periodic

variation. The degree of cloudiness, the humidity

content of the air, and the degree of pollution of the

atmosphere cause a stochastic change in the I(t)

value, which is superimposed on the regular variation.

For the calculation, the solar radiation and meteor-

ologic data relating to the given geographic position

are necessary. Such data are usually available

[43,56,62–78]. Direct and diffuse components of

solar radiation for simulation are characterized by

an intensity–time function. There is a significant

body of knowledge for determining the effect of

cloudiness, the relationships of direct and diffuse ra-

diation intensities [43,56,72,79–84]. The time depend-

ence of absorbance and transmittance of the materials

due to direction can be taken into account with an

average value [37] (see also Ref. [104]). (For the de-

termination of typical weather for use in solar energy

simulations, see also Ref. [100].)

Assuming that the diffuse radiation is isotropic,

the density of energy flow rate from incident solar
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radiation for a collector in a given location can

be calculated from the following equation [37,43,

56,84–89]:

I(t) ¼ IH�T(t)(b(t)x(t)� x(t)þ 1) (13:20)

where IH�T (t) is the time-dependent total flux density

incident on a horizontal surface.

x ¼ Id

It

(13:21)

is the instantaneous ratio of direct and total flux

density, a function of time, weather, and the location.

b(t) ¼ cos (f� c) cos d cos vþ sin (f� c) sin d

cos f cos d cos vþ sin f sin d

(13:22)

is a factor characterizing the relative position of the

collector and the sun, where f is the latitude, c is the

inclination angle of the collector, d is the angle of

declination, and v is the hour angle.

The daily changes of ambient air temperature To

are known from meteorologic data. The standard

sky temperature Ts in clear weather is influenced by

air temperature and humidity. A good approxi-

mation for determining Ts is given by Swinbank’s

formula [90]:

Ts ¼ 0:0552(To)
1:5 (13:23a)

Bliss’s correlation [91] also takes air humidity content

into account

Ts ¼ To 0:8þ Tdp � 273

250

� �0:25

(13:23b)

where Tdp is the local dew-point temperature of the

air (temperatures in Kelvin). (For examining night

conditions, see Refs. [92–94].)

Heat transfer resistances can be interpreted by the

branch equation of the heat flow network:

fi, j ¼
DTi,j

Ri,j
¼ Ki,jDTi,j (13:24)

where Ki,j is the conductivity of the branch. Radiation

conductivities for surface units are

K
(r)
s,i ¼ «is(Ti þ Ts)(T

2
i þ T2

s ) (13:25)

K
(r)
i, j ¼ «i,js(Ti þ Tj)(T

2
i þ T2

j ) (13:26)
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«� 1
i , j ¼ «� 1

i þ «� 1
j � 1 (13 : 27)

where «i is the emis sivity of the glass , «j is the emis -

sivity of the absorber , and s is the Stefa n–Boltzm ann

constant .

Heat conductiv ity in soli d elements of d thickne ss

for surfa ce unit is

K 
(c )
i , j ¼ k d� 1 (13 : 28)

Conduct ivities (convect ion) for the outer surface

units are

K 
(k)
i , o ¼ h (13 : 29)

where h is the heat transfer coeffici ent that depend s

on win d velocity. Approxi mate co rrelati ons for h as a

functio n of wind veloci ty w are

h ¼ 5: 7 þ 3: 8w for w < 5 m=s

h ¼ 7: 6w for w � 5 m=s

(See Ref . [95] for furth er detai ls on win d effects.)

Heat trans fer co efficien ts for forced and natural

convecti on in air gaps can be calculated from correl -

ations [43,56]. Substituti ng, on the basis of the branch

Equation 13.23a and Equat ion 13.23b, the fi,j values

into the nodal equati ons, we get the foll owing syst em

of eq uations for the ne twork:

C _TT (t ) þ K (T , t )T ¼ f( I , Ts , To , t ) (13 : 30)

where C is the diagonal matr ix of the nodal he at

capacit ies, _TT is the column vector of the tim e deriva tes

of the noda l tempe ratur es, T is the column vector of

the nodal tempe ratures, and � is the source vector .

The solution of the syst em (Equ ation 13.30) can be

obtaine d num erically by tim e discr etizati on. Becau se

of the nonlinear ities, the integ rated mean value of the

condu ction matr ix K̂K ¼ K̂K (T (t ) ) for a given pe riod of

time can be created and a nume rical scheme of one or

two time level s can be app lied [96] . Favo rable resul ts

have been obtaine d by the linear Galerkin scheme [97] :

1

3
K̂K þ 1

2Dt
C

� �
T (k ) ¼ � 1

6
K̂K þ 1

2Dt
C

� �
T (k � 1)

þ 1

6
f(k ) þ 2f  

(k� 1)
h i

(13 : 31)

In this equatio n, k is the number of discr ete time

section s in the step- by-step solution (t ¼ k Dt ).

Meteor ologic da ta are at one ’s disposa l hour ly, so in
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the calcula tion a time step of 1 h can be app lied. For

stabili ty it is advantag eou s if the syst em of equ ations

is well conditio ned. Accor dingly , heat capacit ies of

insignifican t influ ence are best neglected . As a resul t

of calcul ation, the time depen dence of the med ium

outlet tempe ratur e, as well as the time varia tion of the

approxim ate tempe rature distribut ion of the col-

lector, is obtaine d. The resul ts can be used for inst ant-

aneous an d steady -state effici ency diagra ms, for

collector design an d optim ization , and for the solu-

tion of process control problem s [33, 34,43,50, 56,98] .

It is of co urse desirab le to verify the calcul ation re-

sults with exp erimental measur ements wher e possibl e.

13.5.1 .5 The rmal Perform ance of

Flat -Plate Collectors

Figure 13.25 sho ws the ch aracteris tics of a singl e-

coveri ng, air-type colle ctor (blac k absorber ) obtaine d

by calcul ations [37] . In the figu re, DT is the rise in

tempe rature of air in the colle ctor (D T ¼ Tc,out �
Tc,in ), h is the instan taneous effici ency, and _mm is the

mass flow rate of air. The pa rameter in the figure is

the surfa ce area per unit colle ctor lengt h (series con -

nectio n).

In Figu re 13.26, the inst antaneous effici ency and

the outlet temperatur e of a liqui d-type colle ctor (sin -

gle-coveri ng, steel finned tube s, black absorber ) are

illustrated as a functi on of liqui d hea t cap acity flow
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rate [37]. The parame ter is the irra diation. As the

variations of I are accompani ed by nonlinear he at

transfer resistance varia tions, the curves for diff erent

I values deviate. The entry tempe ratur e of the med-

ium is equal to the outsid e tempe ratur e (Tc,in ¼ T o ).

Fig ure 13.27 illu strates the inst antaneous effi-

ciency of a liquid -type collec tor as a functi on of the

inlet tempe rature with single (Figur e 13.27a ) and

double (Figur e 13.27b) coveri ng [37] . The parame ter

is the outsi de tempe rature. With an increa se in the

inlet temperatur e, the mean tempe ratur e ( Ta) av and

the heat loss of the absorber increa se whi le the ef-

ficiency deteriorat es. With double coveri ng, the effi-

ciency wi th a higher inlet tempe ratur e is great er than

that with a single coveri ng.

Fig ure 13.28 shows the inst antaneous effici ency

diagra ms for different colle ctors. It can be seen from

this figure that the inst antaneous efficien cy of col-

lectors now in gen eral use can be as high as 50–60% .

The value of daily long-te rm effici ency amounts to

approxim ately 25–30% .

On the basis of the long-term collector efficien cy,

the collector surfa ce necessa ry for the operatio n of the

dryer can be de termined. Becau se the instantaneou s

efficien cy of the collector is over one part of ope ration

time great er than the long-te rm effici ency, the ene rgy

utilized by the c ollector over this period is greater

than the necessa ry value. The surplus energy can

be stored for the period when there is no solar en ergy

available. In cheap, simple construction dryers without
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heat stora ge, this surplus energy can be used for so me

tempor ary enhan cement of the drying proce ss if the

material to be dried can withstan d it.

13.5.2 HEAT S TORAGE FOR S OLAR DRYERS

From a therm al view point heat storage of solar dryers

can be classified into two main grou ps:
1. Directly irra diated heat storag e

2. Heat stora ge charged by the working med ium

of the collector
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The storage tempe rature of directly irradiat ed he at

storage is not lim ited by the collec tor outlet tempe ra-

ture of the medium . How ever, in heat stores warmed

by the worki ng med ium the maximu m tempe rature

cannot exceed the colle ctor outlet tempe ratur e.

The aim of heat stora ge is to store surplus ene rgy

appeari ng in strong radiation periods ; howeve r, the

aim may also be to store enou gh energy for full-sc ale

drying ope ration at night as well. When determ ining

the ne cessary surfa ce area of the collector, the
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amount of energy to be store d must also be taken

into acco unt.

13.5.2 .1 Direct ly Irra diated Heat Storag e

Directly irradiated heat storage of solar dryers can

first be used in direct air systems. The collector

sketche d in Figu re 13.21 is built wi th phase-c hange

storage. The phase-change material is placed in a

plastic honeycomb matrix casing. Thermal expansion

is made possible by additives. The outer surface of the

plastic cells containing the phase-change material

take over the function of the absorber. The thick-

ness of the cells is limited by phenomena occurring

in the course of phase change [38,39,101,102]. There-

fore the mass to be placed on 1 m2 is also limited, and

so is the overall amount of storage heat.

The primary purpose of applying directly irradi-

ated latent heat storage is to attain an equalizing

effect during cloudy periods over the day as well as

to lengthen the daily drying time. To show the ther-

mal behavior of a collector integrated with latent heat

storage, Figure 13.29 is presented. The temperature–

time function was determined by calculation using the

simulation model described above and checked by

measurements. The heat capacities of other elements

of a heat storage collector are negligible when com-

pared with that of the heat storage. The effect

of latent heat was built in the volumetric heat cap-

acity of the absorber and simulated [38,103,104]

(data: material, CaCl2 � 6H2O; phase-change tem-

perature, 298C; latent heat, l ¼ 209 MJ/m3; size of

cells, 9 mm � 10 mm; mass/m2, 6.3 kg).
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The absorber may be a solid (e.g., concrete) wall

with a black coating. In the case of solar dryers, this

solution is justified if the wall is the dryer housing wall.

Its operating principle is the same as that of the Trombe

wall used in passive solar heating [56]. (For collector-

integrated solar water heaters, see Refs. [105,108].)

13.5.2 .2 Heat Storage Char ged by the Medi um

of the Colle ctor

In he at stora ge war med by the workin g medium , the

maximu m tempe rature canno t exceed the maximu m

tempe rature of the medium leavin g the colle ctor. As

storag e mate rial, various solids, water, various pha se-

change mate rials, as well as ch emical storage mate r-

ials may be use d.

The tempe rature of the medium enteri ng the stor-

age is equ al to the tempe ratur e of the medium leaving

the collector if the heat loss of the duc t is ne gligible.

The medium in liquid syst ems after leaving he at stor-

age flows ba ck into the colle ctor. With air syst ems

sometime s the air leavi ng the he at storage unit is

exhaust ed into the atmos phere.

W ater-type heat stora ge may be a direct or indir -

ect syst em. In direct systems the working medium

flows in a closed circuit (Figur e 13.30a ). In indir ect

systems, the worki ng medium can be liquid (anti -

freeze liqui ds in some ca ses). The closed colle ctor

circuit and the closed stora ge circui t are connec ted

through a heat exchanger (Figur e 13.30b) . In wat er

heat storage, two types of storage syst ems are

employ ed: stratifie d a nd well-mixe d storag e.

In stratifie d wat er stora ge the war m water from the

collector enters near the top of the tank; the fluid led

back to the co llector is draw n from the bottom of the

tank by a pump. Thus in the uppe r layers of the tank

there is always warm wat er, an d the low er layers co n-

tain c old water. The adva ntage of this method is that

the colle ctor receives cold water as long as co ld layer

exists near the bottom of the tank [56,106,1 07]; acc ord-

ingly, the collector works wi th approxim ately constant

efficien cy. The thickne ss of the trans ient tempe rature

zone is determined by the time bounda ries of the

tempe rature changes of the wat er coming from the

collector. In ope ration pe riods of reduced radiat ion,

the tempe ratur e of the water from the colle ctor is low er

than that of the tempe rature in the top layer. This

water descends an d causes mixing in the tank.

W hen using store d hot water (Figur e 13.31) , the

water is led into the air–w ater he at exch anger from

the top of the tank . The return ing water enters at

the bottom of the tank . The mass of wat er in the

tank therefo re makes on chargi ng a slow downward

motion and on dischar ge a slow upwar d motio n. The

rate of this motion de pends on the mass flow rate of
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the wat er (and on other effe cts, see below). The ar-

rangem ent shown in Figure 13.31 allows regu lation of

the wat er flow rate, the change of operatio nal mod e,

and a sim ultaneo us drying– chargi ng operatio n.

The amount of heat to be store d Q can be deter-

mined from the heat deman d of the dryer:

Q ¼
ðt

0

f( t ) dt (13 : 32)

Storage tempe ratur e is limit ed by the fluid tempe ra-

ture that can be atta ined in co ntinuous ope ration

of the collector. In a direct stora ge system (Figur e

13.30a ) disre garding heat loss from the pipes, the

tempe rature of the medium co ming from the colle ctor

can be calculated by using Equation 13.16:

(Tc ,out ) av ¼ ( Tc , in ) av þ
Ac I h

_mmcp

(13 : 33)

The heat to be store d in t chargi ng time, neglecting

the he at loss, is

Q ¼MTcT[(Tc,out)av � (Tc,in)av]

¼ _mmcp[(Tc,out)av � (Tc,in)av]t (13:34)

Hence,

MT ¼
_mmcp

cT

t (13:35)
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This calcul ation is app roximate becau se it refer s to

continuous ope ration asses sed from time average s

and does not co nsider existenc e of stratific ation and

the co nsequences of he at loss. A more exact calcul a-

tion can be made from the discr etized model of the

storage tank with due regard to heat loss [56,106,1 07].

In indire ct storage systems (Figur e 13.30b), the

tempe rature of hot water entering the store TT can

be calcul ated from the effectiven ess H of the he at

exchanger ( _mmc c pc � _mmT CPT ):

TT, in ¼ TT ,out þ H ( T c, out � TT, out ) (13 : 36)

The relationshi p corres pondin g to Equation 13.34

can be written wi th the respect ive values of TT,in and

TT,out .

In the case of stratifie d heat storage the mass flow

rate of the collector medium is held during ch arging

at a relat ively low v alue for the purpo se of gett ing as

high a value of Tc,out exit tempe ratur e as pos sible. A

disadva ntageous consequen ce (see Figure 13.25) is

only moderat e effici ency.

W ith a well- mixed heat stora ge system, the tem-

peratur e of the water in storage is practi cally unifor m.

Mixin g of the wat er can be prod uced by several (even-

tually simulta neous) effe cts. These are a large mass

flow rate and inlet velocity, horizont al locat ion of the

tank, in an indir ect syst em the he at exch anger located

at the bottom of the tank, ba ffle plate s in the tank,

and the use of a circulati ng pump for mixi ng.

In the course of charging the perfectly well-mixed

heat storage, the temperature of the mass of the water in

storage and the temperature of the water returning

to the collector rises (see also Section 13.6.3). As a

consequence, the collector works at an ever-increasing

temperature level with an ever-decreasing efficiency.

However, its long-term efficiency is not necessarily

lower than that of stratified storage collectors, although

these receive, during a major part of charging, an
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entering fluid of low temperature. That is, the mass

flow rate of the working medium can be considerably

greater in collectors of well-mixed heat storages as there

is no interest in a significant increase of fluid tempera-

ture in the collector. With a higher mass flow rate,

however, the efficiency of the collector will increase

(see Figure 13.26). Taking the usual daily 6–8 h char-

ging time, stratified heat storage and well-mixed heat

storage are about equal from a thermal point of view.

In the operation of a solar dryer, techn ologica l

interest is attach ed to a suffici ently high tempe rature

of the fluid leavi ng the colle ctor for preheat ing the

drying air. At the same time, during certa in periods of

operatio n, simulta neous acti ons must be carried out

for chargi ng the store and for drying (see Figure

13.31). Conse quently , the mass flow rate of working

medium of the collector must be lim ited to reach the

necessa ry exit tempe ratur e of the colle ctor. Ther efore,

in the operatio n of solar dr yers, the stratifie d he at

store is prefer red.

In solar dryers with air-type co llectors rock-bed

storage (crus hed stone or pebbles of 2–4 cm size) is

used most co mmonly . When selecting the mate rial for

the rock or pebble bed, amo ng othe r consider ations ,

there is the que stion of the pressur e drop across the

bed. The flow resistance of a pe bble is usuall y smal ler

than that of crushed rock. Uniform pebb le or rock

size must be chosen to obtain unifor m air dist ribution

in the bed . The necessa ry mass of rock-bed or pe bble-

bed he at storage is typicall y abou t threefold that of

water- type he at stora ge.

Because of the point contact between the particles in

the rock bed, the heat conduction is negligible. There-

fore, rock beds work practically as stratified heat stores

no matter the arrangement for air inlet and exhaust.

Duri ng chargin g of the rock-bed he at store, the

cooling of the air at the entry spot takes place within a

layer of a certa in thickn ess. If the en try tempe rature

of the air was co nstant, this layer of changing
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tempe rature woul d pus h down deep er and deep er

(Figur e 13.32). How ever, because dur ing the day

periods of varyi ng radiat ion intensit y occu r, it is

possibl e that dur ing c ertain periods of the day the

tempe rature of entering a ir is lower than that of

the he at-storin g mate rial at the place of entry. In

this case the air in the entry layer co ntinues to get

warmer and deliv ers the earlier stored he at into dee-

per layer s of the storage, to a low er level of tempe ra-

ture, and en larges the wi dth of the layer of chang ing

tempe rature. The princip le of app roximate calcul a-

tion of rock- or peb ble-be d heat stora ge is simila r to

that of a stratifie d water-type heat stora ge. Figure

13.11 present the arrange ment of solar dryers

equipped wi th peb ble-bed he at stora ge.

Bet ween water an d soli d-bed he at storages there is

a so-cal led trans itional option hea t storage with the

aid of fluid -filled cans. An e xample of this is shown in

Figure 13.5. In he at storage devices warmed by a

workin g fluid , phase-c hange mate rials can also be

used [38, 39,101 ,102]. Phas e-change energy storage

has tw o main advantag es. One advantag e is that the

energy stored per unit volume of the store is signi fi-

cantly greater than that for pe bble-be d heat stora ge,

for exampl e. One of the cheapest mate rials wi th good

workin g cha racteris tics [109] is Na2SO 4�10H 2O; wi th

this the pro portion of stored energy is ab out fourfo ld

(latent heat l ¼ 251 kJ/kg; phase-c hanging tempe ra-

ture, 32 8 C) . Als o, the fixed pha se-cha nge tempe rature

reduces tempe rature varia tions.

The ap plication of phase-c hanging materials

(PCM ) also involv es certain prob lems. Eutectic salt s

are suscep tible to phase separat ion [110, 111]. To

avoid this [38,112] it is desirab le to make the PCM

contai ners thin (Figur e 13.33) . Anothe r phase-c hange

material is pa raffin wax ( l ¼ 20 9 kJ/kg) . Its disad-

vantage is inflamm ability.

A general problem with PCM stores is the fabri -

cation of an inexpensi ve casing resi stant to corrosio n.
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For some PCMs, degrada tion has been experi enced

over the course of repeated cycli ng. The choice be -

tween phase change and sen sible he at stora ge must be

made on economic grounds.

Heat stora ge by ch emical react ions has also been

studied [56, 112,11 3]. These methods have not pro -

gressed beyo nd the experi menta l stage and do not

appear applic able for solar drying applic ations.

Ener gy stora ge in adsorbent bed s can be ap plied

to solar dryers because air of reduced humidi ty co n-

tent leaks from the adsorbent . Silica gel, activated

aluminu m ox ide gel, zeolites, and various molec ular

sieves can be used as adsorben ts [27,29,11 4]. Deta iled

analys es a nd optim ization proced ures are know n for

energy stora ge in timber dryers [29] and garlic dryers

[12]. The ap plications of adsorbent energy stora ge are

also found in complex syst ems [25] . Althou gh the

advantag es are undisput ed, the costs of adsorben ts

and the auxiliary equipment are consider able.
13.6 SIMULATION OF SOLAR DRYERS

13.6.1 PURPOSE OF S IMULATION

Simulati on is an impor tant tool for design an d ope r-

ation control [200, 201,22 0]. For the designe r of a

drying system, simulat ion makes it possibl e to find

the optim um design and operating parame ters. For

the designe r of the co ntrol system, simulat ion pro-

vides a means to devise control strategies and to

analyze the effects of disturbances.

13.6.2 METHODS OF SIMULATION

Various simulation models for solar processes have

been reported. They differ mainly in the assumptions

made and strategies employed to solve the model

equations. A majority of the models refer to solar

heating [115–117]. One widely used simulation pro-

gram is the TRNSYS [56,118]. The f-chart method for

solar heating of buildings is also well known

[56,119,120]. Other relevant references are design of



closed- loop solar syst ems [121], co ntrol and optim iza-

tion [117] , and process sim ulation based on a stochas -

tic model [58] and for a resi stance netw ork [56,122].

Selcuk et al. [5,123] describe the simulation of a

shelf-type dryer. Close [124] worked out the simulation

of an air-type solar drying system equipped with gravel-

bed heat storage using a 10-node discretized model

for the heat storage and forward finite difference tech-

nique for solving the equation system. Imre et al.

[25,125] presented a simulation of solar dryer for alfalfa.

Dagu enet [187, 188] elabora ted a simplified meth-

odology for the calcula tion of solar -assist ed convect-

ive dryers co nsidering the mete orologi cal conditio ns.

Norto n and Hob son [189] suggest ed a finite difference

numeri cal analysis for chimney -type solar dryers for

drying crops. Tigu ert and Pui ggali [190, 191] publis hed

a pe rformance model for a solar natural chimney dr yer

and are given in Figure 13.5. The one-dim ensional ,

concen trated parame ter model consis ts of four elem -

entary mode ls (i.e., for the co llector, for the heat stor-

age in dayti me an d in nighttim e, an d for the material

situated in thin layers in the drying space) .

Steinf eld and Segal [192] propo sed a sim ulation

model for a solar thin- layer drying pro cess includi ng

the techn ique of estimat ing the solar radiation, the

procedu re of obt aining the therm al pe rformance of a

solar air- heater, and an analysis of the dr ying pro cess

based on the Lewis analogy an d the equilibrium mois -

ture con tent (EMC ) concep t. Hasnaoui et al. [186]

elabora ted a one-dim ensional model for a solar

dryer of static thick be d.

Patil and Ward [194] prepared a simu lation mo del

for a solar -assisted bin dryer wi th and wi thout mixing

in atmos pheric air. The mod el consis ts of the pa rt

model of the solar colle ctor an d the part model of

the thick through- flow layer divide d into thin layer s.

W eitz et al. [195] prop osed a sim ulation model for

a multishel f type semi artificial solar dryer for dry ing

process es in thin layer based on Lui kov’s theo ry by

consider ing the shrinka ge of the mate rial. Mah apatra

et al. [206] elabora ted simulat ion model for direct ly

irradiat ed solar dryer with integrate d colle ctor.

13.6.3 SIMULATION MODEL OF S OLAR DRYERS

Solar dryers are therm ohyd raulic syst ems composed

of various uni ts such as colle ctor, heat stora ge, he at

exchanger, pump, ventilat or, tubes, v alves, closing

and control ling devices , and the dryer. A sim ulation

model of solar dryers is therefore made up of three

main sub systems:
� 20
1. Model of the flow subsystem

2. Model of the therm al subsyst em

3. Model of the drying volume 
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13.6.3 .1 Mo del of the Flow Subsyste m

The uni ts of the solar dryer are joined into a syste m

by flowi ng media ; therefore a model of the syst em is

best built on the flow mode l of these media [126]. The

number of flow models is necessa rily equal to the

number of worki ng media in the solar dryer.

The flow mod el serves to determ ine the mass flow

rates of the flowi ng media. In the follo wing section

the mass flow network (MF N) modeli ng method is

present ed. The M FN model of solar dryers essential ly

divide s the flow syst em into discrete parts in which the

effects causing pr essure changes are modeled by net-

work elem ents; the ne twork elemen ts are joined

accordi ng to the flow path of the medium .

Pr essure c hanges can be produced by extern al a s

well as internal effe cts. An exampl e for an extern al

effect is due to the pump or the fan. Intern al effe cts

can be the consequ ences of cross- sectional ch anges,

heat trans fer, acc eleration or deceler ation, and flow

resistance s. Some of the most impor tant MFN elem -

ents are given in Tabl e 13.2 [26].

In the MFN model the flow resistance s and pres-

sure sources are dep endent on heat flow or tempe ra-

ture. Dis cretizat ion has to be made so that over an

individu al discr ete secti on the tempe ratur e-depende nt

charact eristics can be exp ressed by lumped values

with suffici ent acc uracy. Pip es, whi ch can be taken

as isot hermal and have a constant cro ss-section can

be modeled as a single flow resistance .

Flo w resistance s are charact erized for the jth sec-

tion on the ba sis of the pre ssure drop Dpj and the

mass flow rate _mmj (see Table 13.2):

Rj ( _mm j , Tm ) ¼ Dpj _mm � 1
j (13 : 37)

For the simulat ion it is necessa ry to know the state

function s D p( _mm , T, n) of the pumps and fans used.

Figu re 13.34a shows the arrange men t of an indir -

ect system solar alfalfa dryer with water- type hea t

storage servin g simu ltaneou sly as the hot water sup -

ply [25] . (For a detailed description, see Figure 13.13. )

The syst em has tw o worki ng media . The primary

flow circuit is closed; its medium is water. The sec-

ondary flow circuit is open ; the working medium is

air. Thermal interacti on of the worki ng media of the

two circuits is carried out by a heat exchanger.

Figure 13.34b and Figure 13.34c outline the reduced

MFN model of the primary and secondary flowcircuits,

respectively. In the reduced model of the primary flow

circuit (Figure 13.34b), Rc and RH are the resultant flow

resistances of the collector and the heat exchanger,

respectively, including the resistances of the pertinent

pipe sections. (In the detailed model there are several

partial resistances corresponding to the discretization.)



TABLE 13.2
Identification of the Elements of the Mass Flow Network Model

Element Relationship Note

Flow resistances R ¼ Dp _mm�1

Tube friction resistances From Poiseuille

equation ( _mm ¼ r Aw)

Laminar flow R ¼ chL

rd2
h
A

Turbulent flow R ¼ 2fL
rdhA2 _mm From Fanning equation

Shape resistance R ¼ §
2rA2 From Dp ¼ §

r

2
w2

Jump-like change of

cross-section

R ¼ jB
_mm

2r
1
A2

1

� 1
A2

2

� �
jB: Borda–Carnot coefficient

Pressure sources

Centrifugal pump and fan Dp ¼ A þ B _mm þ C _mmn Equation of the characteristic

Change of cross-section

(A1 � A2)

Dp ¼ _mm
2r

1
A2

2

� 1
A2

1

� �
From Bernoulli equation

Hydrostatic pressure source Dp ¼ rg (z1 � z2) z1, z2 level heights

Closed thermosyphon loop Dp ¼ g f r(T(z) )dz T(z): temperature as a function

of the level height z

Heat input pressure source

between points 1 and 2 of a

pipe (A ¼ constant)

Dp ¼ R

(cp)av

rav

fh

_mm
� _mm2

2A2

1

r1

� 1

r2

� �� �
From enthalpy balance equation

Acceleration pressure source Dp ¼ raL r ¼ constant

Mass flow source (independent) _mmr�1 ¼ constant Volumetric pump

Tank

P

A
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To hot
water
consumers

Cold water
in Pump
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FIGURE 13.34 Solar-assisted indirect drying system for alfalfa: (a) scheme of system; (b) reduced mass flow network model

of the fluid; (c) reduced mass flow network model of the airflow system.
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In Figure 13.34b, Rd is the flow resistance of the forward

pipe section, R1 through R4 are the variable shape res-

istances of the control valves, and Dp is the pressure

source due to the pump.

In the mode l of the secondary flow circuit, Dps is

fixed by the atmos pheric pressure , Dpf is the pressure

source of the fan, RH is due to the heat exch anger,

and Rin and Rout , respect ively, are the inlet and outlet

flow resi stance s of the dryer its elf. RB refer s to the

varyin g flow resi stance of the be d with thickne ss

changing over time.

The syst em of equatio ns of the MFN model co n-

sists of the nodal eq uations (Equati on 13.38) , the loop

equati ons (Equati on 13.39), and the branch eq uations

(Equati on 13.40). If the netw ork contai ns m numb er

of independen t noda l poin ts, i num ber of bran ches for

each node , l numb er of independen t loop s, and j

number of branches for each loop, the eq uation sys-

tem can be writt en in the form

X
i

_mmi

 !
m

¼ 0 (13 : 38)

X
j

[ Dpj þ D p( _mm , T , n)] I ¼ 0 (13 : 39)

Dpj ¼ Rj ( _mm j , T ) _mm (13 : 40)

The tempe ratur e-depend ent elem ents of the MFN can

be identified from the therm al subsystem model.

13.6.3 .2 The rmal Subsyst em Model of the

Pr imary Circui t

The therm al sub system model of the prim ary circui t

consis ts of the mode ls M of the co llector Mc , the he at

exchanger MH , and the heat stora ge M T , in acco rd-

ance wi th the mod e of ope ration. The modes of ope r-

ation are as follows (Figur e 13.35):
FIG

� 20
M ode I: Valves 2 and 3 are closed, an d 1 and 4 are

open ; the air pa ssing throu gh the heat excha n-

ger can be preh eated by the wat er coming from

the collector (see also Figure 13.34a).
I II

MC MC

MT MTMH

URE 13.35 Thermal subsystem models according to the operat
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Mo de II: Valve s 1 an d 3 are closed, and 2 an d 4

are ope n; the water in the tank can be heated by

the spiral pipe P.

Mode I þ II: By partial closing of valves 1 and 2

modes I and II can be maintained simultaneously.

Mo de III: Valves 1 an d 4 are closed, and 2 and 3 a re

open ; colle ctors are not ope rated. The wat er of

the tank is led to the he at exchanger of the dryer.

(A is the auxiliary heater ; see Figure 13.34a .)
13.6.3 .2.1 The rmal Mod el for the Col lector

The model of the collector can be built according to

different model concepts. A detailed description of heat

flow network model is given in Section 13.5.1. The

equations of this model are given in Equation 13.30.

13.6.3 .2.2 The rmal Mod el for the Heat Exch anger

The therm al model MH of the wat er–air heat exchan -

ger of the system outlin ed in Figure 13.34a serves to

determine the outlet tempe ratur es TF
’’ and TA

’’ of the

working media , when the inlet tempe ratur es and the

thermal cap acity flows _CC ¼ _mmcp in modes I, I þ II, and

III are known. Bec ause eventual trans ients are slow ,

the effect of the therm al capacities is disre garded.

Effect ivenes s H of the hea t excha nger as a func-

tion of the rati o _CCA / _CC F must be known for the calcu-

lation. For an adiabat ic heat exchanger,

T 
00

A ¼ T 
0

A þ H ( T 
0

F � T 
0

A ) (13 : 41)

T 
00

F ¼ T 
0

F � H
_CCA

_CCF

( T 
0

F � T 
0

A ) (13 : 42)

13.6.3 .2.3 Model for Heat Storage

For the dryer in Figure 13.34a , the tank of the warm

water system of the farm is used a s he at stora ge. The

emerg ency energy source A is built into the tank.

The he at stora ge is of the well-mixe d type. The

model for he at stora ge serves for determ ining the

outlet tempe ratur e TF2 of the colle ctor working med-

ium and the temperature TT of the water in store. The

equations of the storage with CT ¼ MTcp at any time,

for the case of _CCc ¼ _mmcdp hot water consumption, are
I + II III

MC

MH MT MH

ing modes of the solar dryer.



CT

d TT

d t
þ _CCc ( TT � Tw ,in )

¼ _CCF ( TF1 � TF2 ) þ f  A þ f  T (13 : 43)

TF2 ¼ TT þ ( TF1 � TT ) exp � hA

_CCF

� �
(13 : 44)

where Tw,in is the tempe ratur e of en tering water, fA is

the heat flow rate of the auxiliary energy source, fT

is the rate of heat loss from the storage tank, TF1 is

the tempe ratur e of wat er from the colle ctor, and

A is the heat transfer surface of coil heater .

13.6.3 .2.4 Mod el for the Cont rol System

The control stra tegy of dryer ope ration must be

known for the simulat ion of the syst em, an d the ope r-

ating model for the control syst em ha s to be built into

the sim ulation model. The model contai ns the co ndi-

tion syst em of the ope ration mode change, with the

values of resistance s R1, . . . ,  R 4 (see Figu re 13.34b)

ordered to the corres pondin g poin ts of tim e or to the

limit values of the state charact eris tics of the working

media of the mate rial to be dried and of the atmos -

pheric states. An adva ntageous solut ion is optimu m

control by sampl ing, using micr oprocessor s (for opti-

mum tempe rature con trol, see, e.g. , Ref . [127] ).

13.6.3 .2.5 Coupl ing Equ ations

Insofa r as heat losse s from the pipes be tween the units

are disre garded, the tempe rature of the medium leav-

ing the preced ing unit is equal to the inlet tempe rature

of the adjoini ng unit:

Tc , out ¼ T 
0

F Tc , out ¼ T F1 T 
0

F � TF1 (13 : 45a)

Tc , in ¼ T 
00

F Tc ,in ¼ TF2 T 
00

F � T F2 (13 :4 5b)

If the heat losse s from the con necting pipes are taken

into co nsideration [45], further compo nent mod els

must be de veloped for de terminat ion of the losse s.

In this case the cou pling equ ations are interprete d

for the relation of loss part models and the models

of the units . If the loss heat flow rate of the colle ctor–

storag e pipe is fC � T , that of the stora ge–collec tor

duct is fT �C and those of the colle ctor-he at excha n-

ger-co llector pip es accordi ngly are fC� H and f H�  C ,

respect ively, and the coupling equatio ns betw een the

units can be written for the different modes of ope r-

ation on the basis of the enthal py balance e quations

T 
0

F ¼ Tc , out �
fC � H

_CCF

(13 : 46a)

TF1 ¼ T c ,ou t �
fC� T

_CCF

(13 :4 6b)
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Tc, in ¼ T 
00

F �
fH � C

_CCF

(13 : 46c)

Tc , in ¼ TF2 �
fT� C

_CCF

(13 :46 d)

In the combined mode I þ II of ope ration , the inlet

tempe ratures can be de termined from the mixing e n-

thalpy ba lance eq uation.
13.6.3 .3 The rmal Subsyst em Model of the

Sec ondary Circuit

The airflow circuit of the syst em in Figure 13 .34a is

open; thus the ope ration of the dryer doe s not react to

the ope ration of the primary circuit. In the case of

solar dry ers, with parti al recir culation of the drying

air [25] , the conditio n of the air enteri ng the dry er

depend s on the operati on of the dryer itself. Accor d-

ingly, with recir culating syste ms’ dryer operatio n re-

acts on the pr imary circuit and the calcul ation of the

primary and secon dary circui t must be coupled.

13.6.3 .3.1 Model for the Dr yer

In this system the therm al model of the secondary

circuit contai ns the heat exchan ger part mo del MH

and the dryer part model MD. Usin g the he at exch an-

ger Equation 13.41, the inlet air tempe rature of the

dryer ca n be de termined; the solut ion of the MFN

model equ ation system in Figure 13.34b gives the

mass flow rate of the drying air _mma. Thick ness and

initial stat e of the material in the dryer can be con -

sidered as given. For the simu lation of stat ic bed

dryers , different methods are used [128–1 30].

In the dr ying space of the system in Figure 13.34a ,

the drying of a lfalfa takes place in a stat ic bed so that

a new wet layer is laid on that alrea dy dried until the

maximum layer thickness (approximately 6 m) is

reached. Thus the thickness of the bed grows; conse-

quently the value of the air mass flow rate belongs

only to the thickness of the given layer of material (to

RB; Figure 13.34c). Owing to the net weight of the

layers laid one above the other, the porosity of the bed

is not constant, either. The bed porosity, the heap

density of the alfalfa, and the specific phase contact

surface also depend on the thickness of the bed.

The model assumptions regarding alfalfa drying

are as follows:
1. The drying of leaves and stems are

modeled separately (two-component model:

k ¼ 1, 2).

2. The internal moisture-conduction resistance in

the leaves and in the crushed stems is disre-

garded.



� 20
3. The alfa lfa bed is divide d into discrete layer s

along the he ight z , a nd within these layer s the

temperatur e Tk and mate rial mois ture co ntent

Xk are characteriz ed by lumped values .

4. In the discr ete layer s the airflow rate is divide d

proportio nally to the dr ying surfaces of the

componen ts.

5. The mixe d mean stat e of the air leavin g the

componen ts is regarde d as standar d for the

state of the air enterin g successive layer s (Xav ,

Tav , enthal py).
1.5

1.0

30
35
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Ta, in
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�

�
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�
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Stalk

� ��

I−Bottom layer
II.−Top layer
The equ ation system descri bing the dryer mod el

for a given elem entary layer of the bed [25,125,1 31] is

as foll ows: moisture mass balance for the mate rial,

@ Xk

@t
¼ �bk ak (X k � Xe , k ) (13 : 47)

enthal py balance for the material ,

@ Tk

@t
¼ hk ak

ck r k

( Ta � T k ) �
bk ak r

ck

( Xk � Xe , k ) (13 : 48)

moisture mass ba lance for the air,

@ xk

@ z
¼ A

sk ak

_mma ,k
( xe , k � xk ) � A

�a j  k

_mma , k

@ xk

@t
(13 : 49)

enthal py balance for the air,

@ Ta ,k

@ z
¼ ak A

_mma, k c pa

[ sk (xe , k � xk )c pw þ hk ](T k � Ta )

� A ra j  k

_mma ,k

@ Ta, k

@t
þ (1 � jk ) bk A r  k

_mma ,k c p,a
(13 : 50)

equati on of de sorption isot herms ,

f ( Xe ,k ,xe , k , Ta ,pw , pb ) ¼ 0 (13 : 51)

The values of drying and mate rial characteris tics (sk,

bk, ak, bk, j  k, c k, rk, and sorpti on isot herms ) in the

equati on system of the dryer model must be deter-

mined by e xperiment [132].
0.5

0.0
0.0 12.0

25

24.0 36.0
T.h

�

� �

Xa= 10.5 · 10−3 kg/kg

13.6.4 STRATEGY OF S OLUTION

Numer ical solution of the syst em of equ ations

above can be obtaine d by discr etiz ation in time

[25]. The main steps of the so lution process are as

follows :

FIG
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1. Data input, calculati on of constant network

elements and charact eristic s

2. Selection of time step

3. Solution of the workin g model of the pro cess

control system on the basis of the initial stat e;

determinat ion of mod e of operati on

4. On the basis of the initial state T(k), calcul ation

of the depen dent network elem ents an d charac-

teristics

5. Genera tion of the MFN models corres ponding

to the mode of ope ration

6. Solution of the MFN models for the subseque nt

period; determinat ion of _mmF
(kþ 1) an d _mma

(kþ 1),

for exampl e by the New ton–Rap hson method

7. Solution of therm al comp onent models on the

basis of _mmF
(kþ1), _mma

(kþ1), and the initial state T(k)

(for the collector, the finite time-element scheme

see Ref. [31]; for the storage, the finite difference

scheme can be applied); determination of the

temperature of air entering the dryer

8. Solution of the equations for the dryer by

applying an implicit finite difference scheme;

determination of material temperature and

moisture distribution in the bed
13.6.5 RESULTS OF SIMULATION

As an example, the results of simulation of the dryer

in Figu re 13.34a are present ed [25]: the thickne ss of

the fresh alfalfa layer in the bed, z ¼ 0.3 m; the

discretized layer thickness, Dz ¼ 0.075 m; time step

for collector Dtc* ¼ 0.5 h, for the dryer, Dtd ¼ 0.1 h;

air mass flow rate density, _mma ¼ 0.171 kg/s�m2. After

leaf wilting, _mmc (dry basis) for leaf is x1(0) ¼ 1.47 kg/

kg; for stem, x2(0) ¼ 1.62 kg/kg. Air inlet tempera-

ture Ta,in as a function of time and the drying curves

are given in Figure 13.36. As can be seen from the
URE 13.36 Drying curves of alfalfa.



TABLE 13.3
Drying Data for Some Agricultural Products

Product Moisture Percent (wb) Drying Air
figure, the drying rates for the leaf and stem are

substa ntially different . In the top layer of the bed,

the stem reaches x2 ¼ 0.14 kg/kg moisture co ntent

in abou t 42 h. Under the cond itions given, drying can

be carried out in 2-d cycles .

Temperature (8C)

Initial Final

Bananas 80 15 70

Barley 18–20 11–13 40–82

Beets 75–85 10–14 —

Cardamom 80 10 45–50

Cassava 62 17 70

Chilies 90 20 35–40

Coffee seeds 65 11 45–50

Copra 75 5 35–40

Corn 28–32 10–13 43–82

Cotton 25–35 5–7 —

French beans 70 5 75
13.7 DIRECTION AND CONTROL
OF SOLAR DRYERS

13.7.1 AIMS OF THE DIRECTION AND CONTROL

The direction and control of solar dryers aim to en-

sure the eco nomica l operati on of the dryer in ev ery

stage of the drying pro cess consider ing the actual state

of the material under dry ing as well as the actual

meteo rological conditi ons [177] .
Garlic 80 4 55

Grapes 74–78 18 50–60

Green forages 80–90 10–14

Hay 30–60 12–16 35–45

Longan 75 20

Medicinal plants 85 11 35–50

Oats 20–25 12–13 43–82

Onions 80–85 8 50

Peanuts 45–50 13 35

Pepper 80 10 55

Potato 75–85 10–14 70

Pyrethrum 70 10–13

Rice 25 12 43

Rye 16–20 11–13

Sorghum 30–35 10–13 43–82

Soybeans 20–25 11 61–67

Spinach leaves 80 10

Sweet potato 75 7 75

Tea 75 5 50a

Virginia tobacco 85 12 35–70

Wheat 18–20 11–14 43–82

aAt the end of drying, for 2–3 h 1008C.

Source: From Mahapatra, A.K. and Imre, L., Int. J. Ambient

Energy, 10(3), 163, 1989.
13.7.1.1 Economy Aspects

The economic analysis of solar drying is presented in

Sectio n 13.4. In this secti on economy aspect s are

interpreted in connection with the direction and con-

trol only. To fulfill the requirements of a good econ-

omy the savings should be increased and the costs

should be reduced.

Utilizing solar energy for drying is not simply a

method for saving conventional energy carriers but a

technology for producing dried materials of high qual-

ity. This aspect is especially important when drying

materials sensitive for quality deterioration. Products

serving human and animal foods are generally

very sensitive and their main characteristics (i.e.,

color, smell, taste, shape, nutritive, and other internal

substances) are highly dependent on the thermal and

sorption history of the material from the harvesting to

the preserved state and on the time interval of drying.

In Table 13.3 drying data are given for some agricul-

tural products. Cereal grains and grain legumes need

to be dried from an initial moisture content of about

30% (wet basis) at harvest to a level of 12%. Leafy

green vegetables and fruits have an initial moisture

content of about 60–80% to be reduced to the range

of 10–25% for safe storage. Safe drying air temperat-

ures are of 35–608C and for some products these

temperatures are higher at the end phase of the drying.

The quality of the dried products has an effect on

the economy by influencing the marketing capability

and income of the products because a higher price can

be achieved by better quality. To ensure the required

preconditions for drying of such sensitive materials a

technological direction and process control is needed.

The loss in quality of the dried product should be

considered as a saving of negative value [176].
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One of the main components of savings for semi-

artificial and solar-assisted dryers is the price of the

conventional energy carriers substituted by solar en-

ergy. It should be emphasized that the solar energy

utilized by the solar dryer is not equal to the energy

collected by the solar collector and transferred into

the drying air but the energy effectively used in the

drying process. The energy effectiveness of solar

dryers depends also on the exit energy losses, which

can be reduced by applying a proper direction and

control strategy. In the case when the energy effect-

iveness of a given solar dryer is lower than that of a



conventional one a negative value in savings should

also be considered.

The possible savings and the investment and

maintenance costs of solar dryers are interdependent.

Well-directed solar dryers need higher costs. Inexpen-

sive, simple, and unsophisticated solar dryers, gener-

ally, have no appropriate devices for direction and

control. These types of solar dryers are of great im-

portance first of all for country use, for substituting

open-air drying of nonsensitive materials and elimin-

ating the well-known disadvantages of natural drying.

Solar dryers of high performance or for drying of

quality-sensitive materials should be well directed. The

higher investment and maintenance costs can be bal-

anced by the better quality of the dried product and by

the longer annual operation time. The annual oper-

ation time can be extended when drying materials of

long growing time and several harvests in a year (e.g.,

meadow grass, alfalfa) or in cases of solar dryers ap-

plicable for drying of various materials having differ-

ing ripening times, one after the other (e.g., herbs,

medicinal plants, spices and aromatic plants, seeds).

Another way for year-round utilization is the multi-

purpose application of the solar energy converter of

the dryer when, in the idle periods of drying, the solar

energy collected is utilized for other technological pur-

poses (e.g., for satisfying technological hot water de-

mands of an agricultural farm). These complex

systems should have appropriate direction and control

devices to realize an economical operation strategy.

13.7.1.2 Strategy of Direction

The strategy of the direction should be elaborated by

taking into consideration the drying characteristics of

the material and the regulation possibilities of the solar

dryer to be used. In the knowledge of the drying char-

acteristics of the materials to be dried (i.e., sorption

isotherms, drying curves) the appropriate schedule of

the drying operation should be elaborated and, using it

as a basis, the possiblemethods for interventions should

be determined. Even in case of the most simple solar

dryers somemethods in the direction are recommended.

13.7.2 DIRECTION AND CONTROL ACTIONS

13.7.2.1 Direction of Drying Operation

Direction includes actions that are required for the real-

ization of an appropriate drying process in the dryer

(i.e., to follow with attention the actual state of the

material under drying) and determine and execute the

necessary interactions by applying a direction strategy.

The first phase of the drying to be directed is the

feeding of fresh material into the dryer. It should be
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emphasized that the good quality of the fresh material is

a precondition of the good quality of the dried product.

This action should be in harmony with the ripening

state of the material and the point of views of the drying

should be asserted in the harvesting technology.

The main direction actions of the drying process

can be summarized as follows:
1. Feeding fresh material into the dryer

2. Turning or tedding the layer of the material

under drying occasionally in the case of un-

sophisticated (e.g., tent type) dryers

3. Regulating the airflow rate

4. Regulating the recirculation of the air

5. Regulating the intermittent drying process

(determining the beginning and the interval

of the break)

6. Separating the solar dryer from the atmos-

phere in the night and in rainy weather when

no auxiliary energy source exists

7. Regulating the operation of the auxiliary

energy source

8. Distribution of solar energy collected inside

the drying space and between the cells in the

case of multicell solar dryers

9. Determining the mode of operation in the case

of complex and multipurpose solar dryers and

ensuring the optimal distribution of solar

energy collected between the dryer, the stor-

age, and the other heat consumers

10. Regulating the operation of storage in the

case of solar dryers with heat storage

11. Determining the appropriate inlet tempera-

ture of the drying air in the different stages

of the drying process
13.7.2.2 Control of Drying Operation

Control actions of the drying operation are concerned

with holding the given values of some operational

parameters determined by the direction strategy.

The main control actions are as follows:
1. Temperature control of working mediums

2. Relative humidity control

3. Mass flow rate control of flowing mediums

4. Switch in and out devices (e.g., fans, humidi-

fiers, valves or dampers, auxiliary heaters)

when the limit values of some parameters occur

5. Control of charging the thermal storage of the

system

6. Control of the rate of drying

7. Control of the recirculation

8. Control of the intermittent drying process



13.7.3 PRINCIPLES OF THE DIRECTION

13.7.3 .1 Di rection Strategy of Static

Be d Solar Dryers

For the drying pro cess with forced convecti on in

a static bed, the static be d is gen erally arrange d in a

drying ch amber and the heat is trans ferre d from the

drying med ium to the mate rial by convecti on. In

through- flow dryers air is led below the layer and

flows upwar d through the bed.

The state of the mate rial to be dried in a static bed

can be approxim ately ch aracterize d by the change of

state of the drying air flowi ng through the bed. The

change of state of the air can be foll owed in the

enthal py (h) and ab solute mois ture co ntent ( x) chart

of M ollier.

In Figure 13.37 the h�x diagram for an ope n-cycle

drying process is present ed. The actual state of the

atmosp heric air is rep resented by 0. Suppos ing that

the mass flow rate of the air is _mm , he at flux into the

air is fh, the tempe ratur e increase of the air can be

calcula ted:

Dt ¼ t1 � t 0 ¼
fh

cp _mm 
(13 : 52)

where cp is the specific he at capacit y of the air. The

tempe rature of the air entering the dryer is t1. Sup-

posing furt her that the drying by convecti on is nearly

adiabat ic, the change of stat e of the air in the be d is

approxim ately of h1 ¼ const. The air will approxi-

mate the equ ilibrium relat ive hum idity Ue of the ma-

terial and the absolut e mois ture con tent of the air will

increa se by Dx (in Figu re 13.37, point 2). The mass
U11

0 2

2*

Ue

U2*

U = 1

h

t

t1

t o

ho

Δx

xo x2 x

t2
h1 = const.

t2*

FIGURE 13.37 Change of state of the air in an open-cycle

drying process in h–x chart.
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flow rate of evap oration N from the mate rial can be

express ed indirectl y:

N ¼ _mmD x (13 : 53)

and the energy flux practicall y con sumed for drying is

fD ¼ _mm Dxr ¼ Nr (13 : 54)

where r is the total hea t of evap oration of the wat er

from the material under drying. The fD value can

also be expressed by the temperature difference of

the air:

fD ¼ _mmcp(t1 � t2) (13:55)

When the material to be dried has a quasiconstant

rate period between the initial integral moisture con-

tent W0 and the first critical moisture content Wcr,1

the drying rate curve N(W) has the shape given in

Figure 13.38. In the figure the temperature curve t(W)

is also given. In the constant rate period the tempera-

ture of the material approximates the wet bulb tem-

perature twb and remains practically constant (tm ffi
twb ¼ const). In the falling rate period the tempera-

ture of the material will approximate the dry bulb

temperature t1.

The moisture distribution in the bed of a thickness

Dz can qualitatively be characterized by the curves in

Figure 13.39 given for the diff erent stage s of drying.

For time t ¼ t1 from the beginning, the upper layer

of the bed above point 1 is almost of the initial

moisture content. Drying of the surface layer starts

at time t ¼ t2 and will be continued with approxi-

mately constant rate until the moisture content of the

surface layer will be reduced to the first critical (Wcr,t)

value t ¼ t3. In time interval t < t3, fD remains
N

t

t1

twb

We,1 Wend Wcr,1 Wo

K1

W

N(W )

t(W )

FIGURE 13.38 Typical drying rate and temperature curves

of materials having constant drying rate period.
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FIGURE 13.39 Moisture distribution in a static bed at the

different stages of drying.
practicall y constant , not c onsider ing a short star ting

period. W hen t > t3 (i.e., in the falling rate period of

drying) , tm an d t2 will increa se t 2 ! t 2
�xx (see Figu re

13.37) an d, accordi ng to Equation 13 .55, the exit

energy loss of the dr yer fL ¼ _mmcp( t 2
x� t2) will in-

crease . Because of the increa sing energy loss the ef-

fectivenes s of the dryer wi ll success ively decreas e in

the fall ing rate period ( t3 < t < t 4).

13.7.3 .2 Di rection of Opera tion of Static

Be d Dryers

Consid ering the dry ing process in a static bed de -

scribed qua litatively be fore, conclusio ns for the direc-

tion can be summ arize d as foll ows.

1. In Figure 13.40 the fD (t ) function is presen ted

at con stant inlet parame ters t1, U1 for tw o diff er-

ent be d thickne sses. In the case of a thin bed (Fig-

ure 13 .40a) t2 is almos t negli gible (for t  2 see also

Figure 13 .39), t3�t 2 is the tim e inter val of the prac-

tically constant rate period, t4�t 3 is that of the fall ing

rate period. By increa sing the thickne ss of the bed

t2 wi ll increase, t3�t 2 and t4�t  2 intervals remain
2

fD fD

fD(t)

t2 t3 t4
t

3

(a) (b)

FIGURE 13.40 Energy flux consumed for drying in the functio
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practicall y constant (Figur e 13.40b) . The energy

effecti veness of the dryer (taki ng fh a s con stant)

e ¼ fD

fh

(13 : 56)

is the functi on of the tim e. For the time inter val of

drying t4 the average va lue of e is

eav ¼
1

t4 fh

ðt4

0

fD ( t ) dt (13 : 57)

The eav can be increa sed by increa sing the thickne ss of

the be d (see the ratio of the da rk and whi te areas of

Figure 13.40a and Figu re 13.40b) .

2. Though by increasing the layer thickne ss the

energy effecti veness of the dryer c an be improved ,

another effe ct has also to be taken into consider ation.

Since the time inter val t2 wi ll be longer, this method is

not advan tageous for mate rials sensi tive to quality

deteriorat ion because the loss of inter nal sub stance s

is directly pro portion al to the time passed from the

harvesting to the preser ved stat e. For the mate rial

situated in the upper layer of the bed, drying will

start after a lon ger tim e an d some deteri oration may

occur. To solve this con tradictio n in the economy

requir ements, drying should be started with a fair ly

thin layer thickne ss. The thickne ss of the be d should

be increa sed from tim e to time by feedi ng success ively

a new fresh layer in at t ¼ t3. Thi s multila yer feeding

method can be ap plied when the harvest ing can also

be fulfil led success ively (e.g ., in case of drying

meadow grass or alfa lfa in a solar drying- storing

barn). In this case the task of the direction is to

determine the time points of t3. Obser vation of t 3 is

possible with a fairly good approxim ation by meas-

uring continuously the temperature t2 and the relative

humidity U2 of the air leaving the bed.

3. Exit energy loss can be reduced by the multi-

layer feeding also in case of materials not having a
fD(t)

t2 t3 t4
t

2 3

n of time: (a) thin bed; (b) increased bed.
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FIGURE 13.42 fD(T) function for intermittent operation.
constant drying rate period at all. As it can be seen

from Figu re 13.41, by feedi ng new layers in a fter the

time inter vals of Dt , the value of eav will be much

higher than that of the single process es fulfilled one

after the oth er.

4. Anothe r wel l-known direction method is the

applic ation of intermittent operati on in the falling

rate period of drying (Figur e 13.42). The first dry ing

interval of Dt1d is foll owed by a break of Dt  1b and

so on ( Dtd �Dt  b, . . .  ).  During the break the uneven

moisture dist ribution inside the mate rial tend s to

equali ze and, in the next drying interval, the dry ing

rate will be higher again. This way eav can be in-

crease d and the electrica l energy consu med for driv-

ing and fan can be reduced. To find the be st

combinat ions of the drying pe riods an d the breaks,

an optimizat ion problem ha s to be solved. For opti-

mization the drying cu rves of the mate rial, the time

functio n of the internal moisture equali zation pro cess

at diff erent integ ral moisture content s, and the tech-

nical data of the dryer itself are needed. The direction

strategy can be elabora ted by computer sim ulation

and proved by experi ments .

For solar dryers not having any heat stora ge the

utilizat ion of the solar energy collected in the break s

is a pro blem. One possibi lity is to time the break

intervals in the night. This co ndition in some cases

will not permi t fulfillme nt of the optim al stra tegy.

5. Anothe r possibi lity is to divide the drying space

into individu al ce lls (see Figure 13.10). Eac h cell

should have its own fan an d the constr uction shou ld

permit the distribut ion of the solar energy collec ted

between the cell s in an optional rati o. The inter mit-

tent drying pro cesses in the diff erent cells are shif ted

in tim e, making it possible to utilize more solar en ergy

in one cell, whereas in another cell a break is in

progres s.
fD

Δt Δt Δt Δt t

t4

fD(t)

FIGURE 13.41 fD(t) function with multifeeding in for dry-

ing materials not having any constant rate period.
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6. In the falling rate period of drying, the energy

effecti veness of the solar dryer can be impr oved by

recirculat ing one part of the air leaving the material .

This well-k nown method can be recomm ended, first

of all, for drying mate rials of lon g drying time.

A sim plified scheme of a solar dryer having a

separate d collector is present ed in Figure 13.43. Par t

of the recir culated air can be regula ted by valves 4

moving togeth er bui lt in the air duc ts servi ng for the

outlet air 5 and for the recirculat ing air 6. Airflo w of

the air duct 6 is mixed with fres h air be fore entering

the collec tor 1. The mixe d air will be preheat ed in the

collector an d transp orted by the fan 2 to the drying

chamber 3. The recirculat ed air can also be mixe d

with the fres h air preheat ed by the collector be fore

the fan (dott ed line 6*).

The princi ples of the direct ion can be foll owed in

an h�x diagra m (F igure 13.44). The state of the fresh

air is represented by 0, the air preheated in the col-

lector (without recirculation) by 1 and, the state of the

air leaving the dryer by 2. In case of applying recir-

culation in a proportion of (b/a) _mm, the state of the

mixed air will be of M. Flowing through the collector

the air will be preheated to t1* (point 1*). Supposing

that the temperature of the material is t2 (point 2
6

1 2
6* 3

4

5

FIGURE 13.43 Simplified scheme of a solar dryer with

recirculation.
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FIGURE 13.44 Change of state of the air with recirculation

and mixing before the collector.
repres ents the state of air in equ ilibrium with the

material ), the direction of the change of stat e of the

air wi ll be of 1*2. As a resul t of the increa sed vapo r

pressur e of the air (pvl* ) the rate of drying will tem-

porari ly be de creased and the tempe ratur e of the

material wi ll increa se. The state of the air leaving

the mate rial will tend to 2*.

App lying recir culation the mate rial can be hea ted

to a higher temperatur e level than that withou t recir -

culation , wher e the rate of drying will be higher. The

operati on can be direct ed by regulating the b/ a rati o.

In the co urse of drying, tempe ratur e of the material

tends towa rd 1*. This fact has to be consider ed when

regula ting the recirculat ion.

In the case when the recir culat ed air is mixed wi th

the air leavi ng the colle ctor (see duct 6* in Figure

13.43) the airflow rate in the collector will de crease

and the tempe ratur e t1* wi ll increa se. Air tempe ra-

ture dep ends on the b/a ratio (see Figu re 13.45) . The

mixing point M will repres ent the state of the air
h

O

1

1∗

2∗

M 
∗

M

2∗

x 0 x∗
M x∗

2
x

U  = 1

FIGURE 13.45 Recirculation with mixing after the collector.
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entering the dryer and it will be situ ated betw een 1*

and 2. The pos ition of M will chan ge in the fun ction

of the material tempe ratur e (2 tends to 2*). The pos -

sibilities for drying will be sim ilar to the previous

version . In bot h cases the energy effecti veness of the

dryer wi ll be higher in spite of the great er hea t losse s

in the colle ctor and the drying ch amber. A disadva n-

tage of this syst em is the addition al cost of the air

duct 6. By applyin g a special constru ction duct 6 can

be e liminated . As an example the solar timber drye r

present ed in Figure 13.6 can be consider ed.

The direct ion of the operation of such a dryer is,

princip ally, the same as that written be fore. Repre -

senting the process in a n h–x diagram, some differ-

ences aro se from the facts that the stack is pa rtially

irradiat ed by the absorber and the airflow co ntacts a

differi ng area of the absorber surfa ce before entering

the stack. To e laborate the direct ion stra tegy of solar

dryers operati ng by recirc ulation, exp eriments are

recomm ended.
13.7.3 .3 Direct ion of Solar Dry ers with

Heat Tr ansfer by Conve ction

an d Direct Irrad iation

In Figure 13.46a , a simp lified sch eme of a solar tunn el

dryer ope rating with convecti on and direct irra diation

[184,203] is present ed. A single-cove red solar colle ctor

having a transp arent coveri ng is con nected to the

drying space. In the drying space the mate rial to be

dried is arrange d in a fairly thin layer an d, through

the trans parent coveri ng, it is direct ly irra diated. Dry-

ing air is transpo rted through the co llector an d the

drying space by a fan. In rural areas the fan can be

driven by the elect ricity pro duced with phot ovolta ic

modules [226].

The operati on of the dryer can be foll owed in an

h–x psych rometric chart (Figur e 1 3.46b). In the col-

lector the atmosp heric air is he ated to the drying

tempe rature t1. In the drying space tempe rature t 1 is

approxim ately constant if the heat deman d of evap -

oration is satisfied by direct irrad iation. The state of

the air leaving the dryer is repres ented by point 2. The

rate of drying is N ¼ _mmD x, wher e _mm is the mass

flow rate of the air. Durin g the sun ny hour s of the

day the state of the atmos pheric a ir is 0 a nd the solar

irradiat ion is changing ov er time. As a consequen ce,

t1 and t2 temperatures are also varying. Neverthe-

less, the character of the change of state process of

the drying air can be represented by the line 012 in

Figure 13.46b.

Let us suppose that the temperature of the mater-

ial—and of the air in equilibrium with it—is t2 when,

in the evening, the solar irradiation stops. If the fan
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FIGURE 13.46 Solar dryer with heat transfer by convection and direct irradiation: (a) simplified scheme of the dryer; (b)

change of state of the air in h–x chart; (c) night operation.
will be stopped, too, the material having a higher

partial vapor pressure will keep evaporating. Without

ventilation the water evaporated from the material

will partially condense on the internal surface of the

covering. In the night the atmospheric temperature

will decrease (t0
x, see Figure 13.46c) and the covering

will cool down by convection and radiation. To avoid

the condensation and the possible damage to the

quality of the wet material it may seem to be advis-

able—at least in the first stage of drying—to keep the

fan in operation also in the night. As a consequence of

the evaporation and of the cooling effects the tem-

perature of the material will decrease. If the tempera-

ture decreases below the atmospheric temperature

that existed in daytime (t2
x < t0), next morning the

partial vapor pressure of the preheated air will be

higher than that of the material and, for a time inter-

val, the material will absorb some water vapor from

the air (rewetting effect). The temperature of the ma-

terial will increase by the convective heat transfer

from the air as well as by the direct irradiation of

the sun (from t2
x to t2).

13.7.2.2.1 Possible Methods for Direction

During drying, the rate of evaporation on the surface

of the layer will be higher than that in the bottom of

the layer. In the falling rate period the temperature

of the surface layer will increase over the tempera-

ture of the air stepping in the drying space from the

collector. Heat transfer from the surface into the layer

will increase and, at the same time, a part of the

energy gained by direct radiation will be transferred

into the air by convection. As a consequence, the

energy effectiveness of the dryer will decrease. The
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disadvantageous effects can be avoided by turning

the layer over from time to time. This operation

needs some handwork and can be applied only for

materials not sensitive to the mechanical effects of

turning or mixing. Without turning, the overheating

of the surface should be prevented by the appropriate

design of the dryer.

In the night, the cooling down effects can be mod-

erated by reducing the mass flow rate of the air. It can

be realized by a throttling or by using a driving motor

of variable speed. Heat losses can be reduced by

shading the transparent covering. A further pos-

sibility is the application of a solar collector with

heat storage. A heat storage pebble bed or latent heat

storage can be used. The surface of the storage

layer may serve as absorber. Application of heat stor-

age results in more sophisticated construction and

higher investment costs. Economy aspects should be

determined in each case separately.

13.7.3.4 Direction of the Operation of Tent,

Greenhouse, and Cabinet-Type

Solar Dryers

Tent, greenhouse, and cabinet-type dryers have sim-

ple and unsophisticated structure. The material to be

dried is partially or totally irradiated during drying.

Problems that may arise during the operation of such

dryers are similar to those discussed in the previous

section. The possible means of direction of the oper-

ation are also the same: turning the material over

from time to time and to close and shadow the drying

space during the night or, in some cases, to reduce the

airflow in night operation.
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FIGURE 13.48 Simplified scheme of a chimney-type solar

dryer with latent heat storage.
In Figure 13.47 a scheme of a cabinet -type dry er

for hous ehold use is presen ted to dry fruits, herbs,

and ve getables. Mater ial to be dried is arrange d in a

thin layer on a tray 1 with perfor ated bottom inside

the cabinet 2 wi th a singl e glass coveri ng 3. The air is

introd uced to the dryer by free con vection using a

black- painted meta l sheet 4 of the same surface area.

The meta l sheet serves as a secon dary uncovered

collector by increasing the inlet air tempe ratur e. The

airflow can be con trolled by the throt tling device 5 at

the air outlet . During the day the posit ion of the

dryer can be changed accordi ng to the pos ition of

the sun. At the first stage of the dry ing the sli der 5 is

open. The outlet cross- section al area of the air shou ld

be de creased accordi ng to the progres s of the dry ing

process . Thus , the airflow rate will also be decreas ed

and the tempe rature of the air increa sed. In the night,

the mate rial sh ould be shaded by posing the black-

painte d sheet 4 on the transp arent co vering of the

cabinet 2 and ha ving the slider 5 closed.

13.7.3 .5 Di rection of the Opera tion

of Chimne y-Typ e So lar Dryers

In chimney -type solar dryers the driving force of the

airflow is the hydro static pressur e diffe rence caused

by the decreas ing densit y of the preh eated air (chim -

ney effect) . Since no conven tional energy sources a re

needed , chimney -type solar dryers can effecti vely be

used as coun try dryers. For ke eping the airflow on in

the night, ch imney-ty pe dryers usuall y ha ve some

kind of he at stora ge.

In Figure 1 3.5, the constr uction of a chimney -type

solar dryer [6] is pr esented . Duri ng night ope ration

the trans parent walls 6 can be insul ated by reflecting

panels. The air duct of the c ollector shou ld be closed

and air duc ts [5] below the drying ch amber shou ld be

opened . The atmos pheric air wi ll be prehe ated by

convecti on when flowing through the heat storage

space and contact ing wi th the water contai ners.

Ano ther con struction is present ed in Figure 13.48

[178,214] . This dryer ha s a colle ctor 2 wi th a late nt
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heat storage mate rial (C aCl2 � 6H 2O) as ab sorber 4.

Two additio nal late nt heat stora ge plate s a re ap plied

[5] that are pulled out from the coveri ng of the col-

lector and are directly irra diated in dayti me. The

souther n walls, includi ng the wall of the chimney ,

are mad e of trans parent mate rial; the nor thern wal l

and the bottom 6 are insul ated. The mate rial to be

dried is arrange d on trays 7 in the drying chamb er 1

and partially irradiated. On the northern wall of the

chimney 3 a layer of latent heat storage is built in 4

that produces additional preheating effects for the air

in night operation.

As to direction of the operation the latent heat

plates 5 should be pushed below the covering of the

collector for night operation (see the figure). Since the

heat storers are directly irradiated, they can be

charged to a higher temperature level than they

could be when heating by the air. The airflow through

such dryers can be assisted by a windmill driving a fan

built in the chimney.
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13.7.4 BASIC PRINCIPLES OF CONTROL

13.7.4.1 Application of Automatic Control

13.7.4.1.1 Economy Aspects

Values of the operational parameters required by the

direction strategy can be effected automatically by

using controllers. Application of automatic control

can be justified by the possible reduction of workforce

as well as by the higher reliability compared to

manual control. Though the instrument cost is high,

its effect on economics can be balanced by the better

quality, by the better energy effectiveness, and, in case

of sophisticated solar dryers of high performance, by

the improved security of the drying operation. Econ-

omy analysis has to be done in each case separately.

13.7.4.1.2 Aspects for Designing the Control

Control systems generally consist of three main elem-

ents. A sensing element (sensor) is used for measuring

the actual value of the parameter to be controlled.

The control device serves for forming commands for

intervention, if necessary. The element for interven-

tion (e.g., a motoric valve) executes the command of

the controller.

Process control systems generally operate with a

constant set point. It should be emphasized that exact

control is not always necessary and overinstrumenta-

tion should be avoided. Solar dryers generally have

some parts of large capacities that reduce the effects

of disturbances.

For the accurate design of the control system a

detailed operational analysis is needed. The require-

ments for the design can be determined on the basis of

the information produced by the analysis. In simple

cases, the appropriate controller can be selected by

using rules of thumb. Solar dryers having various

input parameters can often be controlled by individ-

ual controllers. In cases when the control aims at

optimizing the drying operation, commands for inter-

ventions should be formed by considering several

input and output variables. For this purpose a micro-

processing control device can be applied.

The detailed description of process control theory

is beyond the scope of this chapter. In actual design-

ing problems a consultation with experts in process

control is recommended. A brief overview of the main

types of controllers is offered here (for further details,

see Refs. [179–181]).

13.7.4.1.3 Main Types of Control Systems

On–off control is the most simple and the cheapest

method and it is widely used. If the value of the meas-

ured variable is less than the set point value, the con-

troller is on. The output signal of the controller is a
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given value. When the measured variable is above the

set point, the controller is off. In solar dryers on–off

temperature controllers are used (e.g., for control of

the operation of auxiliary heaters in a water storage

tank). A disadvantage of this control system may be

the uncertain operation and, actually, some overshoot

may occur.

Closed-loop or feedback control systems operate

by adjusting automatically one of the input variables

of the process by comparing a signal fed back from

the output of the process with a reference input. The

difference serves as signal for the controller. The sys-

tem can be characterized by the transient response of

the output of the process due to some specific vari-

ations in the input. The change in input may be either

a change in the set point or in one of the load vari-

ables (e.g., uncontrolled flows and temperatures).

Two different operations can be realized. With servo

operation the aim is to follow changes in the set point.

With regulator operation the output of the process

should be kept constant in spite of some changes in

load variables.

Open-loop control systems are used when every

input variable of the process should be constant.

Open-loop control can effectively be used when a

closed control is not needed, when the change in

inputs is not strong, or in cases when the feedback

control is not good enough. The open-loop control is

called feed-forward control when one of the input

variables is measured and used for adjusting another

input variable.

13.7.4.1.4 Main Types of Control Actions

In Figure 13.49, a block scheme of a control system is

presented. In the case when the set point value x0 is

constant the control is called value keeping. If the set

point is a function of time, that is, x0(t), a signal is

needed for operating the set point device. Various

principles can be used to form commands for inter-

ventions by the controller. The basis of the methods is

the error e, which is the difference between the con-

trolled parameter (control signal xc) and the set point



Command
signal

for
intervention

Xi

Controller

Set point

Control
signal

Xc

Fan

Air
in

Air
out

Liquid
out

Pump Control
valve

Heating
liquid in Heat exchanger

Temperature
sensor

X0

FIGURE 13.50 Control schemeofa liquid–airheatexchanger.
x0: e ¼ x0�xc. Controllers have a signal-forming unit

that produces the command signal as output xi.

The proportional controller (P) produces its out-

put proportional to the error

xi ¼ K=x0 � xc= ¼ Ke (13:58)

where K is the gain of the controller. At a given

working point, the change in the output related to a

differential change in input is called the gain of the

controller.

With integral control (I) output of the controller is

proportional to the time integral average value of the

error

xi ¼
1

tR

ðtR

0

e dt (13:59)

where tR is the reset time.

The two-mode proportional integral (PI) control-

ler produces its output by addition:

xi ¼ K eþ 1

tR

ðtR

0

e dt

� �
(13:60)

Derivative control action (D) can improve the re-

sponse of slow systems when coupling parallel to

proportional control by adding an effect proportional

to the time derivative of the error. This way some

disadvantageous effects of large load changes and

the maximum error can be reduced.

The three-mode controller has a proportional and

an integral character with derivative action (PID).

The output signal of a PID controller is

xi ¼ Keþ 1

tR

ðtR

0

e dt þ tD

de

dt
(13:61)

where tD is the derivative time.

The output signal xi of the signal-forming unit will

be amplified and modified. The output of the control-

ler is the signal for intervention xv. As an example the

scheme of the automatic temperature control of a

liquid–air heat exchanger is given in Figure 13.50.

13.7.4.1.5 Selection of Control Systems

In the operation of control systems stability is re-

quired. Operation is stable when continuous cycling

will not occur. Instability could be the consequence of

the increase in the overall gain of the controller above

a maximum value. The overall gain of the controller is

the product of gain terms in a closed loop. The role of

the time lag may also be considered. Different stabil-

ity criteria have been elaborated and various rules

developed. Integral control and derivative control
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action can improve the stability of systems added to

proportional control. The final performance of a sys-

tem is affected by the characteristics of the process to

be controlled, by the operational characteristics of the

controller used, and by the nature of the disturbances

to be expected.

Operational characteristics can be described by

the response function of the system x(t) to a step

change in load. The system consists of the process to

be controlled and of the controller. The mathematical

relationship between input and output is called a

transfer function. The time tc necessary to approxi-

mate the required value within a given difference Dx

(mostly, Dx ¼ + 0,02...0,05) is called control time.

The response function of the controlled process (not

having any integrating character) can be character-

ized by the time lag t1 and by the time constant tt.

For the selection of the appropriate control systema

dynamic analysis is needed that can inform the designer

about the type of controllers really needed. Some

general recommendations follow. In cases when the

expected disturbances are strong and the control time

permitted is long enough, proportional (P) controller

can be used. PI controllers can be applied with tct1> 6.

PID controllers are recommended in the range of 4 t1<
tc< 6. For flow rate control and for level control P and

PI controllers are used; for temperature control, P, PI,

and PID controllers are mostly applied.

13.7.4.2 Control of Solar Dryer Operating with

Recirculation

With solar dryers of multicell construction the col-

lector field serves for more than one drying chamber.

Recirculation of the drying air can be directed for

keeping the inlet air temperature constant. The solar

energy saved by recirculation can be utilized for



preheat ing the air of an other drying chamber (or for

other technol ogical purp oses). In these cases the aim

of a pplying recir culation is the impr ovement of the

energy effecti veness of each dryer and, by this way, of

the system. As it can be seen from Figure 13.44,

constant inlet air tempe ratur e can be realized by the

approp riate varia tion of the b/ a rati o. A preco ndition

of su ch operation is that the point 0 (i. e., the stat e of

the atmos pheric air) sh ould be of lower ab solute

water c ontent than that of the outlet air. The sch eme

of the control is presen ted in Figure 13.51 for a multi-

cell solar dryer ha ving a liquid-t ype collector an d a

liquid– air he at exchanger. (In the figu re one dry ing

chamber is indica ted.)

Opera tion by recir culation can be reali zed by co n-

trolling the b/ a ratio and the heat input to the he at

exchanger. By control ling the a ir valves moving to-

gether (see also 4 in Figure 13.43) the ab solute mois -

ture co ntent of the a ir x1 can be ensured (accor ding to

the posit ion of the mixing point M ). The control ling

signal for the recircu lation is the wet bulb tempe rature

Twb of the inlet air. Inlet temperatur e of the drying air

is control led by the valves V of the liqui d working

medium of the collector servin g as heating (pri mary)

medium for the hea t exchanger. The control ling signal

is the dry bulb tempe ratur e (Tdb ¼ T1). The control

action can be realized au tomatica lly or manu ally.

13.7.4 .3 Di rection and Contro l of Solar Dry ers

wi th Roc k-Bed Heat Storage

For dryers having separat ed rock -bed heat storage

(see Figure 13.9) three main modes of ope ration

should be applie d:
FIG

� 20
1. Drying with air prehea ted by the collector

2. Drying and simu ltaneou sly chargi ng of the heat

storage with the air preheat ed by the colle ctor
Collector Pump

To other
heat
consumers

Vl
Heat
exchang

F

Mixed
air
(M )

T1

URE 13.51 Control of a solar dryer with recirculation.
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3. Drying with air preh eated by the hea t storage

(dischargi ng pe riod) when no solar radiation

exists
In mode of operati on 1 , damper 8 in Figure 13.9 is

open whereas da mper 9 closes the air duc t below the

heat stora ge 7. In mode of ope ration 2, da mper 9

closes the uppe r air duc t an d the air flows from the

drying sp ace into the rock be d. In mode of ope ration

3, damper 9 is in a medium position , fan 2 is out of

operatio n, and the air flows from the dryer into the

rock be d; there it will be pre heated and flown back

into the drying space in the upper air duc t.

The regula tion of the mode of operati on can be

realized manual ly or au tomatica lly. As a signal for

regula tion, the tempe ratur es of the drying space, the

outlet air of the colle ctor, an d the ro ck bed can

be used. As a con trolling signal for the ope ration

of the dampers 6, the wet bulb tempe rature or the

relative humidity of the drying space can be applied .
13.7.4 .4 Aut omaticall y Control led So lar Dryer

wi th Auxil iary Heater

13.7.4 .4.1 Cons truction of the Dr yer

The simplified scheme of an au tomatica lly control led

solar lumber kiln dryer with an auxil iary energy

source of wood resi due burn er is shown in Figure

13.52 [182]. Col lecto r 1 has a charcoal ab sorber and

a gravel-bed stora ge is arrange d below it. Airflo w

through the collector 1 is induced by two blowers 2.

Four collectors are coupled in parallel to the kiln. The

preheated air is distributed by the manifold duct 3

behind the four fans serving for the internal circula-

tion in the drying chamber 4. Four blowers 6 exhaust

humid air from the kiln through the stack 7. A part of

the air is recirculated to the collector from the drying
er

an

Dryer

Air in Air out

Air values
moving
together

T2

Tdb Twb
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FIGURE 13.52 Simplified scheme of an automatically controlled lumber kiln dryer.
chamber through the da mpered duct 8. Fresh air,

slightl y preheat ed by the black -painted roo f surfa ce,

is led into the colle ctor through duc t 9. The wood

residu al burner 12 pro duces hot air for the drying

space that is dist ributed by the manif old 10. A hu-

midifier 11 is co upled to the bur ner for us e when the

humidi ty is be low the mini mum level.

13.7.4 .4.2 Direct ion and Cont rol of the Dryer

The operatio n of the dryer is directed and co ntrolled as

follows . Sola r blow ers 2 start when the tempe ratur e in

the drying space TD is lower than the colle ctor outlet

tempe rature Tc , dampers 8 are open. Blo wers are acti -

vated by an on– off temperatur e con trol device. As a

precond ition of the operatio n of blo wers the relat ive

humidi ty U1 should be low er than the set point value

U1s. Set poin t selection is manual . If U 1 < U1s the

interna l fans 4 are on. The ope ration of the exh aust

blowers 6 is con trolled by the signal of the relat ive

humidi ty sen sor U2 sit uated behind the inter nal fans.

The set point U2s is high initial ly and should be reduced

in the progres s of drying. Exha ust blo wers are acti -

vated if U2 > U2s . In the drying space the relat ive

humidi ty should also be ab ove a minimum level U3s .

When U3 < U 3s humidi fier 11 will be acti vated by the

control signal of the U3 sensor. By applyi ng water

spray into the furnace chamber, humidi ficati on of the

air led to manifo ld 10 wi ll be effected. Opera tion of

the burner is direct ed by U3 or man ually. The solar

blowers 2, the internal fans, the exhau st vents, the

humidi fier 11, and the dampers 8 can also be control led

manual ly by using bypass switche s. Wh en solar

blowers 2 are off, the internal fans 4 an d the exh aust

blowers 6 can be in ope ration if the stat e of the a ir in the

dryer satisfies the req uirements.

Dryi ng tim e can be influenced by the ope ration

time of the burner. For the sake of elect ric energy

saving the number of inter nal fans in operation can be

reduced, ge nerally, in the final pe riod of drying. In

this period the hum idifier 11 can be used for relief of

drying stre sses. The con trol of the drying pr ocess can

be perfor med accordi ng to a schedule by ap plying a
� 2006 by Taylor & Francis Group, LLC.
timer that ope ns or closes the co ntrol relay at a de -

termined time point. It c an be by passed manual ly.

When the dryer is out of operatio n, dampers 8 are

closed and the drying space can be isola ted from the

collectors (e.g., in the night).
13.7.4 .5 Direct ion and Control of Solar Dryers

with Water S torage

Solar dryers ap plying a water tank for he at storage

have an indirect he at transfer syst em: the working

medium of the co llector is liquid (e.g., wat er) and

the drying air shou ld be preheat ed in a liqui d–air

heat exchan ger. Two different constru ctions are dis-

cussed below.

13.7.4 .5.1 Cons truction an d Control of a Drye r

with Water Storage

The scheme of a simp le system is present ed in Fig-

ure 1 3.53. In this syst em three flow loop s are applie d.

The first is that of the collector- tank loop in whi ch the

flow of the liqui d working medium is maintained by

pump P1. The second loop is that of the tank-he at

exchanger with pump P2. The thir d one is the open

loop of the air that is trans ported by the fan through

the he at exchanger toward the drying space. Drying

air is preheated by the heat exchanger using water

from the heat storage tank.

Temperature required for drying TD is controlled

by control device CV using temperature sensor TD

and valve V. Fan is in operation when TD is higher

than the lowest temperature limit as set point value

TDS. The fan is turned on by thermoswitch SD. The

minimal temperature level of the water needed for

ensuring TD is TS, which is the set point for the

temperature sensor in the tank TT. Operation of pump

P2 is induced by the thermal switch SP2. Pump P1

and the collector are in operation if the liquid outlet

temperature TL � TT. The operation of the pump P1

is induced by the control device CP1. The controlling

signal is the temperature difference TL–TT.
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FIGURE 13.53 Control scheme of a solar dryer with water storage.
W hen TT is low er than the set point value, the

auxiliary energy sou rce in the tank (A.H.) wi ll turn

on. It is ope rated by on–o ff co ntrol device S.A. H.

Each of the control ope ration s can also be realized

manual ly using bypass switche s.

13.7.4 .5.2 Cons tructio n, Oper ation, an d Control

of a Com plex Solar Dr ying and Hot

Wate r Su pply Syst em

The applic ation of a hea t storage tank permi ts the

year-ro und utilization of solar energy colle cted. In the

idle periods of drying the heat stora ge can be charged

by the colle ctor and a hot water sup ply can be e n-

sured for other heat co nsumer s. The simp lified block

scheme of a complex solar dr ying and hot water

supply syst em is present ed in Fig ure 13.34. The sys-

tem can ope rate in five diff erent mod es of operati on.
� 20
1. Solar-on ly ope ration. Valves 2 and 3 are closed,

1 and 4 are open; the collector serves for the

heat exch anger of the dryer.

2. Simultaneou s ope ration for chargi ng the he at

storage and drying. Valve 3 is closed, valve 4 is

open, and 1 and 2 are in a partiall y ope ned

position.

3. Drying operati on by using store d energy. Val ves

1 and 4 are closed, 2 and 3 are open ; he at

exchanger operate s by using store d energy.

4. Charging the heat stora ge by the colle ctor.

Valves 1 and 3 are closed, 2 and 4 a re ope n.

Heat exchang er is out of operati on.

5. Techno logical hot wat er supp ly. Hot water

flow is induced by pump 2. This operation can

be realized simu ltaneou sly with other modes of

operation .
Tas ks of the direct ion and control syste m are the

selection of the mode of operati on, the con trol of

the inp ut tempe ratur es of the heat exc hanger, an d the

control of ch arging of the heat stora ge tank. A sch eme
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of the control system is present ed in Figure 13.54. Four

control units are applie d (CU1–C U4).

CU 1 and CU 4 are value- keep ing co ntrollers for

the co ntrol of the outlet temperatur es of the colle ctor

and of the HWS he at exchanger, respect ively. Cont rol

signals are prod uced by the tempe rature sensors TOC

and TW. Cont rol is realized by changing the mass flow

rates with one -way motor valves VC and VW , respect -

ively.

CU 3 serves for control ling the chargi ng of the

stratifie d heat stora ge tank T by the c ollector. As a

control signal the tempe ratur e difference ( TL –T S) is

applie d betw een the prim ary liquid ( TL ) and the

stored wate r in the uppe r layer ( TS ). Valve system

VS serves to direct the flow in the layer of ap propria te

tempe rature into the tank.

CU 2 pro cess control ler serves for au tomatic co n-

trolling of the inlet a ir tempe ratur e of the dryer TOD .

The aim is to direct the rate of drying and realize

intermit tent drying operati on in the falling rate period

of drying. As co ntrolling signals, the surfa ce tempe ra-

ture of the material under drying TM , the tempe rature

of the outlet Tout, and of the ambie nt air Ta, the

relative humidi ty of the outlet air Uout , an d the am-

bient air Ua are used. Cont rol is realized by adjust ing

the mass flow rate of the liquid steppin g into the he at

exchanger of the dryer by applyi ng the motor ic valve

VD . The other valves indica ted in the block scheme

serve for realizing the diff erent mode s of operatio n.

Cont rol of drying and selec tion of the ap propria te

mode of ope ration is directed by a micro process or.

The sim plified block scheme of the micr oprocessor is

present ed in Figure 13.55. As control signals the fol-

lowing parameters are used: temperature and relative

humidity of the ambient air Ta and Ua, respectively,

and that of the air step in and out of the dryer (TOD,

Tout, Uout), the actual inlet and outlet temperatures of

the liquid working medium of the collector, tempera-

ture distribution of the water in the storage tank,

temperature of the hot water produced for con-

sumers. The direction of the intermittent drying
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TABLE 13.4
Solar Drying of Different Materials

Material Refs

Agricultural products 155, 166

Banana 18

Coffee 3

Crop 3, 129, 138, 153, 155, 156, 158, 159, 161, 163, 164, 168, 173, 205

Fruits 3, 6, 11, 41

Garlic 12

Grain crops 3, 13–15, 19, 31, 128, 135, 148, 155, 167

Hay, herbage, grass 3, 13, 16, 132, 133, 135, 136, 141, 142, 171

Jute 3

Peanuts 3, 17, 19

Raisins 19, 143, 170

Rice 146, 219

Sorghum 140

Soybeans 19

Timber 3, 8–10, 19, 20, 29, 124, 133, 134

Tobacco 19, 137, 144, 145, 169

Tomato 139

Vegetables 3, 193, 194, 198

Lumber 162, 171, 172
process is realized by computing parameters serving

for the indication of the beginning and the time inter-

val of the break. A microprocessor forms commands

for the execution of the direction and control actions,

indicates the main information about the actual

state of the system, and calls attention to manual

interventions when needed.

13.8 PROSPECTS FOR SOLAR DRYING

Further research and development of various com-

ponents of solar drying systems continues to proceed

internationally. Major current applications are con-

fined to drying of agricultural and forest products.

Table 13.4 summarizes selected references on solar

drying of various materials.

Some significantly good payback times (1–7 years)

have been achieved [14,17,133], mainly with simple

and cheap dryers. The chances for the extensive use

of high-performance systems may be improved by

integrated construction and multipurpose operation.

Using modern process control techniques, the effi-

ciency of solar dryers can be increased. Due attention

must be paid to system maintenance and training of

the operating personnel.

In the design of solar dryers modern methods of

modeling and simulation can play an important role

in both the design and optimum operation. The re-

newable nature of solar energy is a definite asset in

most parts of the world.
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NOMENCLATURE

a specific transfer surface by volume basis, m�1

a acceleration, m/s2

A area, m2

b biologic heat source, J/kg1

c specific heat capacity, J/(kg/K)

C heat capacity, J/K

CU control unit

�& heat capacity flow rate, W/K

dh hydraulic diameter, m

e effectiveness

e error

E irradiance, W/m2

f efficiency function

f Fanning coefficient

g acceleration of gravity, m/s2

h heat transfer coefficient, W/(m2 K)

H heat exchanger effectiveness

I global irradiance, W/m2

k heat conductivity, W/(m K)

K heat conduction, W/K

K gain of controller

L length, m

M mass, kg

_mm mass flow rate, kg/s

N mass flow rate of evaporation, kg/s

n revolution, s�1

p pressure, Pa

q radiant flux density, W/m2



Q radiant energy, J

r heat of evaporation, J/kg

P pump

R resistance in a network

R gas constant, J/(kg K)

S switch

w velocity, m/s

W integral moisture content, kg/kg

W water

z height, m

t transmittance

T temperature, K

U overall heat transfer coefficient, W/(m2 K)

U relative humidity of the air, %

V value

x absolute water content of the air by dry basis,

kg/kg

X moisture content of the material, dry basis,

kg/kg

GREEK SYMBOLS

a absorbance

b moisture transfer coefficient, m/s

« emittance

f heat flux, W

h efficiency

h dynamic viscosity, kg/(s m)

z shape flow resistance coefficient

j porosity

r reflectance

r mass density, kg/m3

s Stephan–Boltzmann constant

s evaporation coefficient, kg/(m2 s)

l latent heat, J/kg

l wavelength, m

n frequency, s�1

t time, s

SUBSCRIPTS

A auxiliary energy source

a, A air

a ambient

av average

b beam (direct)

b bottom

b break

c collector

c control

cr critical

d, DIR direct

db dry bulb

D drying

e equilibrium
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f, F fluid

h heat

H–T horizontal–total

i incident

i,j nodal points in a network

in inlet

k component

l lag

l, L loss

L liquid

lt long term

m number of nodes in a network

m, M material

n number of the discrete parts

n normal

o outside atmosphere

O set point

out outlet

p at constant pressure

r reflected

R reset

s space

s sky

S set point

t, TOT total

T temperature

th threshold

u useful

v vapor

w water

wb wet bulb

pw for humid air

(k) time period

’ inlet

’’ outlet
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14.1 INTRODUCTION

The applicability of the spouted bed technique [1–5] to

drying of granular products that are too coarse to be

readily fluidized (e.g., grains) was recognized in the

early 1950s. Interest in this area received appreciable

impetus two decades later as the energy-intensive

drying processes were reexamined with renewed

vigor. Spouted bed dryers (SBDs) display numerous

advantages and some limitations over competing con-

ventional dryers. Because of the short dwell time in the

spout, SBDs can be used to dry heat-sensitive solids,
, LLC.
such as foods, pharmaceuticals, and plastics. With

simple modification the so-called modified spouted

beds can be designed to ensure good mixing, con-

trolled residence time, minimum attrition, and other

desirable features. Also, the operations of coating,

granulation agglomeration, and cooling, among

others, can be carried out by the same apparatus by

varying the operating parameters. SBDs can be used

for solids with constant as well as falling rate drying

periods. Using inert solids as the bed material, SBDs

have been used successfully to dry pastes, slurries, and

heat-sensitive materials.



Gas

Wet material
This chapter is devoted mainly to the generally

less accessible results on spouted bed drying obtained

at the Research Institute of Chemical and Process

Engineering of the Hungarian Academy of Sciences

(PE MÜ KKI). Other results are readily available in

literature.
Product

Gas

FIGURE 14.1 Longitudinal and cross-sectional schematics

of the spouted bed predryer.
14.2 EXPERIMENTAL DEVICES
AND PROCEDURES

The classic or conventional spouted bed (CSB) is a

cylindrical vessel with a conical bottom fitted with an

inlet nozzle for the introduction of the spouting air

(drying medium). This device suffers from limited

capacity due to the maximum spoutable bed height

and inability to scale up the apparatus beyond 1-m

diameter. The introduction of a hollow, tall vertical

tube (draft tube) some distance above the nozzle elim-

inates the former restriction by acting as a pneumatic

conveyor.

Figure 14.1 displays a draft-tube SBD, which is a

tremendous improvement over the classical SBD [6,7].

The tube may be impermeable, porous, or partly por-

ous. It may be cylindrical or slightly tapered. The bed

height can be increased several fold by inserting a suit-

able draft tube with solid walls. The solids in the annu-

lus flow in a plug-flow fashion, guaranteeing a uniform

residence time distribution (RTD) in the SBD. Experi-

ments in two-dimensional beds showed that the RTD is

more uniform in two-dimensional rather than circular

cross-sectional SBDs. Table 14.1 and Table 14.2 show

the geometries of the two SBDs studied.

The drying capacity of the laboratory-scale angu-

lar predryer for corn was about 80 kg/h of product,

with a 10% decrease in moisture content. In the course

of this calculation it was presumed that the particles

on the average made two cycles within the bed.

The second part of the two-stage SBD is a conical-

cylindrical device of traditional shape (Table 14.2).

The drying capacity of this device was about 80 kg/h

of dried corn with 150 8C air at a flow rate of about

200 m3/h, which resulted in a moisture removal of

about 5% in the falling rate period.

Efforts have been made to develop new solutions

for the introduction of air, which will avoid the
TABLE 14.1
Dimensions of the Angular Spouted Bed Predryer

Longer

Dimension (mm)

Shorter

Dimension (mm)

Height (mm)

350 40 1000
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high-pressure loss caused by the central nozzle. The

problem was solved by tangential air feeding with

the use of horizontal slits (see Figure 14.2) [8] and

by the so-called swirling rings (see Figure 14.3) [9].

The first type of equipment is referred to as a ‘‘vortex

bed dryer’’; the latter device ensures the maintenance

of uniform particle circulation in the spouted bed,

favoring the development of the spout channel. Fig-

ure 14.3 shows this device, a novel type of SBD

equipped with an inner cylinder, a draft tube, and

an attachment permeable to air. This type of dryer

can operate with flow rates three to five times higher

than those used in conventional SBDs and the start-

up of the dryer also becomes simpler.

To select the optimal geometry of the draft tube it

was necessary to carry out experiments in semicircular

spouted beds for visualization of the flow patterns. It

was then possible to measure the particle velocities in

the annulus as well as the spout by introduction of

marked (tagged) particles. High-speed photography

was employed for this purpose [10].
Nozzle

Diameter (mm)

Cross Section of

the Annulus (m2)

Mean Sliding

Velocity (m/s)

20–40 0.0124 0.01



TABLE 14.2
Dimens ions of the Cylind rical Sp outed Bed
Afterdryer

Diameter (mm) Height (mm) Nozzle Diameter (mm)

170 1500 17–30

Air

4

Solid

3

2

1 Air

Solid

FIGURE 14.3 Spouted bed dryer with a draft tube and an

air-permeable attachment: 1, tangential air feed; 2, draft

tube; 3, dryer body; 4, air-permeable attachment.
Since the velocity of particle recirculation depends

mainly on the velocity of the slow sliding in the an-

nulus, the mean residence time of the particles is

about �tt ¼ H/wa. In order to investigate the possibil-

ity of controlling the circulation of particles, various

sets of measurements were carried out with glass

beads, with ground-activated carbon, and with plas-

tics as model particles. It was found that the sliding

velocity of the particles varies according to the fol-

lowing empirical correlations. It is affected by the

velocity of the entering air, the bed height, and the

nozzle diameter [10]:

w0a ¼ w00a
n0

n00

� �3=2

(14 :1)

waH ¼ wa Hmax

H

Hmax

� �1 =3

(14 :2) 
Gas

Gas

308

258

FIGURE 14.2 Dryer with a slit for gas introduction. (From

Sulg, E.O., Mitere, D.T., Rashkovskaya, N.B., and Roman-

bore, P.G. J. Appl. Chem (USSR) 43: 2204 (1970). With

permission.)
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and

w0a ¼ wa
00 Di 

00

D 0i

� �2=3

(14 :3)

However, the operation of the dryer depends not only

on the mean residence time but also on the RTD of

the particles. Therefore, complementary measure-

ments were carried out to study this variable.

Polyvinyl chloride (PVC) granules of various

colors were used in these experiments. To a white

particle layer some black PVC particles were fed in-

stantaneously onto the upper level of the annulus at

the right side. During continuous feeding of the white

PVC granules, the composition of the mixture (the

proportion of white and black granulates) leaving the

device could be continuously measured through a

calibrated conveying belt and a movie camera.

The proportion of the particles of different color

was recorded at intervals of 3 and 5 s. For example,

the distribution of residence times is presented in

Figure 14.4, in which the broken line denotes meas-

ured values and the solid line corresponds to the mean

values of the distribution. The local peak values re-

curring periodically in the density curve may be

explained by the fact that the marked particles are
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FIGURE 14.4 A typical distribution of the residence time of particles. �ttc ¼ 2t1 þ t2.
entering the outlet in different periods of the recircu-

lating movement of particles, and by the fact that they

are occasionally swallowed up from the annulus into

the spout channel and thus fractions of the full recir-

culation period may occur.

From our experiments it appears that correlations

that assume perfect mixing, as found in the literature

[11,12], can be applied for the calculation of the dis-

tribution of residence times only under conditions

that ensure intense circulation of particles in the

bed. Even in these cases, the agreement is better at

short dimensionless times ( u ¼ t/�tt) corresponding to

the initial section of the curve. According to the

above-mentioned case, some modification of the

physical model of the distribution of residence times

appears desirable. Better agreement between the

measured and calculated data was obtained with the

plug-flow model, simultaneously taking into account

the internal recirculation [13,14].

Using the symbols of Figure 14.5, the RTD func-

tion can be expressed by

r( t) ¼ 1

tin

� �
1 �ja �jb þja jb

X1
n ¼0

( ja þjb �ja jb)
n

 

�u[ t�2t1 �t2 � n( t1 þt2)]

�u[ t�tin �2t1 �2t2 �t3 � n t1 þt2ð Þ]
!

(14 :4)
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In this equation,

t1 ¼
Sa H

2Q1

, t2 ¼
Ss H

Q2

, t3 ¼
Sa H

2Q3

and the recirculation fractions are ja ¼ Q0/Q2 and jb

¼ Q00/ Q3.

From Equation 14.4 it can be estimated that these

impulses appear at attenuated amplitudes with

periods of t1 þ t2. Because of the irregular pattern

of recirculation of particles, the peak value does not

appear as a sharp peak [6].

A spouted bed dryer with tangential air inlet

equipped with an inner conveyor screw has also been

developed [15] (see Figure 14.6). According to the

developed and patented solution air is injected into

the bed through specially designed ‘‘whirling’’ rings.

Along the vertical axis of the device is a houseless open

conveyor screw capable of ensuring, independently of

the airflow rate, the typical spouted circulating motion

even with materials of small particle size (Dp/dp > 500)

for which CSBs are not suited. The diameter of the

screw is nearly equal to the diameter of the gas channel

(spout) around which a similar dense sliding layer

(annulus) is formed and a circulation motion (similar

to conventional beds) can be visible.

Pressure drop is lower by 25–30% in comparison

with air injection through a nozzle of CSB. Another

advantage is that gas velocity can be regulated in a
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Airin

Airout
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Particles
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FIGURE 14.5 Proposed model of particle circulation.

Air

Wet material Dry product

3

2

1

Air

FIGURE 14.6 Spouted bed dryer with a tangential air inlet

and a central conveyor screw: 1, tangential air inlet; 2,

conveyor screw; 3, dryer body.
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wide range due to the possibility of choice of proper

size and number of slots. Due to mechanical particle

circulation fan energy consumption can be reduced by

15–20% [16]. Moreover, using the inner screw, air vol-

ume rate can be chosen only from the point of view of

drying requirements, resulting in optimum drying con-

ditions. This mechanically spouted bed (MSB) con-

struction offers further advantages in solving scale-up

problems. Bed volume and diameter to height ratio can

be selected quite freely, materials of wide particle size

ranges can be circulated, and particle circulation time

and rate can be controlled within wide limits [17].

Scale-up data of conventional SBDs are well

known, but the relations cannot be applied to MSB

dryers with inert packing due to different hydro-

dynamical and drying characteristics. Therefore, the

drying mechanism itself, effects of various process

and operational parameters, and the relevant rela-

tionship had to be investigated in more detail. Im-

portant dimensions as well as geometric, physical,

and hydrodynamical characteristics of equipment

and of the particles forming the spouted bed are

summarized in Table 14.3 [18,31,32].
14.3 DRYING RESULTS

The inventors of the original patent concerning

the spouted bed method and the construction of the



TABLE 14.3
Characteristics of Laboratory-, Pilot- and Industrial-
Scale Mechanically Spouted Bed Dryers

Laboratory Pilot Industrial

Dc (m) 0.138 0.380 1.0

Number

of slots 2 6 8

hi (m) 2 � 10�3 4 � 10�3 8 � 10�3

Ai (m2) 1.28 � 10�3 2.1 � 10�3 0.16

Dsc (m) 0.04 0.12 0.35

dsc (m) 0.016 0.05 0.135

s (m) 0.028 0.09 0.180

s/Dsc 0.70 0.72 0.5

Dsc/Dc 0.29 0.31 0.35

Ceramic spheres Hostaform

Inert particles

dp (m) 6.6 � 10�3 7.4 � 10�3 12 � 10�3

rp (kg/m3) 3640 3520 1340

« 0.36 0.36 0.40

a (m2/kg) 0.30 0.23 0.22

Remf 1100 1285 1260

umf (m/s) 2.6 2.7 2.4
apparatus [1] proposed primarily to solve the prob-

lem of the drying of cereals, such as wheat and corn, in

a continuous and efficient way. However, the demand

for an up-to-date drying apparatus that emerged in

the course of the manufacture of products in various

industries resulted in widening the field of application

of the spouted bed dryer. Operational experience and

frequent emergence of novel problems of drying initi-

ated an activity to develop newer devices. As a result of

this activity, various modified SBDs proved to be suit-

able for energy-efficient drying in the agricultural

and food industry, the chemical industry, and many

other industries for drying of powdered materials ( dp

< 100 mm) and of centrifuged materials with high mois-

ture content, as well as coagulating and adhesive pulps,

and suspensions.

In the following sections, we will discuss typical

SBD applications. We shall also describe briefly the

operating conditions and results of spouted bed drying

in laboratory- or industrial-scale units. These results

may form the basis of industrial dryer designs when

coupled with appropriate engineering judgment.

14.3.1 DRYING OF A GRICULTURAL PRODUCTS

The optimum parameters for drying of granular agri-

cultural products are determined not only by their

chemical composition and physical properties but

also by their potential use. In the case of corn and
� 2006 by Taylor & Francis Group, LLC.
oats, for example, as cattle feed, when the valuable

nutrients (including proteins and vitamins) must be

saved, the temperature of drying air may be higher

(the seed temperature can be as high as 60–75 8C) than

is the case of seeds for sowing. In this latter case, in

order to conserve the ability of germination, the tem-

perature must not exceed 40–45 8C. However, the ac-

tual level depends on the seed type and on the

residence time of the particle. In case of some seeds,

a maximum seed temperature of 30–35 8C is required.

The quality of the dried product is determined, fur-

thermore, by the rate of drying, the temperature, and

the flow rate of the drying agent, mainly in the initial

period of the drying.

Cereal seeds and, generally, also most other seed

varieties are colloidal materials with capillary pores.

This means that the walls of their capillaries are elas-

tic and change their shape on absorbing moisture.

They are composed of a skin, an endocarp, a so-called

aleuron layer between these two parts and the em-

bryo. The hygroscopic properties of these parts are

different. At equilibrium, the embryo has the highest

moisture content, followed by aleuron cells and fiber

cells. Accordingly, a greater part of moisture is pre-

sent in the external layer of the seeds, from which it

can be removed relatively easily. On drying the seed is

crumbled and becomes hard. At a drying temperature

below 50 8C, the drying rate of the seed decreases at

first abruptly, then much more slowly. In the tem-

perature range between 46 and 50 8C, the aleuron cells

form an almost closed, elastic skin in which the dif-

fusion of the moisture is very slow. At a drying tem-

perature above 50 8C, the structure of various parts of

the seed changes. The thermally labile cell content is

hardened, the cell walls are split, and the moisture

moves quickly through these splits toward the surface

of the seed.

In the case of seeds for sowing, that is, when the

temperature of seeds must definitely be maintained

below 458C, the drying rate is lower. Consequently,

it is practical to increase, instead of the temperature,

the velocity of the drying agent, obviously only to the

optimal limit. At this limiting value of air velocity

the moisture migrating from the interior of seeds to

the seed surface is removed immediately. Beyond this

limit it is not reasonable to increase air velocity. The

drying curves of corn and wheat are shown in Figure

14.7 and Figure 14.8, respectively, at various drying

temperatures; the critical moisture contents are

also indicated.

The drying rate is affected by the manner of dry-

ing and the flow rate and temperature of the drying

agent. Two grass varieties and two herbs (scarlet

clover and coleseed) were dried in a flow-through

oven and in a laboratory-size SBD with a central
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FIGURE 14.7 Drying curves for corn plotted against the drying temperature measured in a flow-through drying oven.
screw conveyor. Significant deviations are observed

in the times required for attaining the final moisture

content of 14% prescribed for storage (see Table 14.4).

For determination of the drying rates, airflow

rates used in the SBD experiments varied from 0.6

to 1.0 m/s for various seeds. The typical drying rate

curves also present some information concerning the

structure of the material. The curve labeled ‘‘grass

seed I’’ in Figure 14.9 is used as an illustration.

It can be seen in Figure 14.9 that, for oven drying,

constant rate drying extends from a moisture content

of 32.0 to 26.5% (by weight), characterizing the

removal of moisture from the surface layers. The
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FIGURE 14.8 Drying curves of wheat plotted against the dryin
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section of falling drying rates points to a complex

structure of the internal pore. However, it is quite

striking that in dryings carried out in the spouted

bed the shape of the rate curve is different. The pro-

tracted shape of the constant drying rate (i.e., from

32 to 13.5% by weight) allows the conclusion that

inside the seed there are open pore-spaces, between

the fibers—from which the moisture can be removed

more quickly by increasing the flow rate of the drying

agent. The critical moisture contents of the seed var-

ieties listed in Table 14.4 are given in Table 14.5.

The equilibrium moisture contents are important

in the design of drying equipment. For example,
0 150 200

 (min)

Tair = 508C

Tair = 708C

Tair = 1208C

Xcr50 = 19.2%

Xcr70 = 17.6%

Xcr120 = 15.5%

g temperature measured in a flow-through drying oven.



TABLE 14.4
Drying Tim es of Se eds for Sowi ng to a Final Mois ture
Conten t of 14%

Seed Variety Drying Time, t14% (min)

Drying Oven Drying by

Airflow

Spouted

Bed Dryer with

Inner Screw

Grass seed I

(319.0 kg/m3) 132.0 61.2 27.0

Grass seed II

(195.2 kg/m3) 147.0 81.0 39.0

Scarlet clover

(604.4 kg/m3) 132.0 55.5 33.0
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FIGURE 14.9 Drying rate curve of grass seed I on the basis

of drying experiments carried out in a drying oven (curve 1)

and in a spouted bed dryer (curve 2).
Figure 14.10 presents the adsorption isotherm of

grass seed I at 20 8C. The shape of this isotherm

corresponds to the rare type III, according to

the Brunauer–Emmett–Teller (BET) classification. It

appears from this isotherm that, although it is also

possible to dry grass seeds to a moisture content

required for storage by atmospheric air of 70–80%

humidity, time for drying is very high. About 24 h

are needed to attain equilibrium at moisture content

of about 14% by weight. In a spouted bed dryer using

hot air at 45 8C, the drying period is reduced to tenfold.

14.3.1 .1 Dry ing of Wh eat in Spouted Bed

The main characteristics of wheat used in the drying

experiments are given in Table 14.6. It must be noted

that the desired moisture content depends on the

conditions of storage. At a moisture content of 14%

by weight, wheat can be stored for a long time in bulk

in large quantities, at 15% in bags for about 1 y, and

at 16–18% in bags for some weeks, whereas at 19% by

weight at most for only a few days.

For drying wheat to be used as seed for sowing,

for example, the removal of the superficial moisture
TABLE 14.5
Critical Moisture Contents of Seeds for Sowing Obtaine

Seed Variety Critical Moistu

Xcr1

Drying Oven Spouted Bed Drying Ove

Grass seed I 26.5 13.6 16.0

Grass seed II 27.0 16.2 20.0

Scarlet clover 26.0 17.0 14.0

Coleseed 23.5 17.0 17.0
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can be attained by air at 50–70 8C (see the values of

critical moisture content given in Figure 14.8); by

parameters to achieve a particle residence time of

about 25 min, the moisture content is reduced to 19

and 17.5% m/m with air at 50 and 70 8C, respectively.

Such highly efficient predrying may be needed to

prevent damage of seeds before shipping to ware-

houses or processing plants. However, wheat to be

stored over long periods in bulk must be at the pre-

scribed moisture content of 15% m/m.
d from Drying Rate Curves

re Content Xcr (% by weight)

Xcr2 Xcr3

n Spouted Bed Drying Oven Spouted Bed

11.5 — —

9.6 8.0 —

11.0 — —

11.0 5.4 —
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FIGURE 14.10 Adsorption isotherm of grass seed at 208C.
It is practical to dry wheat for processing in mills

in one step in a spouted bed dryer by air at 100–140 8C
without any damage to its composition. According to

Figure 14.8, the value of xcrit is 15.5% by weight,

which exceeds only marginally the desired final mois-

ture content of 14% by weight. Thus, much of the

drying may be carried out essentially at a constant

drying rate.

The wheat drying studies were carried out in a

spouted bed predryer of rectangular cross section

equipped with a draft tube, and also in a cylindrical

afterdryer (Table 14.1 and Table 14.2). The experi-

mental conditions and the data of the batch- and

continuous-drying experiments are presented in

Table 14.7 through Table 14.10.

It appears from the data of Table 14.7 that wheat

can be dried without any damage to the embryo to

17% m/m of moisture content in a spouted bed within

20 min by air at 100–102 8C. In the afterdryer, the
TABLE 14.6
Main Characteristics of Wheat

Mean particle size ( �ddp) 6.5 mm (longer diameter),

3.5 mm (shorter diameter)

Density 798 kg/m3

Initial moisture content 22–25.5% m/m

Moisture content of the product 11.5–19% m/m

Minimum fluidizing gas velocity 1.22m/s

Operating gas velocity 3.19m/s

Terminal gas velocity 10.2m/s
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moisture content of wheat was decreased from 25.5

to 11.7% m/m (see Table 14.8) at a mean temperature

of 105 8C of the drying air within 35 min without any

damage of the embryo.

14.3.1 .2 Dry ing of Cor n in a Spouted Bed

A number of prototype SBDs have been used to dry

shelled corn. One pilot-plant dryer has a designed

capacity of 100-kg water/h, based on 10% moisture

removal. This dryer is suitable for drying at two levels

and for carrying out cooling after the drying. Accord-

ingly, the equipment consists of a unit of smaller

capacity (300 � 400 mm) and is equipped with a gas

inlet nozzle and a draft tube, and of a spouted bed

dryer of a cross section of 0.32 m2 (800 � 400 mm)

developed with two gas inlet nozzles [19]. The main
TABLE 14.7
Drying Experiments for Wheat in a Spouted
Bed Predryer

Time

(min)

Moisture Content

of Wheat (% m/m)

Air Temperature Embryo

Number

(%)Tin (8C) Tout (8C)

0 25.5 102 98 93

5 23.0 101 91 94

9 22.5 101 75 92

14 21.4 102 76 94

18 19.1 100 77 94

20 17.0 102 78 94



TABLE 14.8
Drying Experiment s for W heat in a Cyli ndrica l Spou ted Bed Afte rdryer a

Time (min) Moisture Content

of Wheat (% m/m)

Air Temperature Grain Temperature (8C) Qualityb (%)

Tin (8C) Tout (8C)

0 25.5 105 99.5 20.4 93

15 20.7 105 73.0 40.1 94

25 15.9 103 80.0 58.5 96

30 14.0 104 81.0 70.2 94

35 11.7 105 88.0 72.8 96

aWeight of charge, 8 kg of moist wheat; volume of drying air, 120m3/h (at 208C).
bPercentage of viable seeds.
characteristics of the shelled corn investigated in these

drying experiments are given in Table 14.11, whereas

the results of the laboratory and pilot-plant experi-

ments are listed in Table 14.12 through Table 14.14.

The bed height was 1200 mm in order to utilize

more completely the drying medium. The total pres-

sure drop across the dryer was 1260 mm of water

column (12.4 kPa); that is, drying that may be con-

sidered very good from the aspect of drying efficiency

and of specific energy consumption represented in

fact a significant energy requirement for aeration. It

must be noted further that the products of the drying

experiments 1 and 2 were also satisfactory from

the aspect of the capability of germination; the bed
TABLE 14.9
Continuous Wheat Drying in a Spouted Bed Predryer

Experimental conditions

Initial charge 15 kg wheat of a moisture

content of 17% m/m

Feed rate 15 kg/h wheat of a moisture

content of 25% m/m

Mean residence time

of grains 20 min

Air volume rate 50 m3/h at 208C
Temperature of drying air 1058C

Drying results

Mean temperature of air

leaving the dryer

688C

Mean moisture content of

the dried product

16.9% m/m

Amount of removed moisture 1.53 kg/h

Water evaporating capacity

referred to the dryer

cross section 110 kg water/m2h

Specific energy consumption 3360 kJ/kg water
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temperature did not exceed 80 8C even at the highest

temperature used.

The aims of the corn-drying experiments carried

out in a large laboratory-size SBD (see Figure 14.6)

were to decrease the pumping power requirement and

to study the effects of various modifications on SBD

performance. Table 14.14 summarizes the relevant

results. This novel SBD has improved drying effi-

ciency and favorable specific energy consumption;

the bed pressure loss is reduced significantly from

the earlier pressure drop of 1000–1400 mm of water

column (9.8–13.7 kPa) to as low as 300–400 mm of

water column (2.9–3.9 kPa).
TABLE 14.10
Continuous Drying of Wheat in a Spouted
Bed Afterdryer

Experimental conditions

Initial charge 7 kg wheat of a moisture

content of 14%

Feed rate m/m

40 kg/h wheat of a moisture

content of 17%

Mean residence time

of grains m/m

Air volume rate 10 min

Temperature of drying air 120m3/h at 208C

Drying results 1008C
Mean temperature of air

leaving the dryer 72.58C
Mean moisture content of

the dried product

13.8% m/m

1.48 kg/h

Amount of removed moisture 74 kg water/m2h

Water evaporating capacity

referred to the dryer

cross section 7683 kJ/kg water

Specific energy consumption



TABLE 14.11
Main Characteristics of Shelled Corn

Mean grain size ( �ddp) 10.5 (longer distance),

7.5 mm (shorter diameter)

Bulk density 677.6 kg/m3

Initial moisture content 22–30% m/m

Desired final moisture content 14% m/m

Minimum fluidizing gas velocity 1.58m/s

Terminal gas velocity 14.6m/s

TABLE 14.12
Drying of Shelled Corn in a Continuous Operation
in a Laboratory-Scale Spouted Bed

Experimental conditions

Charge 5 kg of shelled corn of a

moisture content of

14% m/m

Feed rate 18 kg/h of corn of a moisture

content of 23.7% m/m

Mean residence time of grains 16.6min

Air volume rate 70 m3/h at 208C
Temperature of drying air 908C

Drying results

Mean temperature of

air leaving the dryer 478C
Mean moisture content of

the dried product 14.2% m/m

Amount of removed moisture 2.0 kg/h

Evaporational rate referred to

the cross section of the dryer 143 kg water/m2h

Specific energy consumption 3290 kJ/kg water
14.3.2 DRYING OF OTHER FOOD PRODUCTS

In this section, the solution of some special drying

tasks will be presented, such as the drying of preg-

round red paprika, of various cut, chopped vegetables

containing significant moisture (of about 50% by

weight) (e.g., cubed carrots), and of various pulpy

materials (e.g., potato pulp).

14.3.2.1 Drying of Washed and Centrifuged

Tomato Seeds

Drying of agglomerated granular materials of high

(45–50% m/m) moisture content causes difficulties.

A further problem emerges in the treatment of the

washed and centrifuged seeds with a moisture content

of about 50% m/m, when a large amount of water

must be removed at low temperatures in order to

avoid damage at higher temperatures.

The drying of washed and centrifuged tomato

seeds for sowing presents a problem of this type. On

the basis of drying experiments performed in the la-

boratory-scale dryer, an industrial-scale SBD (with a

capacity of 25 kg water/h) has been designed, manu-

factured, and put into operation [20].
TABLE 14.13
Drying of Shelled Corn in a Continuous Operation in a
of 0.16 m2 Cross Sectiona

Drying Results

1

Temperature of the inlet air (8C) 150.0

Temperature of the outlet air (8C) 68.0

Mean residence time of grain (min) 20.0

Mean moisture of product (% m/m) 14.8

Amount of removed moisture (kg/h) 65.6

Capacity referred to the cross section

of the dryer (kg water/m2h) 396.0

Specific energy consumption (kJ/kg water) 2884

aExperimental conditions: Charge, 120 kg shelled corn of a moisture con

of 29.7% m/m; mean residence time of grains, 10–20min; amount of dry
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Tomato seeds for sowing are one of the end prod-

ucts of the tomato-processing technology, containing

significant amounts of fibrous pulp and skin frag-

ments. These are removed by washing combined

with repeated sedimentation. The seed for sowing

obtained in this way is adjusted by centrifugation to

a moisture content of 45–50% m/m. Tomato seeds for

sowing treated in this way are still very moist to the

touch and in lump form. Uniform drying of this

material can be carried out only by ensuring a mobile

state of the particles. A further task is abrasion of the

dry seeds, that is, the removal of the undesirable
Pilot-Plant-Scale Spouted Bed Dryer

Experiments

2 3 4

120.5 178.5 190.0

46.6 67.5 76.3

14.6 11.1 10.0

17.2 16.8 16.0

25.4 42.3 48.6

132.3 220.3 252.1

3868 3811 3485

tent of 14% m/m; feed rate, 360–700kg/h corn of a moisture content

ing air, 1100m3/h at 208C; temperature of drying air, 120.5–1908C.



TABLE 14.1 4
Drying of Sh elled Corn in a Continuous Sp outed Bed
Dryer Equipped with a Draft Tube and an Inner
Conve ying Screw

Experimental conditions (diameter of the dryer, 138 mm)

Drying airflow through a swirling ring

Feeding of the wet material through the feeding tube moving

circularly above the bed surface, distributing the material

uniformly on the surface of the sliding bed (annulus)

Draft tube

Diameter 70 mm

Length 1000mm

Conveyor screw

Diameter 32 mm

Length 1200mm

Speed of rotation of the screw 700 rpm

Weight of bed 13 kg of shelled corn with

a moisture content

of 14%

Mean residence time of particles 20 min

Air volume rate 120m3/h at 208C
Temperature of drying air 1608C

Drying results

Temperature of the outlet air 67.58C
Mean moisture content of product 13.8%m/m

Amount of removed moisture 5.64 kg/h

Evaporational rate referred to the

cross-sectional area of the dryer 376 kg water/m2/h

Specific energy consumption 3535 kJ/kg water
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FIGURE 14.11 Spouted bed dryer of batch-type operation for

drying of tomato seeds: 1, fan; 2, air feed control; 3, heater; 3a,

regulator; 4, air chamber; 5, drying tank; 6, draft tube; 7, sieve;

8, dust chamber; 9, feed of wet material; 10, slap spindle; 11,

discharge of the dried product; 12, cyclone; 13, ventilator.
residue on the seed surface to permit the use of a

mechanical technique of sowing single seeds. This

operation can be carried out practically in combin-

ation with the drying process in an SBD.

For this purpose, an SBD with a draft tube was

chosen (enabling the application of large amounts of

air), together with swirling-ring air entry (tangential

air feeding). In order to prevent external damage to

seeds, the removal of residue was carried out simul-

taneously with the drying procedure. The velocity of

particles was increased to about three times the usual

level. The particle velocity in the annulus was 0.05–

0.07 m/s. The upper part of the equipment was made

from linen permeable to air (see Figure 14.11).

Table 14.15 presents the calculated fundamental

parameters of design based on laboratory measure-

ments and also the main dimensions of a dryer of

industrial scale. The operation of this type of SBD is

as follows. Air for the dryer is supplied by a fan,

heated by an air heater, and then led to the swirling

ring along the periphery and fed tangentially. The

cylindrical draft tube stretches about 20–30 mm to

the linen part, which retains the dried residue. Figure

14.11 shows this dryer schematically. Table 14.16
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gives other pertinent characteristics of this dryer.

Quality tests indicated that the dried product dis-

played no damage to the seed embryo.

14.3.2 .2 Dry ing of Pa prika

Dried paprika pods are ground in a hammer mill.

According to the practice followed so far, breaks of

a moisture content of 10–16% were transported dir-

ectly to a paprika mill, to be passed through several

special rolls and runs in order to obtain grits suitable

for use as a spice. If the initial moisture of paprika

breaks is no more than 6–8%, the paprika mills can

double their production capacity.

A spouted bed apparatus suitable for maintaining

the recirculation of paprika breaks of a wide range of

particle size with minimal clogging tendencies was

developed for this purpose. Its efficiency was im-

proved by using an air-fed annulus (swirling ring) of

special design and by simultaneous application of a

mixer and a draft tube. The spouted bed dryer is

shown in Figure 14.3. The main parts of the device are

the base, the drying column, and the separating column.



TABLE 14.15
Main Dimensions of Spouted Bed Dryers
and Experimental Parameters

Dimensions of the

Dryers (mm)

Laboratory

Scale

Industrial

Scale

Air dashpot

Diameter 128 633

Length 650 900

Cylindrical part

Diameter 140 538

Length 450 1830

Draft tube

Diameter 75 317

Length 740 1220

Linen cloth

permeable to air

Diameter 200 538

Length 1500 1460

Bronze sieve cloth

Diameter — 538

Length — 1500

Size of air inlet slits 10 5 rows of rings;

each has 12 slits

of diameter 8 mm

(slit height: 8mm)

Characteristic air

velocity data

Minimum

fluidization

velocity

0.94m/s; (dry seed)

Velocity 9.60m/s

Gas velocity in the

draft tube 11.90m/s

Gas velocity in the

annulus 1.30m/s
An electric heater, a stirrer, and the air inlet swirling

ring are located in the base. The drying column includes

the draft tube controlling the recirculation of particles.

The device is completed by a wet-feed hopper, an over-
TABLE 14.16
Experimental Results Obtained with Tomato Seeds
for Sowing in a Dryer of Industrial Scale

Drying airflow rate 3500m3/h at 208C
Temperature of drying air 45–608C
Temperature of outlet air 26–418C
Pressure drop across the dryer 1.76 kPa

Drying period

(total time of drying and abrasion) 85min

Weight of the charge 200 kg of wet seeds

Initial moisture content 50–52% m/m

Evaporational rate 200 kg water/m2h

Specific energy consumption 3156 kJ/kg water
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flow chamber, a cyclone, and an air blower. The drying

column has a cross section of 0.015 m2.

In Table 14.17, note that the dryer capacity was in

the range of 1000–1400 kg/m2h with a water evapor-

ating capacity of 105–115 kg/m2h. Although the dry-

ing air temperature was rather high, the temperature

of outlet air and the dried product was in the range of

39–62 8C, and the product quality was good at a mois-

ture level of 6–7%. The amount of air used here is

several times that used in a conventional SBD. In test

4 of Table 14.17 carried out with a bed height of 1600

mm (approaching industrial dimensions), the specific

heat consumption was found to be 4091 kJ/kg water.

The pressure drop is 4.4–4.9 kPa, which is signifi-

cantly lower than that for SBD using a nozzle.

14.3.3 DRYING OF PULPS AND PASTELIKE MATERIALS

For drying of particulate solids many well-proved

processes are known, but during drying of pastelike

materials and suspensions of high moisture content,

due to their consistency, a lot of difficulties come up.

In many cases, the local overheating, crusting also

make impossible to provide a product of good qual-

ity. To obtain a uniform particle size often some

disintegration or grinding are needed. In certain

cases, spray drying is well applicable, but it demands

very high costs of energy and investment.

Pastelike materials occur in many technological

processes in the food processing, chemical industry,

and so on. They are involved in the production of

foodstuffs, organic intermediate products, pigments,

pharmaceuticals, inorganic salts, and the like. Due to

the variety of occurrence of these materials in engin-

eering, the process of drying the pastelike materials

can be considered an important stage of process tech-

nology. The drying process may greatly influence the

quality of the product. The specific properties of the

pastelike material affect the drying and general pro-

cess requirements. Thus, in organizing the drying

process it is necessary to take into account the prop-

erties of the materials that are dried. A knowledge of

these properties and the laws governing the changes

in parameters during drying is the basis for choosing

the most practicable method of drying and the opti-

mum conditions for carrying out the processes.

In view of the high moisture content of suspen-

sions, economic drying can be performed only in

dryers with intensive heat and mass transfer. The

inert bed dryers provide good conditions for this

purpose since the drying process is performed:
1. On a large and continuously renewed surface

2. In a thin layer formed on the surface of inert

particles



TABLE 14.17
Drying of Paprika Breaks in a Spouted Bed

Conditions
Measurement

1 2 3 4

Initial moisture content (% m/m) 9.63 14.4 15.0 18.8

Bed height (mm) 490 490 490 1665

Mean residence time of particles (min) 12 13.5 11.5 48

Air feeding rate (m3/h) 56 61 78.8 63

Air temperature (8C) 120 147 144 122

Water evaporating efficiency (kg/h) 1.64 1.57 1.68 1.73

Specific rate of evaporation (kg water/m2h) 109 104.6 112 115.3

Specific air utilization (kg air/kg water) 37.9 43.9 53.0 40.7

Specific moist-material efficiency (kg/m2h) 1400 1116.8 1288.6 1001.6

Specific energy consumption (kJ/kg water) 4318 5644 6158 4091

� 20
3. With intensive contact between the wet mater-

ial and the drying agent of high flow rate
For drying of materials of high moisture content,

which cannot be directly fluidized or spouted, drying

on inert particles can be advantageously applied. The

principle of such drying is that the inert particles as an

auxiliary phase form the fluidized or spouted bed. In

such a case the suspension is fed into the moving or

circulating bed of the inert particles, which provide a

large surface for contacting. The wet solid distributed

on the large surface of the inert particles forms a thin

layer in which a very short drying process occurs. Due

to the friction of the inert particles the dried fine coat

wears off the surface, and then the fine product is

carried out by the airstream.

Intensive, well-controlled heat and mass transfer

can be carried out in MSB dryers in which the

characteristic circulating motion of the particulate

material is ensured by a vertical, houseless screw

conveyor. This type of dryer and procedure can be

advantageously used for continuous drying of mater-

ials of high moisture content (suspensions, sludge,

etc.) by using inert charge.

In this case pastes, pulps, or suspensions of high

moisture content are fed into the bed of inert particles

circulated by the inner conveyor screw. In this way,

an almost uniform, film-like coating is formed on the

surface of the particles, the thickness of which in

optimum case (short time drying) is 2 to 4 times

higher (d ¼ 20–40 mm) than that of the primary

particle size of the material to be dried. Since the

inert particles provide a large contact surface, the heat

and mass transfer processes of drying are short

even at relatively low wet bulb temperature. There-

fore, moisture diffusion resistance in solid can be

considered negligible and drying takes place at
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‘‘quasiconstant’’ rate. This provides a very gentle

drying, as well.

The spouted bed of circulating particles consists of

three zones, which are separate and differ significantly

in their flow characteristics, and are as follows:
1. The zone characterized by turbulent particle

flow, enabling intensive gas–solid contact in

the vicinity of the gas inlet

2. The zone of particles transported vertically up-

ward by the screw-conveyor in cocurrent to the

drying airflow

3. The dense annular part sliding downward in

countercurrent to the airflow
There is no significant particle mixing between the

zone of the sliding layer and that of the vertical

particle transport.

From the point of view of drying the following

subprocesses are of basic significance: formation of

coating, drying of coating, and wearing of coating. It

has been found that these partial processes of the inert

bed drying occur in the following bed zones, that is
1. Formation of the coating in the annulus section

of sliding down inert particles

2. Drying of the coating in the vicinity of the air

inlet, in a bed height of a few (6 to 8) cm

3. Wearing mainly in the rotation area of the

conveyor screw
Steady-state condition for drying can be achieved

when the total operational time of the partial pro-

cesses does not exceed the cycle time of the inert

particles, that is the partial processes must take

place during one circulation. It can be achieved by

adequate coordination of the partial processes. In
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order to clarify the mechanism of drying on inert

particles in the MSB dryer it is important to know

the time required by each of the partial processes as

well as the residence time of the inert particles in the

various zones of the bed [33].

The cycle time distribution (CTD) of the inert

particles was measured as a function of the oper-

ational parameters of drying by use of 60Co radio-

active isotope as tracer. It was found that the inert

particle circulation in the MSB dryer can be charac-

terized by nearly plug flow except for the air inlet

region at the bottom of the bed, in which the partial

process drying takes place. However, the volume of

this bed section is negligible in comparison with that of

the whole bed. The time necessary for an entire particle

cycle varies between 10 and 50 s, depending mainly

on the bed volume and the rpm of the screw. From

the particle velocities (residence times) measured in the

important zones of the bed it could be calculated that a

particle spends 70% of the cycle time in the sliding

layer, 10% in the screw, and 15–20% in the intensive

drying zone. This practically means that a particle can

reside an average 2–10 s in the drying zone.

14.3.4 PRODUCTION OF POWDERLIKE MATERIAL FROM

SUSPENSION BY DRYING ON INERT PARTICLES

14.3.4.1 Drying of Potato Pulp

Potato is a colloidally dispersed material with a capil-

lary porous structure. The mean composition of po-

tato flour is presented in Table 14.18. Both raw and

boiled potatoes are used in the production of potato

flour. With potato flour prepared from boiled pota-

toes, the peeled washed potatoes are treated with

sulfite and boiled for 30 min under pressure. Pulping

may be carried out in a hammer mill before the

material is dried on a cylindrical dryer at a temperature
TABLE 14.18
Composition of Potato Flour

Components

Content

(% m/m)

Water 75.00

Total carbohydrate 21.00

Sugar 1.50

Starch 18.00

Protein 2.00

Fibrous material 1.00

Ash 1.00

Vitamin C (mg/100 g) 1.00

Vitamin B—thiamine (mg/100 g) 0.11
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of 60–708C to a final moisture content of 7–9%

by weight.

Drying of the potato pulp has been carried out in

a large laboratory-size SBD fitted with a central screw

conveyor, with an inert charge and tangential air

feeding. A schematic of such an SBD, which can be

used to dry pulp materials, pastes, and suspensions, is

presented in Figure 14.12.

Potato pulp (moisture content, 75–80%) is fed

through a suitable feeding system into the sliding

part of the inert charge, which recirculates into the

lower third part of the bed. (In the laboratory-scale

SBD, the diameter of the feeding pipe for the pulp

was 3 mm.) The size of this diameter plays an import-

ant role in the development of the product grain size.

The uniform distribution of the pulp fed along the

entire cross section is ensured by stirring elements

attached to the inner screw axis at appropriate dis-

tances above and below the feeding site.

The recirculating motion of the inert particles,

which are thinly coated with pulp, dries, grinds, and

backmixes the dried powder with pulp to obtain good

texture. The fine dry product is collected in a cyclone

or in a bag filter. The grain size of the product can be

controlled by the location of the discharge pipe and

by the flow of air. The conditions and results of

drying potato pulp in an SBD are presented in
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FIGURE 14.12 Flow scheme of mechanically spouted bed

(MSB) dryer with inert particles for drying of materials of

high moisture content: 1, dryer; 2, vertical conveyor

screw; 3, inert packing; 4, bearing; 5, drive; 6, air filter;

7, valve; 8, rotameter; 9, heat exchanger; 10, air inlet; 11, air

chamber, 12, slots for air inlet; 13, air outlet; 14, cyclone; 15,

U-manometer; 16, suspension tank; 17, pump; 18, suspension

feeding tube.



TABLE 14.19
Drying of Potato Pulp in a Mechanically Spouted
Bed Dryer with an Inert Charge

Experimental conditions

Wet solid Potato pulp of

moisture content

78% m/m

Feed rate 2.88 kg/h

Drying airflow rate 110m3/h at 208C
Mean temperature of the inlet air 114.58C
Temperature of the outlet air 638C
Speed of rotation of the screw 240 rpm

Drying results

Removed moisture 2.87 kg/h

Mean temperature of the outlet air 42.58C
Rate of evaporation referred to the

cross section of the dryer 191 kg water/m2h

Specific energy consumption 3025kJ/kg water

Mean moisture content of the product 0.2%m/m

TABLE 14.20
Drying of Brewery Yeast in a Mechanically Spouted
Bed Dryer with Inert Particles

Technical parameters

Diameter 1.0 m

Height 1.8 m

Diameter of the screw 0.30m

Diameter of particles 12 mm

Bed height 1.0 m

Drying conditions

Moisture content 5.0 kg/kg db

Initial 0.05 kg/kg db

Final 5300Nm3/h

Airflow rate

Temperature 1208C
Inlet 708C
Outlet 8–10 s

Residence time of the wet material

in the drying zone

Rate of evaporation 95–105 kg water/h

Specific drying rate 120–130kg water/m2h

Specific energy consumption 3000–3500 kJ/kg water
Table 14.19. In some areas, the SBDs for solutions

and suspensions can be an economically interesting

alternative to the spray dryer.

14.3.4 .2 Dry ing of Brew ery Yeast in Mechani cally

Sp outed Bed Dryer

The task was to perform the drying of the brewery

yeast suspension of 4.5 kg/kg db water content with

density of 890 kg/m3.

The inactive brewery yeast suspension as the

by-product of the beer production contains vitamin B

and trace elements in relatively high concentration

therefore the dried powder, after tabletting can be

circulated as roborant. It was very important to pre-

serve its vitamin content whereas the moisture content

of the dried product should be less than 5% m/m;

moreover, the particle size of 90% of the product

should be smaller than 0.4 mm and the size of remains

should not exceed 1 mm.

Drying experiments were performed in a labora-

tory-scale MSB dryer with inert particles and the

optimum process parameters were determined. The

dimensions of the dryer and the operational param-

eters of drying are summarized in Table 14.20. From

these data an industrial-scale dryer with a capacity of

100 kg water/h was designed (see Figure 14.13). The

dimensions of the dryer and the operational param-

eters of drying are summarized in Table 14.20.

14.3.4.3 Drying of Some Other Products

Drying of pastelike materials of high thermal sensi-

tivity such as animal blood and liquid vegetable
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extracts in spouted bed of inert bodies is technically

feasible [21]. Experimental investigations were carried

out in a drying chamber consisting of a 608 conical

base followed by a 0.14-m diameter cylindrical section.

The chamber contained polypropylene beads as inert

particles (r ¼ 820 kg/m3 and d ¼ 3.9� 10–3 m). It has

been observed during animal blood drying that when

the air outlet temperature was kept at 748C a dry

product with soluble protein content of about 85%

of its original amount can be obtained. At this tem-

perature the process thermal efficiency is about 55%.

The dried vegetable products have shown the

same organoleptic properties and moisture content

as commercial vegetable powders for pharmaceutical

use. Therefore, their active compounds do not lose

their desirable characteristics after drying.

The product moisture can be adopted as a quality

control parameter. It is recommended to keep it

around 5% for dried vegetable extracts and around

6% for dried animal blood. Drying of agricultural

products and by-products has received a great deal

of attention in Brazil in recent years. The spouted bed

with inert particles has also been investigated as a

paste dryer for bovine blood and tomato paste, as

well as for solutions of various pharmaceutical prod-

ucts. Another by-product that has been underutilized

is the yeast produced in large quantities in the alcohol

industry.

Since yeast is a living organism, great care must be

taken in its drying to ensure a viable product for use



TABLE 14.21
Drying of Polyvinyl Chloride in a Spouted Bed Dryer

Initial moisture content 60% m/m

Temperature of drying air

Inlet 1208C
Outlet 608C

Specific energy consumption 9000kJ/kg

Specific rate of evaporation 6.4 kg/m2h

Final moisture content 0.5% m/m

TABLE 14.22
Drying Fine-Grain Calcium Carbonate in a
Mechanically Spouted Bed Dryer with Inert Particles

Experimental conditions

Inert charge Glass beads (d ¼ 4mm)

Feeding With a pump

Feed rate 3 kg/h of suspension

of 50% m/m

Drying airflow rate 110m3/h at 208C
Temperature of drying air 1358C

Drying results

Temperature of the outlet air 758C
Mean moisture content of

the product 0.4% m/m

Removed moisture 1.49 kg/h

Rate of evaporation referred to the

cross section of the dryer 95 kg water/m2h

Specific energy consumption 9715 kJ/kg water

FIGURE 14.13 Industrial-scale MSB dryer with inert par-

ticles (photo).
in the baking industry. Owing to this heat sensitivity,

the SBD with inert particles, in which the particle

temperature stays well below the gas temperature, is

considered to be a suitable dryer [22]. The SBD con-

sisted of a conical base with 608 angle, followed by a

cylindrical section with diameter of 500 mm. The

diameter of the gas inlet was 50 mm. Drying was

carried out on inert glass beads (dp ¼ 1.8 mm and r ¼
2.5 g/cm3). The inlet air temperature values were 100,

120, and 1408C, whereas the outlet temperature val-

ues were 60, 79, and 808C. The airflow rate was kept

at twice the minimum spouting value. It was found

that the viability of the product was in the 50–70%

range, and that a feed concentration of 10% was

satisfactory.

An SBD for PVC tested in the Technological

Institute in St. Petersburg, Russia has the following

dimensions: D ¼ 400 mm, Di ¼ 70 mm, and a ¼
408. The cross section of the dryer was 1 m2, with a

capacity of 400 kg/h of moisture and 1600 kg/h of dry

material. Additional data for this operation are given

in Table 14.21 [23]. Some of the examples described

below relate to products of high moisture content,

ranging from pasty or pulpy products to granular,

crystalline substances.
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14.3.4.4 Drying of Calcium Carbonate of High

Purity and Fine Grain Size

The moisture content of limestone produced in the

desired grain size of 2–3 mm and in desired crystalline

form, upon filtration or centrifugation, is 45–50%m/m.

This pulpy product can be dried in an MSB dryer with

inert charge. Here, the conveying screw was made up of

Teflon because metallic moving elements would have

caused abrasion and contamination of the product.

The diameter of the drying chamber was D ¼ 140

mm; its height was 450 mm. The upper part had a

disengagement zone with a threefold increase of area.

The conveying screw, diameter of 75 mm and 650 mm

long, extended into the upper-enlarged duct. The sur-

face of the bed, consisting of inert grains, must be

lower by about one screw profile than the end of the

conveying screw. This way larger bits of grains do not

accumulate at the top but are transported back into

the bed.

The results of these drying experiments are pre-

sented in Table 14.22. Note that here the specific



TABLE 14.23
Drying of Solution of Manganese Sulfate

Airflow rate 180Nm3/h

Gas velocity in the nozzle 80.6m/s
energy consumption is rather high. The result is con-

sidered favorable as one must take into account also

that after drying the dried product saved its primary

grain size hereby, the grinding and screening oper-

ations became unnecessary.

Gas velocity in the cylindrical part 2.49m/s

Temperature

Inlet 6008C
Outlet 1408C

Specific requirement of gas 4.76Nm3/kg water

Specific requirement of heat 3840 kJ/kg water

Specific evaporation 1260 kg water/m2h
14.3.4.5 Drying of Potassium Permanganate

Large-grain crystalline potassium permanganate after

centrifuging can be dried in an SBD [24]. The 0.5–1.2

mm grain size fraction varied between 75 and 80%,

but the fraction under 0.5 mm was around 20–25%.

To dry this highly sticky material, 50 Nm3/h air of

2608C inlet (1008C outlet temperature) was used,

bringing down its original 4% moisture content to

0.22%. Gas velocity in the gas inlet nozzles was 16.1

m/s; in the annular part of the drier it was 0.66 m/s.

Specific air and heat consumption values were 16.6

Nm3 air/kg water and 7975 kJ/kg water. The results of

similar drying experiments conducted in a fluidized

bed dryer were 50–55 Nm3 air/kg water and 7350 kJ/

kg water, that is, much higher air consumption with

marginally lower heat requirement.
14.3.4.6 Dehydration of Salts

The dehydration of moist inorganic salts with water

of crystallization content is, in general, a complex

task. The loss of crystalline water usually consists of

several components with different temperature or

residence time requirements for each case. In the

course of dehydration, the material to be processed

(e.g., ZnCl2 or MnCl2) may form undesirable com-

pounds. In numerous cases, as with magnesium chlor-

ide and iron chloride, oxygen impedes the full loss of

crystal water as a result of heat effects. On the basis of

these problems, publications dealing with successful

dehydration experiments conducted in spouted bed

equipment are of particular interest.

A diluted solution of manganese sulfate forms

granular particles free of water if the solution is

sprayed into the bottom of the spouted bed of man-

ganese sulfate particles [24]. The SBD dimensions

were D ¼ 196 mm, Di ¼ 60 mm, and a ¼ 40. The

operating data for this experiment are given in Table

14.23. The output of the dryer is 50 kg solution/h at a

concentration of 20–25%. At concentration levels of

40–45%, an insufficient number of nuclei can be

formed and the spouting motion stops [24].

Rabinovich [25] dried a diluted solution of MnCl2
by spraying the 24–25% solution onto a 3.5–5 mm

aluminum silicate catalyst acting as an inert packing

bed or, alternatively, anhydrous MnCl2 was the bed

material.
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Ermakova [26] developed an SBD for the washing

medium drained from an electrolysis bath containing

manganese chloride and iron chloride. The inert

packing bed was an aluminum silicate catalyst. To

prevent hydrolysis, aluminum chloride was added to

the washing medium (30–50 kg/m3). The inlet gas

temperature was 500–5508C; the outlet temperature

was 140–1508C. Gas velocity in the annular part of

the SBD was in the range 3.2 to 3.6 m/s.

The importance of the residence time was observed

by Mitev in the course of vortex bed dehydration of

plaster of paris. At a bed temperature of 128–1368C, a

residence time of 130 min was required to remove 1.5

molecules of water of crystallization. The average resi-

dence time of 30 min even at an inlet gas temperature

of 8008C was not sufficient to attain the final desired

moisture level. The cross section of the vortex bed

dryer was 3.9 m2, with an output of 6000 kg/h and a

specific evaporating capacity of 1500 kg/m3h. The inlet

temperature of the 2000 m3/h drying medium was

6508C; the outlet temperature was 1508C.

14.3.4.7 Drying of Pigments and Dyes

The treatise by Romankov and Rashkovskaya [23]

outlines SBD procedures for a number of inorganic

pigments and organic dyes. The authors detail

methods of drying pastelike materials with 40–70%

moisture content. No deterioration in the quality of

the product was observed at relatively high (150–

3908C) inlet temperatures. Some significant specific

data about these dryers of 200-, 300-, and 870-mm

diameter are as follows: 14.2–24 kg gas/kg water;

3250–4310 kJ/kg water; and capacity 55–90 kg

water/m2h.

Similar values were attained in a spouted bed of

industrial scale. For example industrial-scale drying

of 200 kg/h ‘‘Z-type black’’ dye resulted in 11.8 kg

gas/kg water and 4600 kJ/kg water; the diameter of

the dryer was 1.6 m. The inlet temperature of 3308C
in the spouted bed decreased to 1008C in the process



TABLE 14.24
Drying Experiments in the Laboratory-Scale and
Pilot-Plant Dryers

Lab 1 Lab 2 Lab 3 Pilot

D (m) 0.135 0.38

mp (kg) 9.2 7.0 5.2 55

Ap (m2) 2.8 2.1 1.6 12.7

H/Dc 2.5 2.0 1.4 1.2

V00 (Nm3/h) 80 80 80 620

v00 (m/s) 1.5 1.5 1.5 1.5

xin (kg/kg) 5.5 5.3 5.3 5.0

xout (kg/kg) 0.05 0.05 0.03 0.02

G (kg/h) 3.7 4.0 4.7 37.0

Tin (8C) 174 178 178 178

Tout (8C) 64 59 61 61

W (kg water/h) 3.1 3.4 3.9 30.7

Pw (kg water/m2h) 209 227 264 270

Pd (kg dry/m2h) 40 40 53 56

rr (kJ/kg) 3350 3350 2950 2900
of drying. The initial moisture content of the wet

material was 5%. Gas velocity in the gas inlet nozzle

was 30 and 0.75 m/s in the annulus. Pressure drop

over the 400-mm bed at this velocity was 5 kPa.

Drying of NaCl solution and alumina suspension

was investigated [27] in laboratory-size SBD inert

packing. Experiments have been carried out in a cy-

lindrical chamber 150 mm in diameter with conical

base and an air inlet of 20 mm. The inert particles

were mainly glass and plastic beads of 2 to 5 mm size

and different shapes.

To conclude, solutions and suspensions can be

dried by spraying onto the outside of large inert par-

ticles. The drying proceeds at a constant rate until

nearly all the water has evaporated. The drying rate

then falls rapidly. The dried product does not attrite

from the surface of the particles until the drying

passes into the falling rate period.

14.3.4.8 Drying of Cobalt Carbonate

For the drying of cobalt carbonate suspension, bed

height to column diameter ratio (H/D) has been

changed at constant airflow rate and temperature,

comparing specific drying performances related to

equipment cross section and total inert particle sur-

face, also calculating drying efficiency from theoret-

ical and actual heat consumption necessary for the

evaporation of water. The measured and calculated

data are summarized in Table 14.24 [18].

It can be seen from the data that specific drying

performance P increases and the heat consumption rr
necessary for the evaporation of water decreases with

reducing ratio H/Dc. If the ratio H/Dc is large, only a

definite fraction of the inert particles participate in the

drying process, that is, their surface is coated by the

wet material, which dries on it and subsequently ab-

rades. This means that the fraction of particles not

participating in drying process is relatively high. This

fraction can be reduced with a decreasing H/Dc ratio,

and the amount of heat relieved in such a way can be

used for removing the moisture. Drying efficiency was

highest at lowest bed height to diameter ratio (H/Dc ¼
1.4). The experiment performed on the pilot-plant dryer

(D ¼ 0.38 m) proved that drying can be performed at

low H/Dc ratio with the same good efficiency, as under

laboratory conditions (see Table 14.24).

The experimental results are interesting from the

point of economic operation, that is, that one can

obtain very high specific drying performance and

low specific energy consumption at packing heights

much lower than with conventional SBDs. Energy

consumption for airflow can be reduced considerably

by decreasing the volume of the inert particles of

relatively high density.
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14.3.4.9 Drying of Sludge from Metal Finishing

Industries’ Wastewater Treatment Plants

Metal-finishing industries, in particular the plating

industries, typically produce large volumes of metal

hydroxide sludges from treatment of rinse and waste-

water [28]. These sludges typically contain 20–25% of

solid after dewatering in a filter press. Spouted bed is

potentially an excellent alternative for drying such

materials. Tests were carried out in a 154-mm diam-

eter, half-cylindrical spouted bed designed for oper-

ation at high temperature. The bed has a total height of

1156 mm and a conocylindrical base with an included

angle of 608. The sludge used for the trials is a mixture

of ferric and zinc hydroxides containing 41% iron,

7.5% zinc, and 4.0% lead on dry basis with the balance

represented by oxide and hydroxide. The nonbound

moisture percentage of the sludge was 83.4%.

In all cases, sand was used as the bed material.

Spouting air preheated to a controlled temperature up

to 5008C was introduced through a single orifice of

19-mm diameter. After steady spouting had been

attained at a bed temperature of 3508C and a super-

ficial gas velocity of 1.4 m/s, sludge was fed approxi-

mately 3 mm into the spout. Particle size distribution

of material was between 15 and 30 mm. The product

had moisture content of less than 3%. The sand dis-

charged from the spout was almost uniformly coated

with a thin layer of dried sludge.

A conservative capital cost estimate was made for

a 610-mm diameter SBD designed to dry 220 kg/h of

wet sludge with 20% by weight solids. The cost com-

pared favorably with available kiln-type technologies



and shows that the spouted bed is cost competitive

with conventional technology.

14.4 ASSESSMENT OF DRYING RESULTS

On the basis of extensive results obtained at the

Research Institute of Chemical and Process Engin-

eering, University of Kaposvár (KE MÜ KKI) on

SBD techniques, it is established that with proper

design and selection of proper operating parameters

the SBD lends itself to a very wide range of applica-

tions in various industries, such as drying granular,

pastelike, or pulpy materials with a wide range of

possible particle sizes. SBDs are especially suited for

drying of heat-sensitive materials with surface mois-

ture, as well as those with bound moisture, such as

seeds, foodstuffs, pharmaceuticals, and synthetic

products, in one or two stages. Among advantages

of the SBD are:
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Intense particle motion: Good particle mixing pre-

vents localized overheating and ensures the

product’s uniform moisture content.

The recirculating motion of particles ensures that

during the residence time the drying particles

contact the inlet warm air at regular intervals.

The velocity of this recirculatory particle mo-

tion can be adjusted as required by varying the

operating parameters, such as gas velocity and

bed height, and geometry, such as size of the gas

inlet nozzle, the use of an inner transport screw,

and draft tube.

The residence time of particles may be changed

and regulated within very wide limits, for ex-

ample, by changing bed height or the use of

suitable internal elements, such as partitions or

draft tubes.

To dry materials with bound moisture (e.g., plas-

tics), tangential air inlet and an inner transport

screw are highly recommended since this way

the volumetric gas velocity can be adjusted as

required by the drying process regardless of the

gas velocity requirement for particle motion.
14.5 DEVELOPMENT OF SPOUTED
BED SYSTEMS

Development activities at the Pannon University Re-

search Institute of Chemical and Process Engineering

were carried out in two ways:
1. Development of dryer construction to improve

the control of the dried product characteristics

2. Development of dryer construction to improve

the drying conditions
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14.5.1 DEVELOPMENT IN C ASE 1

Particulate materials of high moisture content (sus-

pensions and pulps) can be advantageously dried

without heat damage in the MSB dryer with inert

packing. The particle size of the product, one of the

most important quality requirements, is controlled by

the wearing time in the inert conveyor screw by its

rotation speed and conveying length. However, the

latter can be increased only simultaneously with the

spouted bed height, requiring higher ventilation en-

ergy. To avoid this disadvantage a modified MSB

dryer was developed. In order to increase the effectual

conveying length of the inner screw independently of

the spouted bed height, a tube of changeable length

was built in the dryer to the top of the bed [34]. This

tube serves as a house for the screw and hereby, the

screw can carry the inert particles over the spouted

bed surface, improving the wearing, grinding effect.

The results were demonstrated by drying tests carried

out with microwave pretreated potato pulp. The

results proved that by this way the particle size can

be controlled in wider range, independently of the

bed height.

14.5.2 DEVELOPMENT IN CASE 2

On the basis of concerning publications and experi-

mental results, heat treatment processes can be suc-

cessfully (better product quality, economically)

performed by the combination of microwave and

convective heating. For this reason a combined

(microwave þ spouted bed) dryer was developed on

a big laboratory scale. The prototype dryer consists of

a so-called MSB device and of an equipment part for

the microwave energy supply (see Figure 14.14). The

combined dryer can be advantageously used for con-

tinuous drying or batch drying and for heat treatment

of particulate agricultural and food products, as well as

of heat-sensitive pulps and suspensions. The convective

and microwave drying and heat treatment processes

can be realized simultaneously or subsequently.

The prototype was put in operation successfully.

Experiments were carried out to heat and dry germin-

ated pea and moistened rice. In this way a good

product quality and the required final moisture con-

tent could be reached [35].
14.6 CONCLUSION

Spouted beds for drying of granular materials, pastes,

and slurries are an emerging technology. Although

there are few large-scale industrial applications re-

ported in the literature, the modified spouted beds dis-

play significant potential for the future applications.



FIGURE 14.14 MSB dryer combined with microwave

energy introduction (photo).
Scaling up of axisymmetric and three-dimensional

spouted beds remains a difficult area. Two-dimen-

sional spouted beds, such as those proposed by

Mujumdar [29], have a decided advantage as far as

scale-up and modular design are concerned. Also,

spout-fluid beds (which combine the advantageous

features of spouting with fluidization) with internal

heat exchange surfaces are expected to find special

applications. For a more comprehensive survey of

the literature along with a discussion of the design

of conventional as well as several modified spouted

beds for drying, the reader is referred to Passos et al.

[30]. This chapter is based to a great extent on results

obtained at the Hungarian Academy of Sciences;

other investigations reported in the literature (see

Ref. [30]) are consistent with the findings and conclu-

sions presented here.
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NOMENCLATURE

Ac cross-sectional area of column, m2

Ai surface of inlet slots, m2

Ap surface of particle, m2

A specific surface, m2/kg

Dc column diameter (diameter of the

dryer), m

Di diameter of the air inlet nozzle, m

Dsc diameter of the conveyor screw, m

dp diameter of particles, m

G wet feeding rate, kg/h

H bed depth, m

h height of slots, m

mp bed weight, kg

nsc speed of rotation of the conveyor screw,

rpm

Pw rate of evaporation related to the cross

section of the dryer, kg/m2h

Pd specific drying performance (dry prod-

uct) related to the cross section of the

dryer, kg/m2h

Q1, Q2, Q3 bulk velocities in spaces 1, 2, and 3,

respectively (see Figure 14.5), m3/s

Q0, Q 00 bulk velocities in points a and b, re-

spectively, m3/s

q conveying rate of the screw, kg/s

Remf Reynolds number at minimum fluidiza-

tion velocity

Rep particle Reynolds number

rr real heat of consumption, kJ/kg

s pitch of the conveyor screw, m

Tin inlet air temperature, 8C
Tout outlet air temperature, 8C
v0, v00 inlet air velocity, m/s

vph peripheral speed of the screw, m/s

wa sliding velocity of particles in the annu-

lus, m/s

wa
0, wa

00 sliding velocity of particles in the annu-

lus at inlet air velocity v0 and v00, Equa-

tion 14.1, and air inlet nozzle Di
0 and

Di

00
, respectively (Equation 14.3), m/s



waH, waHmax
sliding of particles in the annulus at bed

depth H and Hmax, respectively (Equa-

tion 14.2), m/s

W evaporated water, kg/h

xin initial moisture content, kg/kg db

xout final moisture content, kg/kg db

Dp pressure drop

« voidage of bed

rf density of fluid

rp density of particles

t time, residence time

t1, t2, t3 residence time in spaces 1, 2, and 3,

respectively (see Figure 14.5)

tin time of feed of material

t average residence time of particles
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15.1 INTRODUCTION

Impinging jets of various configurations are com-

monly used in numerous industrial drying operations

involving rapid drying of materials in the form of

continuous sheets (e.g., tissue paper, photographic

film, coated paper, nonwovens, and textiles) or rela-

tively large, thin sheets (e.g., veneer, lumber, and

carpets), or even beds of coarse granules (e.g., cat or

dog food). In this chapter, we will not examine the

last-mentioned application, which is a novel oper-

ation in which hot jets are directed normally onto

thin beds of pellets transported on a slow-moving

conveyor. The jets pseudofluidize the bed to ensure

good gas–solid contact needed for effective drying.

Specific, large-scale applications of impingement

drying, such as drying of tissue paper on Yankee
, LLC.
dryers, combined impingement and through-drying

of newsprint (the so-called Papridryer process), and

drying of wood, are covered elsewhere in this hand-

book. The objective of this chapter is to review the

subject in more general terms and to provide empirical

guidelines for the designing impingement systems on

the basis of recent published literature on this subject.

Since impingement yields very high heat or mass

transfer rates, it is a popular system for convective

drying when rapid drying or small equipment is de-

sired. High production capacities are attained at the

expense of increased capital and operating expenses

because of the more complex fabrication and in-

creased air-handling requirements. Impinging jet dry-

ing is recommended only if a major fraction of the

moisture to be removed is unbound. If the drying rate

is internal diffusion controlled, the high heat transfer



rates of the impingement system can often result in

product degradation if the product is heat-sensitive.

For rapid drying of very thin sheets (e.g., tissue),

high-velocity impingement of hot air jets is very ef-

fective. On the other hand, for drying of heavier

grades of paper and textiles, for example, impinge-

ment drying is effective only to remove surface mois-

ture. Another important industrial application of

impingement drying is in the printing, packaging,

and converting industry, in which printing techniques

are used to deposit a thin film of coating onto a

moving substrate.

It should be noted parenthetically that although

most current applications use hot air jets for drying,

the use of superheated steam in impinging jet config-

uration is seriously considered. At least one firm in

India markets stenter dryers for textiles using steam

jets. A combined impingement and through-drying

scheme has also been proposed by the author for

drying of permeable paper grades and textiles. Poten-

tial for the use of steam drying of veneer has also been

explored and found to be favorable. Much develop-

mental work needs to be done in the area of drying

with steam jets.

It should be pointed out at the outset that since

impinging jets are recommended only to remove sur-

face or unbound moisture, the process calculation of

such dryers is based essentially on the external heat or

mass transfer rates, which can be estimated empiric-

ally for a wide variety of jet configurations. Much of

the empirical information available in the literature

was motivated by other than drying applications,

such as heating or cooling of glass, metal sheets,

turbine vanes, and furnace walls. This information

can be readily adapted for dryer calculations if the

geometric configurations are similar. It should be

stressed that when the moisture removal is internal

diffusion controlled, the design can be based only

on experimentally determined drying rate data or on

a validated mathematical model of the falling rate

drying process.

If the internal resistance is large, designing a dryer

to operate in a combination mode takes advantage of

the high external transfer rates achievable with jets.

Thus, for drying of foodstuffs extruded in the form of

thin sheets, one may combine impingement drying

with a microwave heat source that heats the solid

volumetrically without depending on the develop-

ment of large thermal gradients required by Fourier’s

law of heat conduction. Impingement may be com-

bined with a through-flow to dry thin-packed beds or

permeable sheets. In this case, application of suction

has a synergistic effect: aside from through-drying,

suction also augments the impingement heat or mass

transfer rate.
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In a few cases, the jet velocity is governed by the

fluid mechanics of the impacting jet rather than by

the heat or mass transfer rates. In drying of coated

papers (films), very high shear stresses generated by

jet impingement can cause the high-velocity ink or

coating to flow, causing undesirable streaks (railroad-

ing) on the product. The jet velocity and spacing of

the nozzle from the target surface should be adjusted

to avoid such problems. Extremely high drying rates

obtained by the use of high-velocity jets at elevated

temperatures may cause such problems as case hard-

ening or cracking due to rapid shrinkage. For com-

bustible products, there is a significant fire hazard

unless due care is taken in design and operation.

Appropriate controls must be built in to avoid fire

or explosion hazard.

In most industrial applications, the jet temperat-

ures are such that the radiative heat transfer contri-

bution is very small (a small percentage) of the

convective. Thus, a design based purely on convective

heat or mass transfer is conservative. This chapter will

therefore consider only convective heat or mass trans-

fer correlations for design. The reader is referred to

the literature for full details.
15.2 DESIGN OF IMPINGEMENT DRYERS

15.2.1 GENERAL OBSERVATIONS

An impingement dryer system should be chosen only

if the product is in a form that is amenable subjected

to a multiplicity of hot jets directed normally (or

nearly normally) onto one or both of its surfaces. In

some cases (e.g., pulp or double-coated paper), it is

possible to support the web to be dried entirely aero-

dynamically by strategically locating the blow boxes

from which the jets emerge. In most other cases, the

material that is dried is supported on a conveyor or

roll, which may be solid or permeable. Because of

their complex fabrication and high air-handling costs

(due to the high nozzle pressure drop and high recycle

ratio needed to achieve reasonable thermal efficien-

cies), impingement dryers are recommended only (or

primarily) to remove unbound moisture. These should

not be used to remove moisture well below the critical

moisture level. Simpler parallel airflow dryers are

just as effective and more economical under such

conditions (e.g., wood and carpet).

Typically, the jet velocity and temperature may

range from 10 to 100 m/s and 100 to 3508C, respect-

ively, depending on the product. Because of the

extremely high evaporative cooling in the constant

rate period, the product surface temperature can be

held well below its degradation or ignition temperature.
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Care must be exercised in drying bound moisture

under such conditions since the product temperature

can rise rapidly. If the feed moisture or rate is suscep-

tible to random variation or different products are to

be dried in the same dryer, a suitable control system

sensitive to the product surface temperature rise is

recommended strongly.

If very high jet temperatures are needed, combus-

tion gases may be used directly. Otherwise, steam-

heated air may be used. When using high-velocity,

high-temperature jets, up to 90% of the exhaust air

may be recycled after reheating or directly mixed with

the inlet jet air. Under these conditions, the jet con-

tact time is too short to utilize the total moisture

uptake capacity of the jet. Hence the need for such

large recycle ratios, which result in expensive air-

handling systems. For low-performance impingement

dryers, the recycle ratios are typically low (less than

50%). In impingement dryers consisting of distinct

compartments, each with its own operating tempera-

ture and air velocity, exhaust from the upstream

compartment can be introduced directly into the down-

stream compartment, provided the exhaust air is still

far from dew point, and can accomplish drying. In

any event, fresh makeup air is needed to account for

the moisture pickup; otherwise the drying medium

will quickly become saturated. The dryer along with

its ducting must be well insulated to obtain good

thermal efficiency.

15.2.2 DESIGN PARAMETERS

The design of impingement dryers is both simplified

and aggravated by the excessive number of design

variables or parameters that can be specified or

chosen arbitrarily; at least a dozen of these are im-

portant and have been studied systematically in recent

literature. The designer’s task is simplified by the fact

that almost any arbitrary design can be made to work

by adjusting one or several of the other operating

parameters (e.g., jet velocity or temperature). The dif-

ficult task for the design is to choose a system that will

give optimal system design (in terms of energy con-

sumption and throughput and product quality) with-

out undue adjustments during operation. It is also

desirable to be able to control the dryer readily and

be able to predict its performance when one or several

of the operating variables are changed randomly.

Thus, it is apparent that the design problems may be

posed in an infinite number of ways. The following is

just one approach suggested by the author; no pretense

is made that it is the most desirable approach. Most

industrial designs are based on more arbitrary and

trial-and-error procedures. However, field experience

can be used to advantage in improving the design:
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1. Select nozzle configuration (e.g., multiple slot

and round jet arrays or exhaust port location)

(see Figure 15.1 an d Fig ure 15.2) .

2. Select nozzle geometry (at least 50 differ-

ent designs are in use, most of them chosen

arbitrarily).

3. Select jet velocity, temperature, and nozzle-tar-

get spacing. (These are interrelated. A minimum

geometric spacing is needed for fabrication

purposes, and ease of access, for example. Jet

temperature and velocity are dictated by prod-

uct thermal sensitivity: the higher the tem-

perature, the better the thermal efficiency will

be in general. Jet Reynolds number must

exceed 1000, probably 2000, to achieve fully

turbulent regime.)

4. Calculate drying rates (constant rate only)

using pertinent empirical correlations and ap-

plying various corrections for surface motion,

high transfer rates, large temperature differences

between the air jet and theweb surface, and soon.

Compute product surface temperature. Make a

parametric study to determine quantitatively the

influence of various parameters.

5. Determine air recycle ratio (by mass and

enthalpy balance).

6. Redo steps 4 and 5, accounting for changes in

jet temperature and humidity due to recycle.

(Note: The recirculated exhaust may be heated

in some instances.)
15.2.3 NOZZLE CONFIGURATION

Although not popularly recognized until recently, the

selection of the nozzle geometry and multinozzle con-

figuration have important bearing on the initial cap-

ital cost and operating costs, as well as the product

quality (e.g., nonuniform moisture distribution). It

appears that most of the old designs utilize nozzle

shapes and configurations chosen arbitrarily. Once

selected for ease of fabrication and economy of
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FIGURE 15.2 Effect of large temperature differences between the jet and impingement surface on jet Nusslet number for

cooling and heating. (a) Standard k–« model; (b) RSM model.
scale, the same nozzle box is retained in all subse-

quent designs. The dryer is typically constructed of a

series of similar nozzle boxes arranged in a modular

fashion with strategically located exhaust ports. The

air extraction systems must be chosen to minimize

any nonuniformities in the heat transfer distribution

in the cross-machine direction. The seriousness of this

factor depends on the nozzle configuration used; for

example, it is more important for multiple slot ar-

rangement than for round jet arrays. If the target

surface moves rapidly with respect to the stationary

nozzle boxes (i.e., moves at a speed of at least 10% of

the jet velocity at impact), the nonuniformities in

heat–mass transfer rate in machine direction tend

to even out. On the other hand, such smoothing

does not occur in the case of cross-machine direc-

tion nonuniformities if they persist throughout the

dryer length.
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15.2.4 SELECTION OF NOZZLE CONFIGURATION

The two basic multiple jet configurations for nozzles

are arrays of round jets (issuing out of orifices or

perforated plates) and rows of slot jets. In both con-

figurations, suitable exhaust ports must be located

to prevent the deleterious effects of crossflow due to

spent flow from upstream jets. In general, the exhaust

ports are located to remove the exhaust flow before it

affects the heat transfer performance seriously. For

jet arrays, it is common to provide a circular port or a

rectangular slot for every five rows of staggered jets.

For in-line arrays (not popularly used), the crossflow

interference is expectedly much more significant. This

is also true for slot jets since all of the spent flow must

cross the downstream jet unless alternate paths of

exhaust are provided. Care must be exercised in the

design of extraction ports since these can lead to



lateral nonuniformity in heat or mass transfer rate

distributions although the jet flow itself is uniform.

Slot nozzles are convenient and easy to fabricate

for smaller width dryers (1–2 m). For larger widths

and for dryers employing elevated temperature jets, it

is difficult to maintain a uniform jet width without

developing excessive thermal stresses. The fabrication

costs are high and are not justifiable. Most large-scale

units (e.g., Yankee dryer for tissue) therefore use

perforated plates to generate arrays of jets. They are

easier and cheaper to fabricate.

Obot et al. [1] have compared the heat transfer

performance of jet arrays and multiple slot jets. The

difference between these two configurations is too

small to allow a logical choice to be made solely on

thermal grounds. In general, either one may be

chosen if adequate provision is made to extract the

exhaust gas properly.
15.2.5 SELECTION OF NOZZLE GEOMETRY

Nozzle geometry effects can be profound, and it is

recognized recently (e.g., see Refs. [2,3]). Contoured

nozzles yield a uniform velocity profile and the exit

plane but with a lower turbulence level. Although the

pressure drop is reduced at the given flow rate (dis-

charge coefficient in excess of 0.90) for contoured noz-

zles, the heat transferred per unit pumping power may

not necessarily be higher. Indeed, the cost of fabrica-

tion of contoured nozzles (round or slot) precludes

their industrial application.

Obot [2] has compared heat transfer and discharge

coefficients for jets issuing from round nozzles and

tubes. More recently, Hardisty [3] has presented ex-

tensive data for discharge coefficients and heat trans-

fer under eight differently shaped slot jets. Regardless

of nozzle shape, he found that narrower slots give

higher heat transfer coefficients. He carried out tests

for single slot jets to determine: (a) the effect of chan-

ging the shape of the nozzle holding the slot width

constant and (b) the effect of changing the nozzle

width while maintaining the same nozzle shape.

These data are valid for single slots, but the relative

trends may be expected to hold even for multiple jets.

He presented correlations for the average heat trans-

fer coefficient using the effective nozzle width w’
(which is less than the geometric nozzle width w),

which is related to the geometric nozzle width w by

w0 ¼ wCD

where CD is the discharge coefficient of the nozzle

defined as CD ¼ (actual flow rate)/(rwLVj). In this
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equation, w is the nozzle width, L is the length of

nozzle, r is the air density, Vj is the jet centerline

velocity. Note that CD can only be measured empir-

ically. Florscheutz et al. [4] have shown that CD for

punched plates depends not only on the orifice geom-

etry and Reynolds number but also on the array

pattern and presence of crossflow. For small H, CD

may also depend on H.

It is impossible to give definitive recommenda-

tions for nozzle design. Simplicity of fabrication sug-

gests the use of punched orifices or slots despite their

low discharge coefficient values. More complex noz-

zle shapes are found in practice although their value

in augmenting heat transfer rates is debatable. Often

patent considerations dictate selection of the nozzle

geometry and configuration. Regardless of the choice

of the nozzle, it is important to provide proper ex-

haust of the spent flow to ensure that it does not cross

the neighboring jets.
15.2.6 PRODUCT QUALITY CONSIDERATIONS

Depending on the type and quality of the product, the

dryer designer will be limited in the choice of one or

more of the design variables, namely, the type of

nozzle (round or slot), jet temperature, and jet vel-

ocity. If the surface dried is sensitive to mechanical

stresses (e.g., coated or printed sheet), the velocity at

impact is limited to a value determined experimen-

tally in laboratory tests. If cross-machine drying uni-

formity is critical (e.g., coated papers), slot nozzles

are preferred over arrays of round holes although the

latter may yield higher drying rates at a given open

area; indeed, according to Pinter and Greimel [5], the

heat transfer rates for round hole arrays may be 50–

100% higher than those for slot arrays of the same

open area (1–4%).

The energy consumption for an impingement

dryer consists of two components: (a) electrical

power for fan drives and (b) heat for the air jets.

The electrical power needed to achieve a given heat

transfer coefficient depends on the design of the noz-

zle, plenum chamber, jet velocity, recycle ratio, and

pressure losses in the ducting. In general, an optimum

value for the internozzle spacing exists for a given slot

width. (See Ref. [5] for data on different slot widths,

open area ratios, Reynolds numbers, and so on.) With

good control of supply and exhaust air and good

insulation, a well-designed dryer should yield a ther-

mal efficiency of the order of 75–90%. Specific power

consumption of 3100 kJ/kg of water evaporated has

been reported for air-floater dryers. When jets are

used for pneumatic conveyance of the web or sheet



to be dried, add itional aerodynam ic consider ations

need to be taken into accoun t.
15.3 HEAT TRANSFER CORRELATIONS

15.3.1 RECOMMENDED C ORRELATIONS

Obot et al. [1], Obot [2], Saad [6], Das [7], Martin

[8,9], Dyb an and Mazur [10], and severa l oth ers have

tabula ted the num erous empir ical correla tions for

stagna tion and space- average d heat trans fer under

single or multiple , rou nd or slot turbule nt jets impi n-

ging on stat ionary, impermeabl e, plane surfa ces. It

is not the intention of this cha pter to list and revie w

all these correl ations . The reader is referred to the

literatu re cite d for detai ls.

Sinc e singl e slot or round jets a re of no practi cal

interest , correl ation for this case wi ll not be listed

here. Only arrays of round and slot nozzles will be

consider ed. M artin [9] has recomm ended the follow-

ing correl ations for these tw o co nfiguratio ns in the

Heat Exch anger Desi gn Handbo ok . Approp riate c au-

tion must be exercised by the user to account for

various extraneous effects already noted and those

discussed in subsequent chapters.

Figu re 15.2 shows the spatial arrange men t of

round and slot nozzles in arrays and the averaging

area appropriate to each. Let f is the nozzle exit area/

area of square or hexagon attached to it. The follow-

ing table defines f for the triangular or square pitch

round nozzles and parallel slot arrays:

ARND:

f ¼ p

2
ffiffiffi
3
p D

L

� �3

ARN:

p

4

D

L

� �2

ASN:

w

L

where ARND is the array of round nozzles, triangular

pitch, ARN is the array of round nozzles, square

pitch, ASN is the array of slot nozzles, and L is the

spacing between nozzles.

Martin gives the following correlations for these

major configurations. For arrays of round nozzles

(ARN),
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Sh
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ffiffiffi
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Re2=3

The range of application is 2000 � Re � 100,000;

0.004 � f � 0.04; and 2 � H/D � 12; the accuracy

is +15%.

For arrays of slot nozzles (ASN),

Sh

Sc0:42

� �
¼ Nu

Pr0:42
¼ 2

6
f

3=4
0

4Re

f =f0 þ f0=f

� �

wheref0;¼ (60þ 4(H=2w� 2)2)�1=2

valid in the range 1500 � Re � 40,000; 0.008 � f �
2.5 f0; 1 � H/S � 40; the accuracy is +15%.

Martin [9] has also provided a detailed discussion

on optimal spatial arrangements of nozzles. Here the

term optimal means a combination of geometric vari-

ables that results in maximal average Nu (or Sh) for a

given blower rating per unit area of the heat transfer

or drying surface. Within engineering approximation,

his optimization analysis yields the following results

for both round and slot nozzles: optimal spacing for

slots and optimal pitch for ARN are both �1.40H,

with Sopt ¼ 0.2H and Dopt ¼ 0.18H. These optima

should be taken only roughly. Other effects may

overshadow these and shift the optima significantly.
15.3.2 EFFECT OF VARIOUS PARAMETERS

Following is only a brief outline of the various extra-

neous effects that have been investigated to varying

degrees. For details, the reader is referred to the litera-

ture cited. The effects of crossflow, movement of the

impingement target, large temperature differences,

high drying rate, and artificial turbulence are among

the most important to be considered in the design of

impingement dryers. With large temperature differ-

ences between the jet and the surface, some radiant

transfer may also be present. All dryers must be en-

closed: the effect of confinement must be accounted for

if the correlations used are for unconfined impinge-

ment. The effect of entrainment of low-temperature

ambient air is always to reduce the temperature driving

force and thus worsen the thermal performance. Infil-

tration of ambient air should be scrupulously avoided

in impingement dryers, as in any other types.



15.4.3.1 Effect of Crossflow

Spent flow from individual jets or clusters of jets must

be exhausted properly or the performance of adjoin-

ing jets can fall even by a factor of 2. For slot jets and

rows or arrays of round jets, experimental studies

have measured the effect of induced crossflow (i.e.,

crossflow due to upstream rows of jets made to cross

the downstream jets to exhaust), as well as imposed

crossflow (i.e., a flow parallel to the impingement

surface that is not due to upstream jets). For ASN,

the effect of crossflow is severe [6]. No more than two

jet rows should be allowed prior to exhaust. For

staggered ARN arrangements, the crossflow effect is

less severe; an exhaust port may be provided for every

three to five rows. After five rows, the crossflow effect

drops the average Nu rapidly in the downstream

direction [11].

If the drying performance of an existing dryer is to

be improved by adding extra nozzles, care must be

taken that the extra jets do not impair the perform-

ance of existing jets.

Another undesirable effect of crossflow is that,

depending upon how it is directed with respect to

the motion of the surface being dried, one may en-

counter a nonuniform moisture profile.

Recently, Galant and Martinez [12] have provided

an empirical correlation for heat transfer under ARN

subjected to known crossflow. As a rule, the designer

should avoid the development of strong crossflows in

the dryer by providing well-located exhaust ports.

The work of Nagpal [13] and Kercher and Tabakoff

[14] is also relevant when evaluating the effect of

spent flow on ARN impingement.

15.4.3.2 Effect of Semiconfinement

Saad et al. [11], Obot et al. [15], Folayan [16], and

others have observed that, because of the favorable

pressure gradient induced by confining walls (parallel

to the impingement surface), the heat transfer rates

are reduced somewhat (10–20%) compared with free

jet impingement. The reduction is more significant at

lower spacings, whereas at larger spacings the effect

may be neglected.

Most of the recent work, as opposed to the earlier

work, is concerned with semiconfined impinging jets.

The results are then applicable without correction for

confinement.

In the absence of confinement, ambient air en-

trainment effects may cause unpredictable effects;

for hot air impingement the heat transfer perform-

ance may worsen by 20–50% depending upon the

flow rate, difference between the jet and the ambient

temperature, and nozzle-surface spacing.
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15.4.3.3 Effect of Mass Transfer

Large mass fluxes normal to the surface are caused by

high evaporation rates; this is especially true of the

high-velocity, hot air jet impingement employed in

paper drying. The presence of normal flux causes

thickening of the thermal–concentration boundary

layer and hence a reduction in the heat and mass

transfer rates. Since most correlations used in practice

are for no net mass flux, corrections must be applied

to the empirically determined Nu or Sh. Keey [17] has

discussed the correction factors developed on the

basis of film theory and boundary layer theory. For

spray drying, the reduction due to high evaporation

flux in the nozzle zone may be as high as 15%.

Similar corrections (~10%) may apply in an intense

impingement drying of paper.

More recently, Kast [18] has presented modified

correction factors for high mass fluxes in laminar and

turbulent flows. Although more complex in form,

their effect on the calculated drying rates for super-

heated steam drying of paper was found by Loo

and Mujumdar [19] to be negligible. The simpler

forms given by Keey are therefore recommended

for practical calculations.

15.4.3.4 Effect of Large Temperature Differences

Very little work exists on the effect of large tempera-

ture differences between the jet and the target surface.

Das [7] has presented empirical correlations of the

following form for a single slot jet; the correlation

may be applied to ASN for large internozzle spa-

cings and for exhaust slots located midway between

adjoining slots:

Nuj ¼ KRea
j

H

w

� �b
Tj

Ts

� �c

Pr
1=3
j

His data and correlation apply over 5000 < Re <
20,000, 8 < H/w/12, and 1.18 � Tj/Ts � 2.06. The

values of a, b, and c are given in Ref. [7]. Because

of higher viscosities of gases at higher tempera-

tures, impingement dryers often operate with low jet

Reynolds numbers (100–2000) for which no correl-

ation exists for large temperature differences.

No correlations exist for other configurations.

Correction factors recommended for tube flows may

be applied for impinging jets in the absence of suitable

correlations.

15.4.3.5 Effect of Suction

It is observed that a synergistic effect occurs when

impingement drying is combined with through-drying,



as in combined drying of permeable paper or textile.

Application of suction increases the impingement

heat transfer rate. However, it is not clear if the

added capital and operating costs of through-drying

are justified in a general application. For design pur-

poses, a 10–15% increase in the average impingement

heat or mass transfer rate may account for the suc-

tion effect within engineering accuracy. Very limited

experimental or analytic information is currently

available to permit prediction of the suction effect.

It is worth noting that the product permeability in

general will change with moisture content as drying

proceeds. Thus, for a fixed applied pressure drop

across the permeable target, the suction velocity will

in general increase in the downstream direction.

15.4.3.6 Effect of Surface Motion

Van Heiningen et al. [20] have reported local Nu

values for a confined single turbulent slot jet impin-

ging on a rotating drum using a specially designed rig.

Earlier, Fechner [21] made measurements of average

Nu on rotating drums subjected to single and multiple

slot jet impingement. On the basis of the limited data

at hand, it appears it is safe to neglect the effect of

surface motion if the surface linear velocity is less than

20% of the jet velocity at impact. The local Nu is altered

significantly, but the average value is little affected.

Work currently underway at McGill University will

shed more light on the effects of surface motion with

or without suction and oblique impingement [22,23].

15.4.3.7 Effect of Oblique Impingement

For rapidly moving impingement surfaces, it is likely

that an optimum angle of impingement (other than

normal) may exist. Korger and Krizek [24] found

that, with oblique impingement, although the local

Nu changed, the average value changed very little

compared to normal impingement for a stationary

surface. According to Baines and Keffer [25], the

surface-averaged shear stress for a single turbulent

slot jet impinging obliquely on a rotating drum was

maximum for an angle of 608 between the target and

the jet axis. A similar effect may be present for heat or

mass transfer, although no analogy can be made be-

tween momentum and heat or mass transfer in the

impingement region.

15.4.3.8 Miscellaneous

The effects of surface roughness, curvature of im-

pingement surface, and artificially induced turbulence

have been studied primarily with regard to their ap-

plication in turbine vane cooling rather than drying

(see Refs. [26–28]).
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To tailor heat and mass transfer rates and their

distribution on the impingement surface, the designer

has numerous possible choices. One that is not com-

monly exploited is the use of nonuniform arrays (e.g.,

varying D with fixed or variable pitch for ARN or

variable S or W for ASN), which can be tailored to

meet the requirements of varying drying rates. This is

particularly useful for drying in the falling rate period

of heat-sensitive products.

The effect of swirl in the jet flow has been studied

by Ward and Mahmood [29]. Since the Nu decreases

with increasing swirl number, it is clearly undesirable

to introduce swirl in the jet flow.

On the other hand, an artificial increase in jet

turbulence in the region of the target surface helps

to augment the average heat or mass transfer rates

significantly. Ali Khan and coworkers [30,31] have

studied, for round jets, the effect of placing a perfor-

ated plate just upstream of the impingement surface.

It is thus possible to manipulate the magnitude and

distribution of Nu by varying few parameters. They

used punched plates (diameter of holes ¼ 3–10 mm,

pitch ¼ 4–36 mm with open area 0.63–51%). For a

punched plate hole diameter is 0.06 times the jet

diameter, they found that maximal augmentation oc-

curred for the punched plate placed three times the

punched plate hole diameter. Although optimal, this

spacing is too close for practical utility. Further work

is needed to exploit this technique of augmentation of

impingement heat and mass transfer.

The use of turbulence generation placed in the

nozzle or upstream is wasteful as the jet turbulence

decays rapidly as it approaches the impingement sur-

face. Thus the added pumping power leads to little or

no increase in the impingement transfer rate.
15.4 RECENT DEVELOPMENTS
AND CLOSING REMARKS

Impinging jet heat transfer is a very active area of

research. Numerous papers have appeared in the re-

cent literature, which deal with computational fluid

dynamic simulations. The turbulent model predic-

tions are still not very reliable or accurate but they

are still useful to estimate trends for design purposes.

Some new results dealing with single and multiple

impinging jets issuing out of noncircular nozzles

(e.g., square, elliptic, etc.) may be of future interest

although currently round nozzles will continue to be

the preferred choice in view of the ease of their fabri-

cation. Since impinging jets of gas-particle jet can

yield significant enhancement over single-phase gas

jets, this would be an area of potential interest in

special applications.



Ver y littl e infor mation exists for the impin gement

heat transfer coeffici ent with high tempe ratur e jets .

Das et al. [39] also pr esented data on the effect of

large tempe rature diff erences on the local and ave rage

heat transfer rates unde r a confi ned single slot jet by

experi ments over a range of tempe ratur e diff erences,

from 50 to 300 8 C [6]. Mo re recent ly, M ilosavljev ic

[40] present ed an ov erview of an experi menta l inves-

tigation of impi ngement heat trans fer rate at high air

imping ement tempe ratur es from 100 to 700 8C unde r

arrays of rou nd jets . The effects of impin gement air

tempe rature as wel l as veloci ty on the average he at

transfer coefficien ts are repo rted. They also compared

the measur ed heat transfer co efficien ts with those

predict ed by the correl ation of Marti n [8]. The experi -

menta l results indica te that the heat trans fer coeffi-

cient drops over the air jet tempe rature interval, 100

to 400 8 C much faster than what M artin’s correl ation

predict s. It reaches a plateau between 400 a nd 600 8 C
N
u f

 fo
r 

co
ol

in
g

10

20

30

40

50

60

70

X /W

0 5

Re = 12,000, W = 5 mm, H /W =

(a)

N
u f

 fo
r 

co
ol

in
g

10

20

30

40

50

60

70

X /W

0 5

Re = 12,000, W= 5 mm, H /W = 

(b)

FIGURE 15.3 Effect of large temperature differences between t

cooling and heating. (a) Standard k–« model; (b) RSM model.
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and again increases slightl y ov er the interval 600 to

700 8 C. The compari son betw een the measur ed he at

transfer coeffici ents and those predicted by the cor-

relation of Martin shows that for jet tempe ratur e of

100 8 C the measur ed co efficients are relative ly close to

those predicted by M artin’s co rrelatio ns; howeve r, the

measur ed heat trans fer coefficien ts tend to be some-

what low er than those pred icted by Martin’s correl -

ations ov er the tempe ratur e range of 10 0 to 400 8 C.

Over the tempe ratur e range from 400 to 600 8 C, the

deviation star ts to decreas e. Note that no accoun t

was made for the effect of radiation. Refs [32–38]

provide extensive reviews of impinging jet heat

transfer literature.

Shi et al. [41] have conducted an extensive numer-

ical study of the effect of large temperature differ-

ences ranging from 12 to 2728C, between the jet and

the impingement surface on the local Nusselt number

under a singl e turbulen t slot impin ging jet. Figure 15.1
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shows a schema tic diagra m of the impinging slot jet

flow configu ration used . They distinguis h heati ng and

cooling app lications since the therm ophy sical pro per-

ties of the fluid in the vicinity of the targe t surfa ce v ary

in diff erent direct ions for the two cases. A compara tive

analys is in the turbul ent flow regimes is made of the

standar d k –« and Reynol ds stre ss turbul ence models

for a constant targe t surface tempe rature . The local

Nusse lt numb ers calcul ated using therm al co nductiv -

ity values at the jet, film, or wall tempe ratures are

labeled Nuj , Nu f, and Nuw , respect ivel y. Nusse lt num -

ber distribut ions with differen t de finitions of Nusse lt

number were co mpared. Their resul ts show that large

tempe rature diff erences between the jet an d the im-

pingem ent surfa ce lead to signi ficant differences in

the num erical values of the he at trans fer coeffici ents.

At large tempe ratur e differences (over 100 8 C), signi fi-

cant diffe rences occur between the three possible def-

initions of Nusselt numbers. Thi s is true for both

heatin g and coo ling with impi nging jets ; only the for-

mer is of inter est in dry ing. It is sh own that use of the

jet tempe ratur e as the reference tempe rature for the

calcula tion of the Nusse lt num bers shows the least

spread, with DT (see Figure 15.2 and Figure 15.3) .

This result allows the designer to use previously pub-

lished correlations, which were obtained at small tem-

perature differences between the jet and the

impingement surface. This conclusion is valid regard-

less of the jet Reynolds number and nozzle-to-surface

spacing. Also, the same conclusion is drawn from the

use of k–« as well as the Reynolds stress models of

turbulence. Although the results are for a single slot jet

it may be assumed in the absence of additional results

that a similar result will apply for arrays of jets.
NOMENCLATURE

H nozzle-to-plate spacing

Nu Nusselt number, hW/k

W nozzle width

l thermal conductivity

SUBSCRIPT

j inlet

f film

w impingement surface
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16.1 INTRODUCTION

Drying is a separation process that converts a wet solid,

semisolid, or liquid feedstock into a solid product by

evaporation of the liquid into a vapor phase with the

application of heat. Essential features of the drying

process are phase change and production of a solid.

Thermal drying is one of the most important unit

operations in most industrial sectors. Indeed, it is

hard to find a product in daily use that has not

undergone drying as a stage of its manufacture.

Drying is an essential operation in the chemical,

agricultural, biotechnology, food, polymer, ceramic,

pharmaceutical, pulp and paper, and wood process-

ing industries. Drying is extremely energy-intensive

and in many cases has important implications as

the thermal energy needed for drying is obtained by

combustion of fossil fuels, leading to emission of

carbon dioxide. Well-designed modern drying eq-

uipment with high thermal efficiencies is becoming

increasingly important.

One of the most widely used drying systems is

flash drying and is also known as pneumatic drying.

Flash dryers are most commonly direct drying units
, LLC.
and are also known as convective dryers. Pneumatic

or flash dryers may be classified as gas–solid transport

systems that are characterized by continuous convect-

ive heat and mass transfer processes. Hot air pro-

duced by indirect heating or direct firing is the most

common drying medium in these systems. In direct

flash dryers, the gas stream transports the solid par-

ticles through the system, and makes direct contact

with the material to be dried. This gas stream (drying

medium) also supplies the heat required for drying

and carries away the evaporated moisture. Super-

heated steam can also be used as drying medium

yielding sometimes to higher efficiencies and often to

higher product quality.

The large surface area for heat and mass transfer

and the high convective heat and mass transfer coef-

ficients, which take place at these units, result in high

drying rates and as a result, high drying capacity. The

size of particulates to be dried is usually in the range

of 10–500 mm. One of the features of these types of

dryers is the relatively short contact time between

the hot air and the particulate materials (0.5–10 s)

at the drying section. Because of this the material

temperature stays always low in the drying process.



16.2 BASIC OPERATION PRINCIPLE AND
APPLICATIONS OF FLASH DRYERS

Figure 16.1 shows a simple pneumatic flash drying

system in which particulate solids are dried during

transport in a hot gas stream (usually air or combus-

tion gases). The simple flash drying system includes

six basic components: the gas heater, the wet material

feeder, the drying duct, the separator, exhaust fan,

and a dried product collector. The wet particles are

fed into the hot gas stream sometimes with special

mixing devices. The stream flows up the drying tube.

The gas velocity must be greater than the free fall

velocity of the largest particle to be dried. The gas

velocity in relation to the particle velocity is high.

Thermal contact between the conveying air and the

solids as mentioned above is usually very short and

therefore flash dryers are most suitable for removal of

external moisture (surface moisture) and are less suit-

able for removal of internal moisture. At the end of

the drying process a dust separation arrangement is

installed. It must comply with the regulations for

pollution control. For this purpose cyclone dust sep-

arators, fabric filters, electrostatic precipitators, wet

scrubbers, and fabric filters are used.

High rates of evaporation in flash dryers are lead-

ing to low temperatures of the dried material and

indicate that flash dryers are particularly useful for

drying granular, crystalline, pasty, and powdery prod-

ucts, etc. Flash dryers are used in various branches
Air outlet

Heater
Air inlet

Wet material inlet

Feeder

Dry
product

Bag filter

FIGURE 16.1 Simple flash drying system.
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of the chemical, pharmaceutical, ceramic, gypsum,

wood, and mining industries. Flash dryers are simple

in construction and have low capital cost and they are

almost trouble free.

Vertical type of construction, which facilitates in-

stallation in existing buildings, is advantageous for the

flash drying systems. The tube of most flash dryers is of

circular and uniform cross section. In some cases, the

tube may diverge and converge and may have sudden

expansions and contractions. The tube may be heated

through the wall to keep up the temperature of the gas.

In order to shorten the drying time, recirculation

of the material is used. In this case the number of

cycles of different particles may be different and as a

result the residence time of the particles will not be the

same. In conclusion the advantages of flash dryers are

the following:

. Short contact time and parallel flow make

possible to dry thermolabile materials.
. The dryer needs only a very small area and can

be installed outside a building. However, the gas

cleaning system should be located inside the

building in order to avoid moisture and dust

deposition.
. The dryer is easy to control. The low mate-

rial content in the dryer enables equilibrium

conditions to be reached very quickly.
. Due to small number of moving parts the main-

tenance cost is low.
. The capital costs are low in comparison with

other types of dryers.
. Simultaneous drying and transportation is useful

for materials handling process.

The disadvantages of flash dryers are as follows:

. High efficiency of gas cleaning system is required.

. Because of powder emission, the dryer cannot

be used for toxic materials.
. In some cases this disadvantage can be avoided

using superheated steam as a drying agent.
. For lumped materials difficult to disperse, drying

is impossible to carry out in this apparatus.
. There is a risk of fire and explosion, so care

must be taken to avoid flammability limits in

the dryer.
. In general, especially when recirculation is ap-

plied, not all material particles have the same

residence time in the dryer [1].

In order to achieve efficient pneumatic drying pro-

cess, the air velocity should be as low as possible to

achieve materials transport, the mass flow rate of the

gas should be the minimum necessary to achieve the



specified drying rate, the temperature of the hot gas

should be as high as possible without exceeding limits

imposed by the thermal sensitivity of the solids or

safety considerations, and the construction of the

dryer should allow to achieve thermal equilibrium

between the gas and the solid [2].
16.3 DESIGN OF FLASH DRYERS

The materials dried in flash dryers have different

properties and each product requires specific design

solutions. It depends on the initial and final re-

quired moisture, temperature sensitivity, size and

shape of the particles, etc. Finally, each product to

be dried requires an optimum solution of the problems

involved (efficiency and product quality).

Design procedure of dryers has to find:

. Dimensions of flash dryer

. Choose the type and amount of drying agent

. Requirement of energy supply

. Inlet and outlet parameters for the drying agent

and material to be dried (temperature, moisture

content, velocity, etc.)

Basically, the design consists of execution of the fol-

lowing steps:

. Heat balance

. Mass balance

. Momentum balance

. Determination of heat and mass transfer co-

efficients

By design of the whole drying system, care must be

taken of the gas-heating unit, the material feed sec-

tion, the particle separation section, and the product

collection system.
(a)
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FIGURE 16.2 Typical feed systems for pneumatic flash dryers.

mixer; 5, sling; 6, flash dryer tube; 7, disc feeder. (From Flash D

permission.)
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The feed system has to be carefully chosen and

designed in order to supply the wet material into the

dryer at the required rate. Typical feed systems are

shown in Figure 16.2 [3]. Metering and feed elements,

sometimes with mixing devices arranged upstream

lead the wet product into the flash dryer. For free-

flowing powdery solids, a screw feeder or a rotary

valve may be used effectively. Pasty or sticky mater-

ials need to be preconditioned by blending them with

dried product using single- or twin-shaft paddle

blender and then dispersed mechanically using a

kicker mill or one of the several other designs of

rotating disperser [4].

The selection of gas–solid separators is based

mainly on the material characteristics, required de-

gree of separation, concentration of solids, moisture

content of solids, environmental regulations, and cost.

In utilization are mainly: gravity separators; different

types of cyclones with different efficiencies; fabric fil-

ters, and wet scrubbers. Usually a combination of

separation units is applied.

There are different possibilities of modifications of

simple flash dryers. For instance in a simple flash

dryer a rapid decrease of drying force along the tube

takes place. The design of a dryer with internal pipe

through which hot drying agent is flowing leads to an

increase of the driving force. Another possibility to

increase the drying force is to heat up the tube of the

dryer through the wall.

In order to decrease the dryer height and increase

the drying tim e, the material is recircu lated. In Fig-

ure 16.3 a two-st age syst em is present ed [3]. The solid

particles, after passing through the first stage, which

has the form of a vertical tube, are separated in the

upper part of the dryer, fall down, and are directed to

the second stage. Wet material is supplied to the first

stage by a special feeding system. Each drying stage in

the system is equipped with its own heat generator.

The drying agent from the second drying stage is fed
(c)
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1, Wet product bin; 2, metering; 3, recirculated product; 4,

ryer, Deutsche Babcock, Babcock-BSH GMBH, 1998. With
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FIGURE 16.3 Two-stage pneumatic dryer with vapor utilization. 1, Wet product; 2, primary air inlet; 3, heat generator;

4, fan; 5, dryer tube; 6, cyclones; 7, cyclone separator; 8, predried product discharge; 9, dried product discharge; 10, vapor

return line; 11, waste gas stack. (From Flash Dryer, Deutsche Babcock, Babcock-BSH GMBH, 1998. With permission.)
back to the first drying stage. This system is particu-

larly efficient if the drying agent is superheated steam.

Separation is by means of cyclone separators.

A second drying stage can also be used as a cool-

ing stage. Two-stage flash dryers can be used for

products difficult to dry, e.g., for methylcellulose.

The number of cycles of different particles in two-

stage systems may be different and as a result the

resistance time of the particles will not be the same.

For longer resistance times the duct can be formed

into a continuous loop (ring dryers). In these systems
RotorHot air plenum

Solids feeder

Feed hopper
and agitator

Wet feed

Drying chamber

FIGURE 16.4 Spin-flash dryer. (From Devahastin, S. (Ed.), M

Equipment And New Developments, Exergex Corporation, Mon
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the material is recirculated until it is dried to the

required humidity. For instance high-temperature

short-time ring dryers are used in the food industry

to expand the starch cell structure in potatoes or

carrots to give a rigid porous structure, which enhances

conventional drying rates [5].

Figure 16.4 presents a spin-flash dryer that can be

utilized for some special applications. As described in

Ref. [4] the spin-flash dryer is basically a mechanically

agitated fluidized bed device for very short resi-

dence times. Hence it is targeted for surface moisture
Exhaust air

Fan

Bag filter

Orifice

Dried solids

Inlet air

Air heater

Annular air inlet

ujumdar’s Practical Guide To Industrial Drying—Principles,

treal, Canada, 2000. With permission.)
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FIGURE 16.5 Flash dryer as a drying stage. 1, Wet product

feed; 2, flash dryer; 3, cyclones; 4, fabric filter; 5, indirectly

heated rotary calciner; 6, cooler, final product discharge.

(From Flash Dryer, Deutsche Babcock, Babcock-BSH

GMBH, 1998. With permission.)
remova l. As can be seen in Figure 16.4, a rotor,

placed at the bottom of the chamber, is used to dis-

perse the feed, which falls into the agitated fluidized

bed by gravity. Hot drying air enters the chamber

tangentially and spirals upward, carrying and drying

the dispersed particles. The exhaust air containing the

dried powder is entering into a separation device,

which separates the powder from the exhaust air.

Heavier wet particles remain within the drying cham-

ber for a longer time and are broken up by the rotor.

Thus only dried fine powder can escape to the gas

separation system. This type of dryer can be a re-

placement for the more expensive spray dryer (which

needs more thermal energy because the feed is wetter

due to the pumpability requirements and also expen-

sive because of the need for an atomizer). It is suited

for drying sludge, pulps, pastes, filter cakes, high

viscosity liquids, without the use of an atomizer. Nu-

merous materials have been dried successfully in such

units at capacities up to 10 tons/h. The spin-flash

dryer units are more expensive than the conventional

flash or fluidized bed dryers. Care must be taken to

ensure that there is no danger of product accumulation

on the walls due to stickiness.

Flash dryers using superheated steam as drying

medium instead of air have some advantages such as

no fire or explosion risk and higher efficiency (if

exhaust steam is utilized elsewhere in the process). It

is well known that in air-drying units the latent heat

in exhaust gases is difficult to recover. Sometimes the

quality of the dried product in superheated steam

dryers is superior in comparison to air-drying units.

The limitations of using superheated steam as drying

medium are that the system itself and the operation

of the system are more complex. Leaks are pro-

hibited as noncondensables cause problems with

energy recovery by condensation or compression of

the exhaust steam. The feeding and discharge pro-

cess must not allow infiltration of air and start-up

and shutdown processes are more complex than for

air dryers.

As mentioned by Devahastin [4] more recently

flash dryers consisting of inert media have been

employed at pilot scales to dry slurries and suspen-

sions, which are sprayed onto them. The particles are

coated thinly by the slurry and dried rapidly as a thin

film. Due to particle–particle interactions, particle

collisions, and shrinkage of the film in the drying

process, the powder from the slurry is produced.

Flash dryers can be used as a drying stage in more

complex systems for instance as a predrying stage to a

fluidized bed dryer (batch or continuous) or fluidized

bed cooler, spray dryer, drum dryer, etc. In the food

industry flash dryers are often used after spray drying

to produce foods that have a lower moisture content
� 2006 by Taylor & Francis Group, LLC.
than normal like special milk or egg powders and

potato granules [5].

In Figure 16.5 a flash dryer is used as a drying

stage in a complex system with a rotary calcining

unit [3]. The drying agent in the flash dryer is indir-

ectly heated in the calcining unit. Such arrangement

provides sufficient heat utilization and is used by

Babcock BSH for instance, for catalyst compounds

and other products.
16.4 MATERIALS DRIED IN FLASH DRYERS

Flash dryers are suitable for drying granular, pow-

dery, pasty, and crystalline products. As mentioned

above the residence time of the particles in the dryer is

very short that leads to the fact that only products

containing surface moisture can be dried in flash

dryers. Drying of heat-sensitive products in this type

of dryers is very useful. Flash dryers are successfully

used in the chemical, food, pharmaceutical, mining,

ceramic, and wood industries. Some of the materials

dried in flash dryers as described by Kisakürek [6] are:

Magnesium sulfate, magnesium carbonate, copper

sulfate, dicalcium phosphate, ammonium sulfate and

phosphate, calcium carbonate and phosphate, and

boric and adipic acids are common examples of chem-

icals and by-products. Antibiotics, salt, blood clot,



bonemeal, bread crumbs, cornstarch, corn gluten,

casein, gravy powder, soup powder, vegetable pro-

tein, spent tea, wheat starch, soybean protein, meat

residue, and flour are examples of food products.

Cement, aniline dyes, blowing agents, chlorinated

rubber, coal dust, copper oxide, gypsum, iron oxide,

and silica gel catalyst are typical by-products and

minerals that can be dried in a very efficient way

in flash dryers. Flash dryers are widely used in the

plastic and polymer industries.
16.5 MODELING AND SIMULATIONS OF
PNEUMATIC AND FLASH DRYERS

Mathematical modeling is a very important aspect in

drying technology, allowing the engineer to choose

suitable operating conditions for the chosen method

of drying and if necessary apply scale-up procedures

[7]. It should be kept in mind that the developed

mathematical model should be experimentally valid-

ated in order to use it as a design tool. Reliable

mathematical modeling for conveying of various

powders in a dilute phase pneumatic conveying sys-

tems was developed and validated during the last

three decades [8–11]. In a dilute phase flow, com-

monly referred as a suspension flow, the transport

velocity is sufficient to ensure that the majority of

the particles are suspended in the conveying gas.

Since the particles in pneumatic and flash dryers are

conveying in a suspension mode of flow, the various

models, which were developed for pneumatic trans-

port systems, were extended to model the flow in pneu-

matic and flash dryers by including heat and mass

transfer between the particles and the conveying gas.

In general, two approaches can be used for mod-

eling the flow through pneumatic and flash dryers.

The first approach is based on empirical correla-

tions for specific dryer and dried products. In this

approach, a variety of semiempirical correlations

[12–14] for estimating the pressure drop have been

proposed for gas–solids flow in pipes. Frequently

these models consider the total pressure drop as the

sum of gas and solids pressure drop components:

Dp ¼ Dpg þ Dps (16:1)

This type of relationship is usually employed in the

analysis of experimental data, where the total pres-

sure drop is measured and the gas pressure drop

component is evaluated by assuming that only gas is

flowing in the pipe. A correlation may then be derived

for the solids pressure drop component. Examples of

this type of approach are the work of Muschelknautz

and Wojahn [9], Pan and Wypych [12], and Mason
� 2006 by Taylor & Francis Group, LLC.
et al. [13]. Pan and Wypych [12] employed a modified

version of Equation 16.1 by expressing the solids

pressure drop as a function of the gas pressure drop

multiplied by the solid loading ratio and a corrected

friction factor as follows:

Dp ¼ (1þ a)Dpg (16:2)

Dpg ¼ 4f
L

D

1

2
rgU

2
g (16:3)

a ¼ ls

4f

_mms

_mmg

(16:4)

A similar approach was adopted by Mason et al. [13]

and Bradley et al. [15] for estimating the pressure

drop caused by bends in the pneumatic transport

system.

In order to estimate the moisture content of the

particle at the dryer outlet, two additional common

assumptions are needed, namely isothermal flow and

particle’s exit temperature similar to the gas tempera-

ture. Based on these assumptions, various macro-

scopic mass and energy balance equations can be

solved [16,17].

The second approach is based on theoretical and

mathematical modeling for gas–particle flows. Three

types of theoretical approaches can be used for mod-

eling the gas–particle flows in the pneumatic dryer,

namely two-fluid theory [18], Eulerian granular [19],

and discrete element method [20,21]. Both the two-

fluid theory and the Eulerian granular theory are

based on macroscopic balance equations of mass,

momentum, and energy for both the gas and the

solid phases. It is assumed that both phases are

occupying any point (x, y, z) of the computational

domain with its own volume fraction. The solid phase

is considered as a pseudofluid. The main difference

between these theories is that the Eulerian granular

method employs the kinetic theory of rarify gases to

model the granular phase properties, such as pressure,

temperature, viscosity, etc., whereas the two-fluid the-

ory uses macroscopic correlations to model similar

properties for the solid phase. It should be noted

that traditionally, the two-fluid theory was widely

used to model dilute phase flow whereas the Eulerian

granular was used to simulate both dense and dilute

phase flows. Unlike these theories, the discrete elem-

ent method is an Eulerian–Lagrangian approach, in

which the gas phase is assumed as the continuous

phase, which occupies every point in the computa-

tional domain, and the solid particles are occupying

discrete points in the computational domain. As a



consequence, mass, momentum, and energy balance

equation should be solved for each particle within the

computational domain. This method is able to take

into account various types of particle–particle and

wall–particle interactions from the basic dynamic ap-

proach and gas–particle interactions from the basic

hydrodynamic models for the flow of a single particle

through a conveying phase. Hence, there is no need to

develop or to use macroscopic modeling for the trans-

port of heat and mass from the solid phase to the

conveying gas. This modeling needs large amount of

memory and CPU time in order to solve real prob-

lems, which include millions of particles. As a result,

no full-scale three-dimensional problem has been

solved yet by using the discrete element method.

16.5.1 HYDRODYNAMIC MODELS

Many researches adopted one of the above-mentioned

approaches and modified it to include various aspects

of the pneumatic drying process. Andrieu and Bressat

[16] presented a simple model for pneumatic drying of

PVC particles. Their model was based on elementary

momentum, heat, and mass transfer between the fluid

and the particles. In order to simplify their model,

they assumed that the flow is unidirectional, the rela-

tive velocity is a function of the buoyancy and drag

forces, solid temperature is uniform and equal to the

evaporation temperature and that evaporation of free

water occurs in a constant rate period. Based on their

simplifying assumptions, six balance equations were

written for six unknowns, namely relative velocity, air

humidity, solid moisture content, equilibrium humid-

ity, and both solid and fluid temperatures. The model

was then solved numerically and satisfactory agree-

ment with their experimental results was obtained.

Similar model was presented by Tanthapanichakoon

and Srivotanai [22]. Their model was solved numeric-

ally and compared to their experimental data. Their

comparison between the experimental data and their

model predictions showed large scattering for the gas

temperature and absolute humidity. However, their

comparisons for the solid temperature and the water

content were failed.

Mindziul and Kmiec [23–25] investigated the aero-

dynamics of the gas–solid flow in a pneumatic flash

dryer. Their mathematical model was based on the

continuity equation for both the gas and the solid

phase and momentum equations for the solid phase

and the solid–gas mixture. Heat and mass transfer

were neglected. Although the drying apparatus was

composed of three elements with varying cross-

sectional area, one-dimensional model was solved.

The effect of various empirical correlations for solid-

wall friction factor has been investigated. The results
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of the numerical calculations were partially compared

with experimental data and the influence of the fric-

tion factor on the pressure, gas and particle velocities,

voidage and residence time of particle along the axis

of the apparatus have been presented.

Blasco and Alvarez [26] and Alvarez and Blasco

[27] considered the application of flash drying to

moisture removal of fish and soya meals. Heat, mo-

mentum, and mass balance equations were formu-

lated. The model was solved numerically with

appropriate coefficients of convective heat and mass

transfer. Dilute phase transport of homogeneous ra-

dial monosize particle distribution was considered.

The conveying superheated steam was assumed to

be an ideal gas. The initial period for heating the

particles, during which condensation takes place,

was neglected. Using the film theory [28], the effect

of the mass transfer on the heat transfer coefficient

was considered. A variable diffusivity model was util-

ized for the prediction of the drying rate during the

postcritical drying period. Using a pulse technique

under isothermal conditions, the empirical param-

eters of the variable diffusivity model were experi-

mentally determined. The predictions of the model

were then compared with their experimental data

and good agreement was presented.

Kemp et al. [29] presented a theoretical model for

particle motion, heat and mass transfer, and drying

rates in vertical tubular pneumatic conveying dryers.

The model was one dimensional and it took into

account particle–wall interaction, feed agglomeration

effects, and the effect of particle shape on the drag

factor. The flow pattern at the inlet, near the feed point,

was neglected, i.e., fully developed flow. Kemp and

Oakley [17] extended this model and employed it for

simulating co- and countercurrent dispersion-type

dryers. Equations for particle motion, heat and mass

transfer, heat and mass balance, and local gas condi-

tions were solved simultaneously over a small one-

dimensional increment along the dryer. Using the

Ranz–Marshal and modified Weber heat transfer cor-

relations, the moisture content of the particles was

underestimated. Similar observations were obtained

by Baeyens et al. [30] and Levy and Borde [31]. Since

the heat transfer correlations were obtained for a

single particle, it is not therefore surprising that the

proximity of other particles in the conveying system

reduces the heat and mass transfer rates. In order to

overcome this problem, Kemp and Oakley [17] ap-

plied a fitting mode procedure to achieve good agree-

ments between their numerical simulations and the

experimental data.

Silva and Correa [32] used DryPak for simulating

the drying of sand in a pneumatic dryer. Their pre-

dictions were compared with the experimental results



and the two models of Rocha [33]. The main differ-

ences between the DryPak and Rocha mathematical

models and their assumptions are given below.

16.5.1.1 Rocha [33] Models

The basic difference between both models is related to

conservation equation of momentum. In the first

model (Model a), the momentum conservation equa-

tion for the fluid as a mixture of fluid and particles

was solved, whereas in the second model (Model b),

conservation of momentum for each phase was

solved. For both models, the following assumptions

were considered: steady-state one-dimensional flow;

nonhygroscopic spherical particles; no shrinkage dur-

ing drying; plug flow for both phases; uniform prop-

erties and geometry at a pipe cross section; work done

between the phases was neglected. Based on the

above-mentioned assumptions, mass, momentum,

and energy balance equations were formulated for

the mixture and the solid phase. The correlation of

Ranz and Marshall was used for calculating the heat

and the mass transfer coefficients. Although Rocha

[33] introduced a heat transfer term from the fluid

phase to the ambient, no specific model was presented.

16.5.1.2 DryPak Model [34]

All the assumptions, which were considered by Rocha

[33], were also considered in DryPak balance equa-

tions, with the exception that in DryPak adiabatic

flow conditions were assumed. Other differences

were in the way of calculating the area for heat and

mass transfer and modification of the heat and mass

transfer coefficients. DryPak used the Frossling equa-

tion for calculating the Nusselt number. Different

types of heat and mass transfer analogies were pre-

sented and Ackermann correction was used to include

the influence of mass transfer on the heat transfer

coefficient. It should be noted that unlike Rocha [33]

models, DryPak can take into account particles

shrinkage; internal resistance to heat and mass trans-

fer; and moisture content profile inside the particle

could be obtained, although it was not used in the

study of Silva and Correa [32]. Silva and Correa [32]

concluded that predictions of DryPak produced

better agreements with experimental data than the

numerical results of Rocha [33].

Levy and Borde [35] adopted the two-fluid theory

for modeling the flow of particulate materials through

pneumatic dryer. The model was solved for a one-

dimensional steady-state condition and was applied

to the drying process of wet PVC particles in a large-

scale pneumatic dryer and to the drying process of

wet sand in a laboratory-scale pneumatic dryer.
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A two-stage drying process was implemented. In the

first drying stage, heat transfer controls evaporation

from the saturated outer surface of the particle to the

surrounding gas. At the second stage, the particles

were assumed to have a wet core and a dry outer

crust; the evaporation process of the liquid from a

particle assumed to be governed by diffusion through

the particle crust and by convection into the gas

medium. As evaporation proceeds, the wet core

shrinks whereas the particle dries. The drying process

is assumed to stop when the moisture content of a

particle falls to a predefined value or when the particle

reaches the exit of the pneumatic dryer. The devel-

oped model was solved numerically and two operat-

ing conditions, adiabatic and given pneumatic dryer

wall temperature, were simulated. Comparison be-

tween the prediction of the numerical models of

Rocha and DryPak [34], which were presented by

Silva and Correa [32], with the prediction of our

numerical simulation revealed better agreements

with DryPak than with the models of Rocha. The

results of the developed model were also compared

with experimental results of Baeyens et al. [30] and

Rocha [33].

Rocha and Paixão [36] presented a pseudo two-

dimensional mathematical model for a vertical pneu-

matic dryer. Their model was based on the two-fluid

approach. Axial and radial profiles were considered

for gas and solid velocity, water content, porosity,

temperatures, and pressure. The balance equations

were solved numerically using a finite difference

method and the distributions of the flow field charac-

teristics were presented. This model was not validated

with experimental results.

Silva and Nerba [37] also used the two-fluid ap-

proach and presented a mathematical model of drying

in cyclone. Slip condition of particles on the wall,

particle–wall heat transfer, and particles shrinkage

were considered. The mathematical model considered

a steady state, incompressible, two-dimensional, axi-

symmetric, turbulent gas–solids flow. The gravity

force effect on the particles was neglected. The par-

ticles were assumed to be spherical and distributed in

a layer of uniform concentration on the cyclone wall

and a very small concentration in the central flow.

The discretized balance equations were solved by the

SIMPLE algorithm [38]. Silva and Nerba [37] com-

pared the predictions of their numerical simulations

with experimental results and claimed that the most

influencing parameters on the predictions are the par-

ticle slip conditions and the material shrinkage during

the drying process.

Unlike the above-mentioned models, Fyhr and

Rasmuson [39,40] and Cartaxo and Rocha [41] used

an Eulerian–Lagrangian approach, in which the gas



phase is assumed as the continuous phase and the

solid particles are occupying discrete points in the

computational domain. As a consequence, mass, mo-

mentum, and energy balance equations were solved

for each particle within the computational domain.

Fyhr and Rasmuson [39,40] presented a two-

dimensional model for superheated steam drying of

wood chips in a pneumatic conveying dryer. One-

dimensional plug flow was assumed. Steady-state sin-

gle particle flow and drying models were solved inter-

actively. Particle–particle interactions were neglected.

The irregular movement and the nonsphericity shape

of the wood chips were accounted by measuring

drag and heat transfer coefficients. The predictions

of the temperature and the pressure profiles as well as

the final moisture content of bark chips agreed well

with experimental results. Based on the model valid-

ation, a parametric study was conducted. The calcu-

lation showed that the drying rate varies in a very

complex manner through the dryer. The internal re-

sistance to mass transfer becomes a dominant factor

in the drying of less permeable wood chips. As the

particle size was increased, the heat transfer rate de-

creases and the residence time increases. Hence, they

concluded that less permeable wood species or larger

chips size leads to longer dryer in order to obtain the

desired final moisture content.

Another two-dimensional, discrete element model

was presented by Cartaxo and Rocha [41]. In this

work, only the dynamic phenomenon was investi-

gated (i.e., heat and mass transfer between the phases

were not considered). Thus the influence of the mo-

mentum coupling between the discrete particles and

the conveying air on the air radial velocity and the

mass concentration profiles were presented. An ob-

ject-oriented numerical model was developed to simu-

late the conveying of large spherical particles (3 mm)

through 9.14 m vertical tube with 7.62 cm bore size.

16.5.2 TWO-FLUID MODEL BALANCE EQUATIONS

In the following, the Eulerian governing equations for

the pneumatic drying process are presented in their

three-dimensional form. These equations are based

on the two-fluid approach [18].

16.5.2.1 The Continuity Equations

The continuity equation for the k-phase is given by

@

@t
(«krk)þr � («krkVk) ¼ Sk (16:5)

where k-phase can be the gas or the solid phase, «k, rk,

and Vk are the volume fraction, the density, and the
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velocity vector of the k-phase. The mass source term

of the k-phase is Sk and to maintain the conservation

of mass Sg ¼ � Ss.

16.5.2.2 The Momentum Equations

The momentum equation for the k-phase is given by

@

@t
(«krkVk)þr � [«krkVkVk]

¼ �r � [«k�k]�r(«kPk)þ «krkgþMkj þ SkVs

(16:6)

Generally, the variation of the solid’s density, which

composes the wet particle, is less than few percent. As

a consequence, constant solid density may be as-

sumed to simplify the model. Thus by using the mix-

ture theory the density of the dispersed phase can be

expressed as

1

rs

¼ j

rw

þ 1� j

rsi

(16:7)

where j is the liquid mass ratio in the particle and rw

and rsi are the densities of the liquid and the solid,

which compose the particle. Another common as-

sumption is that the conveying air behaves as an

ideal gas. Thus the gas pressure–density relation is

described by

Pg ¼ rgR Tg (16:8)

The effective normal stress of the solids phase may be

written as a sum of the sheared gas pressure and the

solids contact stress. Thus the effective normal stress

of the solid phase is described by

Ps ¼ rgR Tg þ sn0(«s=«s0)
1=b (16:9)

where sn0 is a particular value of the solids contact

stress for solid volume fraction «s0 and b is a constant

coefficient over a given range of contact pressure

[42,43].

The interphase momentum transfer is represented

by

Mkj ¼ K(Vk � Vj)þ Pkr«k (16:10)

The interphase momentum transfer term can be de-

rived from correlation developed to model fluidi-

zation processes, since the range of solids

concentrations experienced in pneumatic transport

systems is similar. This form has been employed by

Patel and Cross [44] for modeling gas–solid fluidized



beds. For solids co ncentra tions greater than 0.2, the

interph ase frictio n coeffici ent, K , may be computed

by using the Ergu n [45] equati on

K ¼ 150
«2

s

«g

m

d 2s
þ 1: 75 «s

1

ds

rg j Vg � Vs j (16 : 11)

For soli ds con centrations less than 0.2, the inter -

phase frictio n co efficient is usually based upon the

aerodynam ic force on pa rticle as follows :

K ¼ ( CD «
� 2 :65
g )

3«s

2ds

� �
1

2 
«g r  g j V g � Vs j (16 : 12)

where the singl e particle drag coeffici ent, CD, is g iven

by [46]

CD ¼ max
24

Re 
(1 þ 0: 15 Re 0: 687 ), 0: 44

� �
(16 : 13)

and is modified to take acco unt of multipart icle ef-

fects using the method of Ric hardson and Zaki [47] .

The parti cle Reynol ds number is given by

Re ¼
rg ds ( «g j V g � Vs j)

mg

(16 : 14)

The turbul ent stresses , tk, in the moment um eq ua-

tions for the k-phase might be calcul ated by using

the Bous sinesq turbul ent-viscos ity model [8] for both

phases or by ap plying a model of a Newtonia n fluid

for the gas phase and a granula r shear stress for the

solid pha se [19] .

The fricti on forces betw een each pha se and the

pipe wall can be mod eled by add ing a source term

to the pha se moment um equati on for those control

volume s ad jacent to the pipe wall [11,23,39 ].

16.5.2 .3 The Energy Equation s

The conserva tion of energy in multiphase applic ation

can be wri tten as an enthal py equati on for each

phase:

@

@ t 
( «k r k hk ) þr � [ «k r k V k hk ]

¼ «k

@ pk

@ t
þ �k :r Vk �r �  qk þ Q k þ Q kj þ S k hkj

(16 : 15)

In this equati on, hk is the specific enthalp y of the k -

phase, qk is the heat flux, Q k is a heat source term (due

to chemi cal reaction or radiation) , Qkj is the inter -

phase heat exchange between the phases, and hkj is the
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interph ase enthal py (i. e., the enthal py of the vapor at

the tempe ratur e of the solid parti cles).

16.5.2 .4 Heat an d Mass Transfer

The rate of en ergy trans fer be tween the phases is

usually exp ressed as a functi on of the tempe rature

difference betw een that of the conveying gas and

that of the parti cle surface (i.e., Tg – T ss ). Hence, the

interph ase heat exchange between the phases can be

calculated by

Qgs ¼
6«s

ds

hgs(Tg � Tss) (16:16)

The convective heat transfer coefficient, hgs, is calcu-

lated from the Nusselt number, Nu, which is defined as

Nu ¼ hgsds

kg

¼ F (Re, Pr) (16:17)

and is often expressed as a function of the Reynolds

number (Re) and Prandtl number (Pr), which are

defined as follows:

Re ¼
rgjurjds

mg

; Pr ¼
mgcpg

kg

(16:18)

Note that kg, mg, and cpg are the thermal conductivity,

the viscosity, and heat capacity of the gas phase,

respectivel y. Tabl e 16.1 presen ts common empir ical

correlations that have been used in the literature to

calculate the heat transfer coefficient in gas–particle

flows.

The mass transfer source term per unit volume can

be obtained by multiplying the evaporation rate from

a single particle, _mms, by the total number of particles

in the control volume:

Sg ¼
6«

pd3
s

_mms (16:19)

The drying model for a single wet particle and slurry

droplet is based upon a two-stage drying process

[48,49]. In the first drying period, the gas phase resist-

ance controls the evaporation rate. Similar to heat

transfer, this resistance is between the gas and the

wet envelope of the particle. This may be expressed by

_mms ¼ hmpd2
s

Mwpvo

R Tss

�Mwpvg

R Tg

� �
(16:20)

where hm is the convective mass transfer coefficient,

Mw is the molecular weight of the water, R is the



TABLE 16.1
Empirical Correlations for Heat Transfer Coefficient in Gas–Particle Flows

Modified Ranz–Marshall

correlation [48]
Nu ¼ 2þ 0:6Re0:5Pr0:333

(1þ B)0:7

B ¼ cpv(Tg � Td)

Hfg

Developed for a single wet particle, taking into account

the resistance of the liquid vapors around the particle

to the heat transfer by Spalding number, B. cpv denotes

the heat capacity of the liquid vapors in the gas phase

and Hfg is the latent heat of evaporation for the fluid

Modified Ranz–Marshall

correlation [29]

Nu ¼ 2 þ (0.5 Re0.5 þ 0.06 Re0.8)Pr0.333 Takes into account turbulent boundary layer around

the particle

Gamson correlation [30] Nu ¼ 1.06Re0.59Pr0.33 Developed for a fluidized bed dryer

De Brandt correlation [30] Nu ¼ 0.16Re1.3Pr0.67 Developed for a pneumatic dryer

Baeyens et al. [30] correlation Nu ¼ 0.15Re Developed for a large-scale pneumatic dryer
univers al gas con stant, and pvo and pvg are the pa rtial

pressur es of the water vapor at the parti cle crust and

the ga s pha se, respect ively.

The second drying period starts at a critical soli d-

to-liqui d mass ratio, jcr , which is obtaine d from a

minimum vo id fraction, i.e., the porosity of the par-

ticles, « (typica lly varie d be tween 0 .05 and 0.25) . Dur-

ing the secon d period of the drying process , a dry

crust star ts to form , which causes a second resi stance

to mass an d hea t transfer. Thus , the wet parti cle

consis ts of a dry crust surroundi ng a wet core. Thi s

resistance is governed by a diff usion pr ocess, which

occurs between the outsi de diame ter of the particle,

dso , an d the diame ter of the wet c ore, d si. Assu ming

that the pa rticle is not shrinki ng during the second

drying period, the outside diame ter of the partic le

remain s con stant and the diame ter of the wet co re

decreas es. The equ ation for the evaporat ion rate

from a singl e pa rticle is express ed as a Steph an-type

diffusion rule [50]

_mms ¼�
dsi � dso

dso d si

2p«Dv p

R Tave

‘n
p � psat

p � RTss

hm p d 2so M w
_mms �

pvg T ss

Tg

0
BB@

1
CCA

(16 :21)

where Dv is the diffusion coeffici ent, psat is the satur -

ation pre ssure insi de the wet co re, and Tave is the

average temperatur e of the parti cle.

In analogy to the heat trans fer coeffici ent, the mass

transfer coefficien t hm is calcul ated from the She r-

wood number, Sh , whi ch is equival ent to Nusse lt

number, Nu

Sh ¼ hm ds

Dn

¼ F (Re , Sc) (16 : 22)

and is often express ed as a function of the Reyno lds

number, Re , and the Sc hmidt num ber, Sc, which is

equival ent to Prand tl number, Pr , and is defined by
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Sc ¼
mg

rg D n
(16 : 23)

The correl ations for the Nusselt number (see Table

16.1) can be used to calculate the Sherwo od num ber,

Sh, and the mass trans fer co efficien t hm by replacing

the Prand tl numb er, Pr , with the Schmidt numb er, Sc .

Duri ng the first dr ying stage the diame ter of the

particle, ds , shrinks due to evap oration from the out er

surface to the su rrounding gas. Thus the diame ter of

the wet pa rticle can be calcul ated by

d

dx 
ds ¼

2

rw us pd 2s
_mms (16 : 24)

At the seco nd drying stage , the evaporat ion pro cess

of liqui d from a parti cle is assum ed to be governed by

diffusion through the particle crust and con vection

into the gas medium . As evapo ration pro ceeds, the

wet core shrinks as the particle dries. In general , both

the particle outer diame ter and the wet core diame ter

can be shrinke d, whi ch may deform the pa rticle’s

shape and size. In order to simplify the model, it

was assumed that the particle’s outer diameter re-

mains constant during the second drying period.

Thus, only the change of the wet core diameter, dsi,

was considered:

d

dx
dsi ¼

2

«rwuspd2
si

_mms (16:25)

16.5.3 CASE STUDY

The two-fluid model has been used for modeling the

flow of particulate materials through pneumatic

dryer. The model was solved numerically for a one-

dimensional steady-state condition and was applied

to the drying process of wet sand in a pneumatic

dryer. A two-stage drying process was implemented.



The predictions of the numerical simulations were

compared with the experimental results of Rocha

[33] (presented by Silva and Correa [32]) that were

obtained in a 4-m high pneumatic dryer with diameter

of 5.25 cm. In this study, 380-mm sand particles hav-

ing density of 2622 kg/m3 and mass flow rate of

4.74�10�3 kg/s were dried with 3.947 � 10�2 kg/s air

mass flow rate. The comparison between the predic-

tions of the numerical simulations and the experi-

mental data for changes of gas temperature, solid

temperature, gas humidity, and particle’s moisture

content with length under adiabatic and known wall

temperature operating conditions is presented in Fig-

ure 16.6a–d, respectively. When known wall tempera-

ture operating conditions were simulated, it was

assumed that in average the pipe wall temperature is

just about the outlet air temperature, and it is falling

linearly from 360 K at the inlet to 354 K at the outlet.

In these figures the circle symbols represent the ex-

perimental data that were published by Silva and

Correa [32] and the two solid lines represent the pre-

dictions of the numerical simulations for the adiabatic

and known wall temperature operating conditions.

It is clearly seen that the numerical model pre-

dicted the gas and the solid temperature profiles (Figure

16.6a and b) very well when known wall temperature

operating conditions were simulated. The maximum
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FIGURE 16.6 Comparison between the predictions of the pneu

and the experimental data for changes of (a) gas temperature,

moisture content with length under adiabatic and known wall t
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relative error was 0.35 and 0.03%, respectively. When

adiabatic flow condition was simulated, the gas tem-

perature was overestimated and the maximum rela-

tive error was 5%. The predictions of the numerical

simulations for the gas humidity (Figure 16.6c) were

very good for both simulation conditions, i.e., adia-

batic and known wall temperature. The maximum

relative errors were 1.2 and 0.70%, respectively. The

predictions of the numerical simulations for the par-

ticle moisture content (Figure 16.6d) were also very

good for both simulation conditions, i.e., adiabatic

and known wall temperature, although only two ex-

perimental data were given. The maximum relative

errors were about 20% at the pipe outlet (i.e., when

the particles moisture contents were approxima-

tely zero). A comparison between the prediction of

the numerical models of Rocha and DryPak [34],

which were presented by Silva and Correa [32], with

the prediction of the numerical simulation revealed

better agreements with DryPak than with the models

of Rocha.

It should be pointed out that the two-fluid ap-

proach, as described and demonstrated in the previ-

ous sections, was widely used and validated for

various types of pneumatic conveying systems and

pneumatic flash dryers. Nevertheless, it is only one

of various approaches that can be adopted. Section
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matic drying model, DryPak model [35], Rocha [33] models

(b) solid temperature, (c) gas humidity, and (d) particle’s

emperature operating conditions.



16.5.1 presents a summary of the various studies that

were conducted on pneumatic flash dryers and the

various mathematical models that have been adopted

by them.
16.6 EXPECTED NEW DEVELOPMENTS
IN FLASH DRYERS

These developments are expected in the fields of:

. Enhancement of product quality

. Increased efficiency by heat recovery

. Applications of heat pumps in drying systems

. Efficient combined processes

. Development of models for overall systems that

would include mechanical dewatering, drying,

heat recovery, powder collection, cooling stages,

etc. in order to study interactions between vari-

ous parts of the system and develop improved

design procedures
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17.1 INTRODUCTION

The conveyor dryer is conceptually very simple. Prod-

uct is carried through the dryer on conveyors and hot

air is forced through the bed of product. It is often

described as simply a conveyor in a box with hot air.

The reality, however, is that the conveyor dryer is one

of the most versatile dryers available. Few drying

technologies can match the conveyor dryer’s ability

to handle such a wide range of products. Products as

varied in composition, shape, and size as coated

breakfast cereals, nuts, animal feed, charcoal bri-

quettes, and rubber can be dried in a conveyor

dryer. Although it is simple in concept, an improper

understanding of the heat and mass transfer processes

in the conveyor dryer will surely lead to poor product
, LLC.
handling, wasted energy, and nonuniform product

quality. This chapter describes the various conveyor

dryer configurations that are available, typical prod-

ucts that can be dried in the conveyor dryer, and how

to properly size and operate a conveyor dryer. This

information will help anyone involved in conveyor

dryer design, operation, or evaluation.

17.2 CONVEYOR DRYER
CONFIGURATIONS

In general, the conveyor dryer is best suited for drying

particulate material in the 1- to 50-mm diameter

range. Drying in the conveyor dryer involves forcing

air through the bed of product; therefore impesmiable

sheeted materials or slurries are not well suited to



conveyo r drying. Ideally, the pro duct can be stacke d

on the conveyo r witho ut excess ive sticking or clump-

ing. Stacki ng the prod uct resul ts in a much smal ler

dryer for a given retent ion time. Typical moisture

ranges are a s high as 95% for some frui ts entering

the dryer, down to less than 1% mois ture on a wet

weight basis for some synthetic rub bers at the dr yer

dischar ge. Although very light pr oducts are difficul t

to handle, they can be dried in a conveyor dryer if the

dryer is properl y designe d to hand le such pr oducts.

For exampl e, designi ng to ha ve all down -flowing air

through the be ds will he lp to contai n light prod ucts on

the co nveyor be d. Finall y, typic al drying times are 5 to

240 min. Dryin g times significantl y longer than this

typicall y resul t in such a large conveyor dryer, that

the pur chase price is difficul t to just ify.

Ther e are num erous conveyor dryer configu r-

ations available in terms of co nveyor and airflow

arrange ment. The foll owing section s will de scribe

some typica l dryer co nfiguratio ns and lis t the pro d-

ucts that are most often dried on the various confi g-

uration s.

17.2.1 SINGLE P ASS/SINGLE -STAGE DRYERS

The simplest conveyor arrange men t is to hav e a single

conveyo r to carry the produ ct throu gh the dryer.

Figure 17.1 shows a typic al arrange ment for a single

pass dryer. Prod uct is distribut ed onto the conveyo r

at the feed end and convey ed through the dryer. Once
FIGURE 17.1 Typical single pass dryer.
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the pro duct is inside the dryer, air is forced through

the bed by fans, which are typicall y moun ted on the

dryer enclosur e. The a irflow direct ion through the

bed often alternate s from up flow to down flow, in

order to minimiz e mois ture variations through the

bed. Many prod ucts, such as packaged dr y food s,

must be cooled before packaging . A cooling section

can be added to the end of the dryer to accompl ish

this co oling. If cooling to a temperatur e abo ve ambi-

ent is suffici ent, ambie nt air can be forced through the

bed to cool the produ ct. If cooling to a tempe rature

below ambient is required (for example to set a coating

by getting it below its glass transition temperature),

chilled air is used as the cooling medium.

Figu re 17.2 shows a cross section of a typic al

single pass dryer with a single plenum airflow arrange-

ment. The plenums are the chambers located beside the

conveyor bed, which collect the process air and chan-

nel it into and out of the conveyor bed area. In some

configurations, there are two plenums rather than a

single plenum. The dual plenum arrangement allows

for greater flexibility in terms of airflow direction and

also allows for more uniform drying.

The single pass arrangement offers a number

of advantages. Typically, the dryer is separated into

independent zones, which have their own heat source

and circulating fans. The air temperature and air

velocity can be controlled as the product progres-

ses through the dryer. Another advantage of this

arrangement is the ability to return the conveyor



Circulation fan

Steam coils

FIGURE 17.2 Typical cross section of a steam heated, sin-

gle plenum, single pass dryer.
bed unde r the dryer, allowi ng easy access to the

bed for on-line bed br ushes or oth er bed cleaning

access ories.

The single pass conveyor dryer is best suited to

products that do not clump together or stick to the

conveyor bed. This arrangement is also well suited for

fragile products since the product does not get trans-

ferred from one bed to another as it progresses through

the dryer. The disadvantage of the single pass/single-

stage configuration is that the same bed depth must be

used throughout the complete drying process.

Som e examp les of pro ducts that are often dr ied on

single pass/sing le-stage dryers include expand ed, non-

coated sn acks, baked snacks (for fina l mois ture re-

moval after the ov en), nuts, charcoal , some synthet ic

rubbers, su per ab sorbent polyme rs, e tc.

17.2.2 SINGLE P ASS/M ULTIPLE-STAGE DRYERS

The mult iple-stage dryer configu ration overcome s the

disadva ntage of the single pass/ singl e-stage confi gur-

ation, in terms of bed dep th. Figure 17.3 shows a

three-st age single pass dryer. Many produ cts can be

stacke d much de eper after they ha ve been partially

dried than when they init ially enter the dryer. The

multiple -stage dryer co nfigurati on allows the ope r-

ator to run the various conveyo r beds at differen t
Stage 1

Stag

FIGURE 17.3 Three-stage, single pass dryer.
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speeds. By running each stage slower than the prec ed-

ing stage , the bed can be increa sed in depth as the

product progres ses through the dryer. Thi s mean s

that a given pro duct retent ion tim e can be achieve d

in a smaller dryer compared to a single pass/sing le-

stage dryer configu ration. The turnover of the pro d-

uct from one stage to the other offer s the added

be ne fit of br ea ki ng -u p c lum ps o f p r odu ct s a nd r eor ie nt -

ing the product for more uniform drying of products

that tend to clump toget her.

The singl e pass/mul tiple-s tage dryer configu ra-

tion is the most versat ile dryer con figuratio n avail -

able. Not only can air tempe ratur e and air veloci ty

through the bed of pro duct be control led as the pro d-

uct pro gresses through the dryer, but bed dep th can

also be control led. The only drawb ack of this ar-

rangem ent is the higher co st and relative ly large

floor space requir ement .

Exa mples of some products typic ally dried on

single pa ss/multipl e-stage dryers are: french fries,

coated cereal s, nuts, fruits and vegeta bles, some syn-

thetic rubbers, etc.

17.2.3 MULTIPLE PASS DRYERS

The mult iple pass dryer offer s many of the same

benefits as the single pass/mul tiple-s tage dryer, but

in a much smaller footpr int. In this arrange ment,

the con veyor bed s are arrange d one above the other,

running in oppos ite direct ions. Figure 17.4 shows a

three-pa ss dryer. The pro duct enters the dryer on the

top bed and cascades down to the lower beds. Two or

three passes are typic al, but it is not unc ommon to

have more than three passes in such dryers . Alt hough

the multiple pass drye r offers the same fle xibility a s

the multiple-stage dryer in terms of bed depth control,

it becomes difficult to zone the dryer such that air

temperature and airflow can be controlled as the

product progresses through the dryer. Such zoning

is possible; however, complex airflow arrangements

in the plenums and heat source areas are required.

This arrangement also limits access to the beds for

cleaning, compared to the single pass/multiple-stage

dryer arrangement. In spite of these drawbacks, the

multiple pass dryer is the most popular conveyor
e 2

Stage 3



FIGURE 17.4 Three pass gas heated dryer.
dryer arrange ment found in many indust ries. The

relative ly low cost and smal l footpr int of this dr yer

arrange ment and the ability to vary bed depths make

this the ideal dryer for man y process es. Som e ex-

ample s of pro ducts typic ally dried on multiple pa ss

dryers are extrude d feeds and cereal s, some coated

cereals and pastas .
17.3 CONVEYOR DRYER COMPONENTS

This secti on describes some of the key componen ts of

the co nveyor dryer.
17.3.1 CONVEYOR A SSEMBLY

The con veyor assembly carries the produ ct through

the dryer. It must be strong enough to carry the load

of the pro duct and be able to ru n continuous ly for

years with minimal maintenan ce. It must also be open

enough to allow air to pass through the produ ct, but

at the same tim e the ope nings must be small enough

to co ntain the produc t on the bed.

The conveyor bed itself is typic ally made of eithe r

a mesh be lting or perforated sheet metal bedplat es.

The mesh belting is typic ally sup ported by sli der bars

or by a traveling sup port frame, whi ch takes the load

of the produ ct. Bedplate s typicall y include integ ral

stiffen ers and are de signed to support the weight of

the produ ct without slider ba rs or any other support-

ing struc ture. Figure 17.5 shows a typic al hinged

bedplat e. The bed plates are typic ally 100–30 0 mm
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(4–12 in.) wide in the direct ion of travel and 1–4 m

(3.3–13 ft) wide across the mach ine. The ope nings in

the bedp lates are eithe r rou nd holes or slots. The slot s

will typicall y have a lesser tendency to plug than the

round holes, ex cept on some flat pr oducts that can get

wedge d into the slots. Choosin g the co rrect perfor -

ation size and percent ope n area or mesh size is crit -

ical to the pr oper operatio n of the dryer. The

openings must be small enoug h to contai n the smal -

lest product. Unfor tunate ly, the smal ler the ope ning,

the higher the tendency for the openings to get

plugged with either product, fine s, or coatin g mate r-

ial. A plu gged be d will not allow a ir to flow throug h,

therefore drying rate and unifor mity will su ffer.

The conveyor bed can be driven by either driving

the conveyor bed directly, or by driving bed chains

attached to both sides of the conveyor. The arrange-

ment with attached conveyor chains is the most

common.

The mate rials of c onstruc tion of the conv eyor bed

depend on the prod uct to be dried. Prod ucts that a re

destined for human consump tion or that are corrosive

typically require stainless steel construction. AISI 300

series stainless steels such as 304 or 316 are the most

common types of stainless steel; however, some AISI

400 series stainless steels such as 409 are also used.

Other products are typically dried on carbon steel

conveyor beds. As long as condensation on the bed-

plates is avoided when the dryer is not operated, a

carbon steel conveyor bed can give the same service

life as a stainless steel conveyor bed on noncorrosive

products.



FIGURE 17.5 Typical hinged bedplate.
Sin ce the product is typic ally stacke d an ywhere

from 25 mm (1 in.) to 1 m (3.3 ft) deep on the

conveyo r bed, so me means of contai ning the bed of

produc t along the sides of the conveyor bed must be

incorpora ted into the de sign. Thi s is typic ally accom-

plished by side guides. Typical ly, trave ling side g uides

attach ed to the bedp lates co ntain the low er part of the

bed and stationar y side guides atta ched to the dr yer

frame co ntain the remai nder of the be d. The gap

between the trave ling and station ary side gu ides

must be tight enough to contai n the produ ct and

to mini mize bypassin g of proc ess air. In some cases,

the stationar y side guide can be made to seal direct ly

to the moving conveyor without the us e of trave ling

side gu ides.
17.3.2 DRYER ENCLOSURE

The dryer enclosur e is typic ally co nstruc ted of a steel

frame with insul ated panels an d door s. The en closure

must con tain the hot air and resist co rrosion . Dryer s

that wi ll be used for hum an food drying to dry

corrosi ve products or which will be ‘‘washe d down’ ’

with wate r typicall y have a stainles s steel enclosur e.

A properl y designe d dryer en closur e will a llow thor-

ough and easy access into the enclosur e for cleani ng,

inspect ion, and maint enance.
17.3.3 AIR FANS

The dryer fans can be eithe r integral to the dr yer or

extern ally mo unted. Typical ly, the fans that circul ate
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the air through the be d are separat e from the fan or

fans that exhaust air from the dryer. The air circul a-

tion fans are typicall y ‘‘pl ug fans, ’’ which plug into

the dryer enclosur e. The fan wheel of the plug fan is

not in a fan scrol l, but rather is an ope n wheel, which

pressur izes the plen um or chamber in whi ch it is

mounted. The exhaust fans can also be plug fans,

but are more often, separat e scroll fans.

Proper fan design and fan specifications are critical

to proper conveyor dryer operation. Most conveyor

dryers will operate with a wide range of products and

production rates. The fans must be properly selected to

be as insensitive to these variations as possible. The

most common type of fan used is the backward in-

clined fan. This fan is chosen due to its nonoverloading

characteristics, high efficiency, low noise, and relatively

low cost. Figure 17.6 shows a typical backward in-

clined fan wheel.

17.3.4 HEAT S OURCE

Heat input to the convey or dryer is typic ally by com-

bustio n of natural gas or by indir ect steam he at

through steam coils. However, a number of other

heat sources are also commonly used. Some other

common heat sources are LP gas, fuel oil, thermal

oil, or electric heaters. The heat source is typically

installed directly in-line with the circulated air. In

some cases, however, such as when fuel oil is used

on a human food product or when large amounts of

dust are entrained in the airstream, the heat is trans-

ferred to the circulated process air indirectly through

an air-to-air heat exchanger.



FIGURE 17.6 Typical backward inclined fan wheel.
In other cases, heated make- up air can be used as

the source of heat rather than a he at source in the

dryer. This is done when a stre am of low humidi ty hot

air is ava ilable from another process , or when direct

combust ion in the circulated process airstrea m may

be hazardou s.

17.3.5 PRODUCT FEEDER /SPREADER

One of the most critical co mponents on the conveyo r

dryer is the pro duct feeder or spreader . As in any

convecti ve drying syste m, it is imper ative that airflow

through the produ ct be unifor m. Convec tive heat and

mass trans fer is proporti onal to airflow ve locity past

the pr oduct.

Figu re 17.7 ill ustrates the impor tance of unifor m

bed loading in a conveyor dryer. In a nonun iform be d,

air wi ll flow preferen tially throu gh the shallower areas
FIGURE 17.7 Effect of bed loading on airflow.
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of the be d whi ch present less resi stance to airflow .

These shallow areas will therefo re be ove rdried

compared to the rest of the bed of pro duct.

Pr oduct can be loaded onto the conv eyor in a

number of ways. Oscillating feeders can consist of

either an inclined spout or a conveyor (belted or

vibratory), which oscillates from side to side across

the bed (see Figure 17 .8). Bias cu t vibratory feeder s

consist of a vibratory conveyor, which becomes nar-

rower as the product is conveyed across the bed. The

product drops off the narrowing edge of the feeder

onto the conveyor effectively, feeding the product

across the bed. In some cases, it is preferred to simply

feed the product onto the middle of the conveyor and

spread the product afterwards. This can be accom-

plished by rotating paddle spreaders, which consist of

a series of inclined paddles on a rotating shaft, or

reciprocating-type spreaders, which ‘‘rake’’ the prod-

uct across the conveyor by traveling back and forth

across the bed. Products that do not clump together

or compact, such as nuts, can be fed onto the bed

using a simple hopper with an adjustable opening at

the bottom.

Whichever type of feeder or spreader is used, its

importance cannot be overemphasized. The charac-

teristics of the product must be taken into account

when selecting the type of feeder. If the feeding or

spreading is not right, the dryer will not be able to dry

the product uniformly. The end result will be poor

product quality, wasted energy, and reduced capacity.

17.3.6 ACCESSORIES

Many products, such as coated cereals, will tend to

clump together or stick to the conveyor bed as they

dry in a conveyor dryer. Clumps of product are a



FIGURE 17.8 Typical oscillating spout feeder.
problem in the conveyor drying pro cess since air will

tend to flow aroun d clumps rather than through

them. Thi s resul ts in wet produ ct insi de the clumps .

Produ ct sticking to the conveyor be d is also a pro b-

lem if the produ ct doe s not prop erly trans fer to the

subsequen t be d or dischar ge. A number of access ories

are avail able to help address these issue s. Lump

breakers or pickers typic ally consis t of rotat ing shaft s

with protrudi ng fingers or tines . Thes e fingers pa ss

through the prod uct and break the clumps or help to

remove the product from the bed. These devices must

be strategi cally placed. If they are placed too soon in

the drying pro cess, the clumps will re-f orm. If they are

too late in the dr ying process , pro duct da mage can

occur. Bed brushes (see Figu re 17.9) c an be used to

clean the beds for those mate rials that tend to stick to

the co nveyor bed or plug the bed pe rforations .

Other accessories that can be added to a conveyor

dryer include Clean-In-Place (CIP) systems, fire sup-

pression systems, heat recovery systems, and automated

c o n t ro l s ys te ms . H ea t r ec ov er y s ys te ms , c on t ro l

strategies, and sensor options will be described further

in a later section.
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17.4 CONVEYOR DRYER SELECTION
AND SIZING

The first step in selec ting a conveyo r dryer is to

choose the proper con figuratio n for the prod uct that

is produced . The various confi guration s availab le

were described earlier in this ch apter. In some cases,

the dryer co nfiguratio n is dicta ted not only by the

product, but also by cost an d ava ilable spac e. The

single pass/ multiple -stage dryer is the most v ersatile

dryer co nfiguratio n a vailable; howeve r, it also requir es

the most capit al invest ment and the most floor space.

Once the dryer configu ration is establis hed, the

size of the dryer c an be determined. Sizing the dry er

can be based on theoretical models , laboratory test -

ing, or previous production experience with the prod-

uct that is dried.

Although it would be nice to develop a generic

model of conveyor drying that covers all products,

theoretical modeling will never replace testing or pre-

vious experience. Many of the effects experienced on

conveyor dryers are very difficult to predict. For ex-

ample, the permeability of a bed of product will often



FIGURE 17.9 Typical bed brush.
not change linearly with increasing bed depth. With

some moist products, the permeability of the bed will

suddenly drop as the particles compress together and

begin to blind over the bed. Other effects such as case

hardening, product clumping, and product quality are

also difficult to predict with a theoretical model.

Often, laboratory testing is required to determine

limiting temperatures for acceptable product quality.

The taste of many food products, for example, will

degrade if the temperature is too high. Most conveyor

dryer manufacturers are only making limited use

of theoretical models for dryer sizing. Typically, sim-

ple empirical models based on field or laboratory

data are used.

Laboratory testing of small samples of the prod-

uct can be very useful in determining the required size

of a conveyor dryer. The continuous, conveyor dryer

process can be simulated in the laboratory by a small,

static batch tray dryer. The temperature and airflow

direction can be changed with time to simulate the

progression of the product from one zone to the other

in the continuous conveyor dryer. The turnovers

(transfer of the product from one conveyor to the

other), however, are difficult to simulate in the static

tray dryer. For this reason, some products are test run

in a continuous laboratory conveyor dryer. This re-

quires significantly more product than for the tray

dryer testing, however the simulation is closer to the

real-life production situation.

When performing laboratory tests or taking field

data, it is useful to characterize the product in terms

of a volumetric heat transfer coefficient. Since the

product in a conveyor dryer is stacked, it is very
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difficult to determine the amount of product surface

area exposed to the drying air. This surface area is

required to express the heat transfer coefficient in the

typical form of

Q ¼ h � A � DT

where Q is the heat transfer (kW), h is the heat trans-

fer coefficient (kW/m2�8C), A is the exposed surface

area (m2), and DT is the temperature difference be-

tween the air and the product.

Since the exposed surface area is difficult to define

in a stacked bed of product, it is much easier to define

the heat transfer in the form

Q ¼ hv � V � DT

where hv is the volumetric heat transfer coefficient

(kW/m3�8C) and V is the volume of the product bed

(m3).

The volume of the bed is much easier to measure

than the exposed surface area. Once the value of hv

has been determined for a given product and airflow,

it can be used to predict the performance of the dryer

for other air temperatures and operating conditions.

When using this approach, it is critical to define how

the term DT is calculated. The air temperature can

change dramatically as it passes through the bed of

product. It is best to define DT in terms of an average

air temperature through the bed and the product

temperature.

The most common way to size a conveyor dryer

is to base the sizing on previous experience. Most



TABLE 17.1
Typical Retention Times for Conveyor-Dried Products

Product Inlet Product

Moisture (% wwb)

Discharge Product

Moisture (% wwb)

Retention

Time (min)

Air

Temperature (8C)

Airflow Through

Bed ( (m3/h)/m2)

Extruded feed 15–35 2–10 15–60 100–175 1800–3600

Fruits and vegetables 85–95 5–15 60–240 50–120 3600–7200

Coated cereal 7–16 1–5 5–20 100–150 1500–3000

Synthetic rubber 8–15 0–1 20–60 80–120 2500–4500

Charcoal briquettes 25–30 4–8 120–200 130–170 3500–6500
conveyor dryer manufacturers and many producers

who use conveyor dryers have a large database of

field test data, which can be used to size conveyor

dryers. Typically, the sizing parameter is product re-

tention time in the dryer, based on a given set of

operating conditions. Table 17.1 shows some typical

retention times for conveyor-dried products.

Once the dryer size and the configuration are

determined, the size of all the components can be

calculated. This is done by calculating a heat and

mass balance on the drying process. This involves

doing a heat balance, a mass balance on the water, a

mass balance on the dry ingredients, and a mass
TABLE 17.2
Typical Heat Balance Calculation Result

Zone 1 Zo

Product infeed (kg/h) 6,786 6

Product infeed moisture (% wwb) 30

Product discharge (kg/h) 6,009 5

Product discharge moisture (% wwb) 21

Evaporation (kg/h) 777

Product infeed temperature (8C) 25

Product discharge temperature (8C) 67

Bed depth (mm) 100

Bed area (m2) 15

Retention time (min) 8.6

Air temperature into bed (8C) 140

Air temperature out of bed (8C) 67

Airflow (normal m3/h) 25,000 25

Exhaust airflow (normal m3/h) 8,100 4

Heat to product (kW) 111

Heat to evaporated water (kW) 549

Heat to exhaust aira (kW) 108

Losses (kW) 10

Total heat consumption (kW) 778

aThis term refers to the heat required to raise the incoming make-up air

air in the conveyor dryer enters at the make-up air temperature and

recirculated through the bed numerous times.
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balance on any other volatile components. Table 17.2

shows a typical result from a heat balance calculation

on a four heat zone, two-stage dryer. Heat zones

1 and 2 are in the first stage and heat zones 3 and 4

are in the second stage. The product is an extruded

grain-based product.

The four heat load terms can be calculated in

simplified terms as follows.

17.4.1 HEAT TO PRODUCT

The heat required to heat the product can be calcu-

lated based on the specific heat of the product and the
ne 2 Zone 3 Zone 4 Total

,009 5,614 5,230 —

21 15.4 9.2 —

,614 5,230 5,000 —

15.4 9.2 5.0 —

395 384 230 1,786

67 72 77 —

72 77 80

100 250 250 —

15 15 15 60

8.6 21.6 21.6 60.4

130 120 110 —

100 91 92 —

,000 25,000 25,000 100,000

,900 4,600 2,900 20,500

13 13 8 145

279 271 163 1,263

116 97 63 383

10 10 10 40

418 391 244 1,831

temperature to the exhaust air temperature. Remember that all the

ultimately leaves at the exhaust temperature after having been



change in temperature. The total heat transfer going

to warm-up the product for the above example is

QProduct ¼ mProductCpProductDTProduct

QProduct ¼ (5000 kg=h)� (1 h=3600 s)

� (1:9 kJ=kg�C)� (80� 25�C) ¼ 145 kW

where QProduct is the heat transfer to warm-up the

product (kW), mProduct is the mass flow rate of prod-

uct out of the dryer (kg/h), CpProduct is the specific

heat of the product out of the dryer (kJ/kg 8C), and

DTProduct is the difference in temperature of the prod-

uct out of the dryer compared to the product entering

the dryer (8C).

17.4.2 HEAT TO EVAPORATED WATER

The heat required to evaporate the water and to heat

the evaporated water to the exhaust temperature can

be calculated based on the change in enthalpy of the

water. In the above example, the evaporated water

enters the dryer as liquid water at a temperature of

258C (enthalpy ¼ 105 kJ/kg) and leaves as water

vapor at an average temperature of 838C (enthalpy ¼
2650 kJ/kg). The total heat transfer going to the

evaporated water in the above example is

QEvaporation ¼ mEvaporation(hVapor � hWater)

QEvaporation ¼ (1786 kg=h)� (1 h=3600 s)

� (2650� 105 kJ=kg) ¼ 1263 kW

where QEvaporation is the heat transferred to the evap-

orated water (kW), mEvaporation is the mass flow rate

of evaporated water out of the dryer (kg/h), hWater is

the enthalpy of the water in the product entering the

dryer (kJ/kg), and hVapor is the enthalpy of the vapor

exhausted from the dryer (kJ/kg).

17.4.3 HEAT TO EXHAUST AIR

The make-up air enters the dryer at 258C in the above

example and leaves the dryer at an average tempera-

ture of 838C. The total heat transfer required to heat

this air is

QAir ¼ mAirCpAirDTAir

QAir ¼ (20,500 nm3=h)� (1:29 kg=m3)

� (1 h=3600 s)� (0:9 kJ=kg�C)

� (83� 25�C) ¼ 383 kW

where QAir is the heat transfer to warm-up the make-

up/exhaust air (kW), mAir is the mass flow rate of air
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into the dryer (kg/h), CpAir is the specific heat of the

air entering the dryer (kJ/kg8C), and DTAir is the

difference in temperature of the air exhausting from

the dryer compared to the air entering the dryer (8C).

17.4.4 LOSSES

All dryers will have some thermal losses. The level of

these losses depends on the amount of exposed sur-

faces, the amount of insulation, and the temperature

differential between the process air and the ambient

air. Calculating these losses is very much involved;

however, they typically represent less than 7% of the

total heat load in the dryer.
17.5 DRYER OPERATION AND CONTROL

In order to properly design a dryer operation and

control scheme, it is imperative that the designer

and operator have a good understanding of drying

fundamentals and of how the conveyor dryer oper-

ates. This section describes the key variables in the

conveyor dryer process and how to control them.

17.5.1 PROCESS AIR TEMPERATURE

The temperature of the air in the dryer is usually the

primary variable used to control the drying rate. If

the air temperature is increased, the increased heat

transfer to the product will result in increased evap-

oration. Lowering the air temperature will decrease

the drying rate. If the product is coming out of the

dryer too wet, increasing the air temperature in the

dryer will bring the discharge product moisture con-

tent back down to the proper value.

Many products have either maximum tempera-

ture limitations or minimum temperature require-

ments. Although the temperature of the product in

the dryer is determined to a great extent by the air

temperature, it is important to understand that the

product in the dryer is typically at a much lower

temperature than the air temperature due to evapora-

tive cooling. If, however, the product is dried to a very

low moisture content, near or approaching bone dry,

the evaporation rate is reduced and the product may

approach the air temperature.

In some processes, it is possible to automate the

process air temperature adjustment. If on-line mois-

ture meters are available, they can be used in a control

scheme to automatically adjust the process air tem-

perature. Because the retention time is typically quite

long in a conveyor dryer, this type of moisture control

typically works best if the moisture of the product

entering the dryer can be measured and a feed-forward



control loo p used to set air tempe ratures. Discha rge

moisture measur ements can also be used with a feed-

back control loop, but if an ups et occurs ups tream of

the dryer, in some pro cesses, it can be hours before it

makes its way through the dryer.

Othe r methods of moisture control emp loy tem-

peratur e sensors coup led with models of the conveyo r

drying process . The tempe ratur e drop through the

bed of prod uct can be used to calcula te the amou nt

of heat transfer occurri ng as the air passes through

the prod uct. If, for example , the produ ct moisture

into the dr yer sudden ly drops, the heat trans fer will

be reduced. A tempe ratur e sensor on the retur n-air

side of the be d will sense this drop in he at trans fer as a

rise in tempe ratur e a nd the con trol loop c an take

correct ive actio n.
17.5.2 RETENTION T IME /BED DEPTH

The retent ion time, of the product in the dryer, is also

a key varia ble used to co ntrol drying. The retention

time is determ ined by the conveyor bed speed. If the

beds are slowed down, the product will ha ve mo re

time in the dryer to dry, but the bed depth wi ll be

increa sed. To maxi mize pro duction at the low est pos-

sible air tempe ratur e, it is necessa ry to run the co n-

veyor beds as slow ly as pos sible (long retention tim e)

without allowi ng the produ ct to get excess ively deep

on the conveyo r beds. If the pro duct gets too deep, it

may become difficult to force air through the bed of

produc t. This loss in airflow can more than offs et any

gains in drying capacity due to longer retention tim e.

With other pro ducts, excess ive bed depths can cau se

produc t clumpin g or product damage. There is an

optima l bed depth for e ach pr oduct and for each

conveyo r bed. Typical ly, the first be d in a mult iple

pass or mult iple-st age convey or dryer is run shall ower

than subsequ ent beds. Once the pro duct surfac e is

partiall y dry, the product can typicall y be stacke d

deeper without clumpi ng or de formati on problem s.
17.5.3 PROCESS A IRFLOW

Airflow through the beds is often set dur ing the de-

sign pha se and is not a control lable varia ble. In so me

cases, where a conveyo r dryer is designe d to dry

produc ts with a wide ran ge of bulk de nsities, so me

means of adjusting airflow through the bed is incorp-

orated into the de sign. This co uld be a damper on the

fan inlet or varia ble sp eed dr ives on the fans. When

such airflow adjustmen t is availab le, the ope rator can

reduce airflow for light pro ducts to mini mize the

chances of entrain ing produ ct or fine particles in the

airstrea m.
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17.5.4 PROCESS A IR HUMIDITY

The humidi ty level of the air in the conveyo r dryer is a

critical control varia ble. Excessi vely high humidity

levels wi ll resul t in lost drying capacit y and possibly

dryer corrosion. If the humidity level in the dryer is

too low, energy consumption may be excessive and

with some products, case hardening may be a problem.

Due to the importance of process air humidity in

terms of energy consumption and product quality,

some conveyor dryer users have installed humidity

sensors in the various heat zones of their conveyor

dryers. The output from these humidity sensors can

be tied to zone exhaust damper actuators or to a

variable speed exhaust fan to adjust the amount of

exhaust based on the humidity in the dryer.
17.6 HEAT RECOVERY

Sectio n 17.4 summ arize d the energy flow in a typic al

conveyor dryer drying process. Although the majority

of the energy goes to evaporate water, a significant

percentage of energy is lost through the exhaust air.

The simplest way to reduce this loss is to use pre-

heated make-up air. This minimizes the amount of

heat used in the dryer to heat the make-up air. In

many cases, a conveyor dryer is installed in-line with a

cooler. If the cooler uses forced convection with am-

bient air as the cooling medium, the spent cooling air

can be used as make-up air to the dryer.

If no source of preheated make-up air (such as

spent cooling air) exists, the enthalpy of the exhaust

air can be used to preheat the make-up air through a

heat exchanger. Typically, an air-to-air heat exchan-

ger is used; however, in some cases it makes sense to

use air to water heat exchangers and to preheat the

make-up air using water coils. Although such heat

recovery systems can often reduce total energy con-

sumption by over 10%, the benefit must be weighed

against the potential lost production if the dryer

needs to be periodically shut down to clean plugged

heat exchangers.
17.7 SANITATION

Sanitary design is critical to any conveyor dryer that

will process food products. Sanitary design essentially

refers to minimizing the possibility of microbiological

growth in the dryer. For example, any crevice in the

dryer which can collect fines from a food product, and

which cannot be easily accessed for cleaning is a

potential location for microbiological growth. This

potential is increased in situations where the dryer is

washed down with water. If the moist fines remain in
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FIGURE 17.10 Typical lifetime cost of a 10 ton/h extruded petfood dryer based on 20-year life, expressed in year 2001

(US dollars).
the crevice without heating above the temperature

necessary to kill the growth, a dangerous situation

can occur. All food processors are aware of this

potential and continually fight to minimize the risk.

Sanitary conveyor dryer design involves three

basic steps. First, the product should be well con-

tained on the conveyor bed. This means not only

eliminating areas where product could leak off the

bed, but also properly controlling the airflow in the

dryer to minimize the possibility of fine particles

being entrained in the process airstream. Second, the

dryer design must minimize as many crevices, ledges,

and dead airflow areas as possible. These areas will

tend to collect the fine particles, which are entrained

in the process airstream. Finally, the design of the dryer

must allow easy access to all areas inside the dryer for

cleaning. This may be the most important design

criteria for achieving a successful sanitary dryer de-

sign. If the cleaning crew cannot easily access an area

of the dryer, it will not be cleaned.
17.8 CONVEYOR DRYER ECONOMICS

As with any industrial dryer, the operating cost of a

conveyor dryer is typically a significant contributor to

the overall production cost of the finished product.

A common mistake when purchasing a conveyor

dryer is to underestimate the value of incremental

improvements in dryer design. A small improvement
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in drying uniformity can often mean substantial sav-

ings over the life of the dryer.

Figure 17.10 shows typical costs for a 10 ton/h

petfood conveyor dryer. These values are based on

typical extruded petfood (over 5 million tons of pet-

food are dried on conveyor dryers in the United

States alone, every year).

Clearly, the capital cost of the dryer represents a

very small percentage (typically less than 10%) of the

overall cost of a dryer. Although the fuel cost for

the dryer represents the highest cost of operating the

dryer, the largest savings can typically be realized by

reducing losses in production. This dryer will produce

approximately US$1 billion worth of product over its

lifetime. Even a 0.5% loss in production due, for

example, to poor moisture uniformity represents a

larger cost item than the fuel cost. If the product

(petfood in this case) is overdried to compensate for

nonuniform moisture distribution in the product dis-

charging from the dryer, this represents a loss in

production since drying removes weight from a product

that is typically sold by weight. A poorly operated or

poorly designed dryer can also cause lost production

due to off spec. product losses or other product losses

in the dryer (e.g., product spilling onto the floor).

The bottom line is, do not be shortsighted when

purchasing your conveyor dryer. The choices made at

the procurement stage will affect you for years to

come. A small saving at the procurement stage may

result in large losses over the life of the dryer.
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18.1 INTRODUCTION

Drying is the most common and most energy-consum-

ing industrial operation. With literally hundreds of

variants actually used in drying of particulate solids,

pastes, continuous sheets, slurries or solutions, it pro-

vides the most diversity among chemical engineering

unit operations.

One of the increasingly popular, but not yet com-

mon, methods of supplying heat to the product for

drying is infrared (IR) radiation. Although this type of

heat transmission was used incidentally in the past ac-

companying other types of heat transfer during dehy-

dration, IR dryers are now designed to utilize radiant

heat as the primary source (Williams-Gardner, 1971).

The most common current applications of IR dry-

ing are in dehydration of coated films and webs and to

correct moisture profiles in drying of paper and board.

Theoretical work and laboratory-scale experimental re-

sults on IR drying of paints, coatings, adhesives, ink,

paper, board, textiles, etc. can be found in the literature

(e.g., Navarri et al., 1992; Kuang et al., 1992; Therien

et al., 1991; Cote et al., 1990). On the other hand,
, LLC.
reports on IR drying applied to other products like

foodstuffs, wood or sand are not very common as yet.

Most published data on IR drying of foods comes from

(the former) USSR, the United States, and the East

European countries (Hallström et al., 1988). Ginzburg

(1969) described IR drying of grains, flour, vegetables,

pasta, meat, fish, etc. and showed that IR drying can be

successfully applied to foodstuffs. There are many cur-

rent industrial applications of drying agricultural pro-

duce by IR. Sandu (1986) pointed out as advantages of

IR drying in foods, the versatility of IR heating, simpli-

city of the required equipment, easy accommodation of

the IR heating with convective, conductive, and micro-

wave heating, fast transient response, and also signifi-

cant energy savings. Experimental and theoretical

works on IR drying, of opaque and semitransparent

materials (silica sand, brick, brown coal, graphite sus-

pensions and slurry of surplus activated sludge) have

been performed by Hasatani et al. (1983, 1988).

The purpose of this chapter is to give a general

review of IR drying with special reference to industrial

applications. A detailed description of this process

as applied to paper drying, can be found elsewhere



in this handbook (chapter by K.T. Ojala and M.J.

Lampinen). Note that many direct as well as indirect

dryers can be modified to accommodate IR heaters.

Indeed, combined convective and IR dryers have been

shown to be very attractive. Also, IR heating can be

coupled effectively with vacuum operation to permit

removal of evaporated moisture. IR heating may be

applied continuously or intermittently (in space or time)

to save energy and often to improve product quality.

18.2 BASIC PRINCIPLES

18.2.1 THEORY

Transmission of electromagnetic radiation does not

need a medium for its propagation. The wavelength

spectrum of the radiation depends on the nature and

temperature of the heat source. Every body emits ra-

diation due to its temperature level, which is called

‘‘thermal radiation’’ because it generates heat. The

wavelength range of thermal radiation is 0.1–100 mm

within the spectrum. IR radiation falls in this category

and is conventionally classified as (Sandu, 1986): near

IR (0.75–3.00 mm), medium IR (3.00–25 mm), and far

IR (25–100 mm).

Thermal radiation incident upon a body may be

absorbed and its energy converted into heat, reflected

from the surface or transmitted through the material

following the balance:

r þ aþ t ¼ 1 (18:1)

where r is the reflectivity, a the absorptivity, and t the

transmissivity. For monochromatic incident radiation,

these properties are called ‘‘spectral’’ and when that radi-

ation is polychromatic they are defined as ‘‘total’’ (Sandu,

1986). Materials may be classified based on their trans-

missivity, depending on the physical state of the body

where the radiation impinges. A body that does not

allow the radiation to be transmitted through it is called

‘‘opaque’’ and is characterized by t ¼ 0. Examples of

these aremost solids. On the other hand, liquids and some

solids like rock salt or glass have a defined transmissivity

so they are ‘‘transparent’’ to radiation.

The reflection may be ‘‘regular’’ (also termed specu-

lar) or ‘‘diffuse,’’ which depends on the surface finish of

the material. In the former case, the angle of incidence

of the radiation is equal to the angle of reflection due to

highly polished surface or a smooth surface. When the

surface has roughnesses larger than the wavelength,

radiation is reflected diffusely in all directions.

Generally solid bodies absorb all of the radiation

in a very narrow layer near the surface. This is a

very important consideration in modeling the heat

transfer process, since mathematically this concept
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transforms a term within the energy balance into a

boundary condition. An ideal body that absorbs all of

the incident energy without reflecting or transmitting

is called a ‘‘black body,’’ for which a ¼ 1.

The total amount of radiation emitted by a body

per unit area and time is called ‘‘total emissive power

E’’ (Kreith, 1965) and depends on the temperature

and the surface characteristics of the body. This en-

ergy is emitted from a surface in all directions and at

all wavelengths. A black body is also defined as the

one that emits the maximum radiation per unit area.

The emissive power of a black body, Eb, depends only

on its temperature. The emissivity of a body, «, is then

defined as the ratio of its total emissive power to that

of a black body at the same temperature, « ¼ E/Eb.

As was pointed out earlier the total emissive power

has energy from all the wavelengths in the spectrum

of the radiation. On the other hand, the monochro-

matic emissive power, El, is the radiant energy con-

tained between wavelengths l and l þ dl (Welty

et al., 1984). For a black body, this power is expressed

by (Planck’s law of radiation)

Eb,l ¼
2pc2hl�5

exp ch
klT

� �
� 1

(18:2)

so the monochromatic emissivity of a body is defined

as «l ¼ El/Ebl. Kirchhoff’s law states that under

thermodynamic equilibrium (which requires all sur-

faces be at the same temperature), the monochro-

matic absorptivity and emissivity of a body are equal.

Equation 18.2 has a maximum that is related to

the temperature by the following expression (Wien’s

displacement law):

lmaxT ¼ 2897:6 mK (18:3)

Equation 18.2 may be integrated over all wave-

lengths to obtain the total emissive power for a black

body (Stefan–Boltzmann law):

Eb ¼
ð1

0

Eb, l dl ¼ sT4 (18:4)

where s is the Stefan–Boltzmann constant.

A gray body is defined as one which has the same

emissivity over the entire wavelength spectrum. Thus,

Kirchhoff’s law may be applied to gray bodies inde-

pendently of their temperature.

Heat exchange by radiation between two black

bodies at different temperatures may be obtained

using the Stefan–Boltzmann law and is expressed by

Qr ¼ AiFijs(T4
i � T4

j ) (18:5)



where Fij is the shape or view factor between surfaces i

and j. By definition, this geometrical factor takes into

account the part of the total radiation emitted by the

surface i that is intercepted by surface j. To calculate

theoretically this factor is rather complicated but

for most common geometries there are charts and

formulas available in the literature (Welty et al., 1984;

Kreith, 1965). A useful equation known, as the ‘‘reci-

procity theorem,’’ relates the shape factors and the

areas of both surfaces through the following equation:

AiFij ¼ AjFji (18 : 6)

If the exchange of energy by radiation is between N

bodies, the shape fact ors must follow the relation:

XN
j ¼ 1

Fij ¼ 1 (18 : 7)

In fact, very few bodies behave as black bodi es so a

more reali stic assum ption would be to treat those as

gray bodies. The net radiation between tw o gray bod-

ies is then given by the following equ ation:

Qr ¼
s (T 4i � T 4j )

ri

«iAi 
þ 1

AiFij

þ
rj

«jAj

� � (18 : 8)

Also, it must be noted that somet imes the elect romag-

netic radiation that impi nge on a body may be atten u-

ated insi de the body by scatteri ng along wi th

absorpt ion. Scatt ering takes into account that elec-

tromag netic rad iation may undergo a chang e in dir-

ection , whi ch can resul t in a parti al loss or gain of

energy (Siege l and How ell, 1972, p. 420). Suppo se

that Il rep resents a spec tral radiation impinging nor -

mally a layer of material where it is ab sorbed and

scattered, so the intensit y of mono chromatic radi-

ation is a ttenuated foll owing the relationshi p (cal led

Bougue r’s law, Siegel and How ell, 1972, p. 413):

Il (z ) ¼ I l (0) exp �
ðz

0

Kl (z 
�  ) dz �

2
4

3
5 (18 : 9)

where Kl is the extinction coefficient, z the distance, and

Il(0) is the radiation at the surface of the body. The

extinction coefficient depends on temperature, pressure,

composition, and the wavelength of the incident radi-

ation. It may pointed out that Equation 18.9 is also

termed as ‘‘Lambert’s law’’ or ‘‘Bougher–Lambert

law,’’ and ‘‘Beer’s law’’ when the extinction coefficient

is put in mass terms, but it must not be confused with

the ‘‘Lambert’s cosine law.’’
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18.2.2 RADIATION P ROPERTIES OF MATERIALS

The design and mo deling of any process alw ays re-

quires a profound knowl edge of the mate rials. Specif -

ically for IR drying, this fact may be the clue to

accompl ish a safe a nd effici ent process , be cause radi-

ation pr operties of both the radiato r an d the material

to be dried must be match ed in or der to obtain most

efficien t resul ts.

Em issivity, ab sorptivity, reflectivit y, and transmis -

sivity are the key radiation propert ies. The relative

magni tudes of a, r, and  t depend not only on the

material , its thickne ss, an d its surface finish, but also

on the wavelengt h of the radiation (Kreit h, 1965).

Never theless the emission of electromag netic wave s is

a propert y of the mate rial only.

Electrical conductors (e.g., metals) generally show

an increase in emissivity « with an increase of wave-

l eng th of t he r adi at ion . O n t he ot he r h a nd, no nc on du c -

tors such as asbestos, cork, wood, concrete, etc. show

the opposite trend. The emissivity of many bodies also

show directional properties but as the data available are

scarce, a good approximation is to suppose an average

value for «/«n ¼ 1.2 for polished metallic surfaces and

0.96 for nonmetallic surfaces (Kreith, 1965).

For practical purposes, only a mean value of the

emissivity or absorptivity over the direction is re-

quired. Sieber (1941) obtained experimental data on

total emissivity of opaque materials depending on the

temperature of the source. Many authors (Ginzburg,

1969; Kreith, 1965) have reproduced these results

graphic ally (Figur e 18.1). The be haviour of electrica l

conductors and nonconductors with temperature of

the radiator can be approximately interpreted from

the dependency of the monochromatic emissivity on

wavelength and the relationship between temperature

of the radiator and the wavelength.

At radiation temperatures in the range from 227

to 6208C, the total reflectivity of polished pure silver

is between 0.98 and 0.968 and for polished pure gold

from 0.982 to 0.965. For polished aluminum, the

reflectivity varies from 0.961 to 0.943 in a tempera-

ture range from 223 to 5778C (Welty et al., 1984). The

high reflectivity of these materials is the reason why

reflectors of radiation lamps are made of a thin layer

of silver, and polished aluminum is used as a facing

material for internal partitions in equipment for IR

radiation (Ginzburg, 1969). It may be noted that for

the construction of the equipment for IR drying and

in selecting the reflectors for radiator lamps, opaque

materials with high reflectivity are required.

The material to be dried by IR requires a low

reflectivity in order to minimize the power required

to heat it, and depending on the specific drying

process, a high or medium absorptivity. When drying
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paints or coatings, a high absorptivity of the material is

usually better, but in drying thick moist materials such

as foodstuffs, it is preferable to use a material with high

transmissivity to avoid extremely intensive heating

and thermal damage of the surface. It is important to

point out that if the absorptivity of a material is low, its

transmissivity is high, and vice versa.

Pr operties like absorpt ivity and trans missivity of

moist mate rials are not frequen tly en countered in

the literat ure. In additio n to the de pendenc y with

wavelengt h and thickne ss, they also depend on the

water content . One of the most extens ive repo rts on

experi mental data of these propert ies can be found in

Ginzbur g (1969) . Mohsenin (1984) also present s a

good compilati on of data on radiation propert ies of

agricu ltural and food products .
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FIGURE 18.2 Absorption spectrum of water.
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The variation of abso rptivity or transmis sivity of

moist mate rials wi th wave length is difficult to e stimate

without e xperimental da ta. For man y mate rials, trans -

missivity is higher at lower wave lengt hs (Ginzb urg,

1969). Foods tuffs, as an exampl e, are complex mix-

tures of diff erent large bioch emical molec ules and

polyme rs, inorgani c salts, and wat er (Sand u, 1986)

and the abso rption ba nds of each of these consti tuents

are not the same. As an example, Figure 18.2 shows the

IR absorpt ion spectru m of liqui d water. Genera lly,

many fully wet mate rials have their minimum ab sorp-

tivity at those wavelengt hs wher e water has its max-

imum trans missivity pointin g out the important role

that wat er plays in radiation absorpt ion.

As drying proceeds, the material that is dried

suffers a change in its radiat ion prop erties, increa sing

its reflect ivity, and co nsequentl y low ering its ab sorp-

tivity at low water co ntents. It is then pos sible to

change ad equatel y the tempe rature of the e mitter in

order to impro ve the absorpt ion of radiation during

drying.

The trans missivi ty decreas es with an increase

in layer thickne ss, whereas absorpt ivity increa ses.

An approxim ate way of rep resenting experi menta l

transmis sivity data as a function of thickne ss is pre-

sented by Ginzbur g (1969). Table 18.1 and Tabl e 18.2

show a compil ation of experimenta l data from the

literatu re (Kreith , 1965; Ginzbur g, 1969; Sandu ,

1986) abou t the variation of transmis sivity of food -

stuffs a nd other mate rials commonl y dried, with

thickne ss, water content , and wave lengt h.

In ord er to show an exampl e of how both pro per-

ties of the e mitter and the pro duct to be dried shou ld

be matc hed during IR dr ying, Figure 18.3 shows the

radiant energy peaks for quartz tungst en filame nt at

2500 an d 1925 K toget her with the spectr al absorpt iv-

ity of potato with 74.5% of water co ntent (Sandu ,

1986) and 10-mm thickne ss. To avoid overheat ing of

the surfac e and to allow the radiation to penetra te

into the prod uct it would be be tter to choose the

heat source at 2500 K be cause its maximum is located

in the wave lengt h wher e the ab sorptivit y of the food -

stuff is not very high. On the other han d, if the low er
10 12 14
 (µm)



TABLE 18.1
Transmissivity of Selected Foodstuffs

Product Spectral Peak, l (mm) Tr (8C) Thickness (mm) W (%) t or tl (%)

Bread made of wheat flour 2.00 1.04

400 2.50 0.97

— 3.50 — 0.46

5.00 0.00

Dough made of wheat flour Mirror lamp 1.00 5.70

— 2.75 44.0 1.76

5.00 0.39

9.00 0.03

Tomato paste 1.075 0.50 60.0 95.0

1.075 — 0.50 70.0 91.4

1.075 — 0.50 85.0 55.8

1.190 0.50 85.0 46.7

1.350 0.50 85.0 38.5

3.400 0.50 85.0 30.8

Potatoes 1.100 — 2.00 80.5 50.0

1.100 8.00 80.5 16.0

Potato starch 1.100 1.00 11.8 13.0

1.100 — 2.00 11.8 5.00

1.100 8.00 11.8 0.23

Beet 1.100 — 2.00 85.5 40.0

1.100 6.00 85.5 18.0

Fruit gel (marmalade) 1.100 — 2.00 30.0 18.0

1.100 7.00 30.0 2.50
heat source temperature is used, the surface may be

damaged (scorched) due to intense surface heating.

Mohsenin (1984) presents an interesting discussion

on the approach to be followed in order to obtain

a successful IR drying of foods and agricultural

products.
TABLE 18.2
Transmissivity of Selected Materials

Product Spectral Peak or l (m

Cigarette paper (raw) 1.075

3.220

6.150

Paper, thick (moist wall paper) 1.190

3.750

6.150

Wool cloth, dry 1.190

3.220

7.750

Sand 1.190

6.150

Wood 1.190

6.150
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18.3 STEADY INFRARED DRYING

18.3.1 MODELING THE PROCESS

Only the energy balance equation must be modified to

include IR in the calculation procedure for drying
m) Thickness (mm) t or tl (%)

73.0

— 48.0

20.0

18.0

— 10.0

7.0

14.3

— 12.3

2.0

3.00 4.8

3.00 2.0

1.50 4.3

1.50 0.7
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wherea s the mass ba lance eq uation remai ns the same

as that for con ventio nal drying:

@W

@t
¼ Dr

Z 2
@  

2W

@z 2 
(18 : 10)

The water flux is given in terms of (Crapiste et al.,

1988)

nw ¼ �
rs , oX o

Z
Dr

@W

@z 
(18 : 11)

As the driving force for mass transfer depends on

temperature, the high temperatures achieved by the

drying surface with IR heating enhance the drying

rate. In order to simplify the modeling of IR drying, it

is convenient to start with IR drying of a flat partially

‘‘transparent’’ particle in which the heat conduction is

one-dimensional. In the special case when the internal

to external heat transfer resistance ratio is much greater

than 0.1, the energy balance is given by

rmCpsh

@T

@t
¼ k

@  
2T

@z 2 
þ @qa

@z
(18 : 12)

with the foll owing bounda ry and initial con ditions.
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Initial condition : t ¼ 0, 8z T ¼ To (18 : 13)

Boundary conditions : t ¼ t , z ¼ 0 (cent er)

@T

@z
¼ 0 (18 : 14)

t ¼ t , z ¼ Z (surface)

kA
@T

@z 
cz ¼Z ¼ hg A(Tg � T cz ¼Z ) � nw ADH s (18 : 15)

The abo ve mo del is commonl y called ‘‘semit ranspar -

ent’’ (Hasatani et al., 1983). The varia ble q may be

obtaine d by averagi ng Equat ion 18.9 over all the

wavelengt hs. If the average net radiat ion that im-

pinges on a surfa ce is Qr (defi ned in Equation 18.8) ,

qa is given by 

qa ¼ Qr exp �
ðz

0

K dz�

2
4

3
5 (18:16)

If the particle is ‘‘opaque’’ to radiation, the energy

equation becomes



rmc psh

@T

@t
¼ k

@  
2T

@z 2 
(18 : 17)

As was pointed out e arlier in this chapter, an

‘‘opaque’’ solid absorbs radiation in a narrow zone near

the surface rather than attenuat ing w ithin its vol um e; so

the second term on the right side of Equation 18.12 m us t

appear in the boundary cond ition. Thus the b oundary

condition given by Equation 18.15 trans forms to

kA
@T

@z 
cz ¼Z ¼ hgA (T g � T cz ¼Z ) � nwADH s þ Q r

(18 : 18)

wherea s the other bounda ry conditio n and the initial

conditi on remai n the same. This model is called

‘‘opaque’ ’ (Has atani et al., 1983).

In the case that only an average parti cle tempe ra-

ture is requir ed or that the inter nal to exter nal he at

transfer resi stance ratio is smaller than 0.1 (which

means that the temperatur e pr ofiles insid e the parti cle

can be co nsider ed to be almos t uniform), the follow-

ing sim plifica tion of Equation 18.17 is permi ssible:

rmCp

@T

@t
¼ k

1

Dz

@T

@z

� �
¼ 1

Dz
k
@T

@z

� �
cz ¼Z (18 : 19)

Inserting Equat ion 18.18 into the abo ve equatio n, the

energy equati on becomes

mCp

dT

dt
¼ hg A (Tg � T ) � nw ADH s þ Q r (18 : 20)

The model equ ations to repres ent the beh avior

of a dryer a re an extens ion of the ab ove ex planation

for IR drying of a single particle. In pap er, paint, or

textile drying, continuous dryers are commonl y us ed.

The equati ons descri bing con tinuous IR dryers can be

found in the literat ure (Kuang et al., 199 2; Cote et al.,

1990). Never thele ss, a batch dryer may also be used

for dee p be d drying of foodst uffs because such ma-

terials have a solid struc ture from the beginni ng of the

process (Hel dman and Singh, 198 1). The mod eling

equati ons for a ba tch dryer with circul ation of air

through the bed can be developed as follows .

Food particles experi ence shrinka ge during dry-

ing, but since shrinka ge is not appreci ative ly affec ted

by air or parti cle tempe rature (Ratti, 1994) it may be

assum ed that IR dr ying doe s not affe ct shrinka ge

different ly from conven tional drying. The key as-

sumpt ions employ ed in this model are
� 20
(1) One- dimens ional trans port of hea t and mass

(2) Unif orm velocity dist ribution in the dryer

(plug flow of drying air)
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(3) Adia batic syst em (w ell insulated)

(4) Condu ction heat transfer betw een parti cles in

the bed and con tact diffusion are negligible
(5) Shrinki ng particles

(6) The air is co mpletely trans parent to radiat ion.

Alt hough in the drying proc ess the air con -

tains water vapor that absorbs IR radiat ion,

this may be neglect ed because the amou nt of

wat er vapor is smal l relative to the air. As an

ex ample, at a dry bulb tempe ratur e of 60 8 C
an d 40% of relative hum idity, the a bsolute

hum idity is 0.053 kg water/ kg dry air.

To avoid the prob lem of shrinka ge, a moving

coordinat e system that follows the movem ent of

the shrinki ng particles may be used, taking as basis

a different ial control volume that contai ns always the

same amount of dry mass as in the initial time. Thi s

coordinat e system is express ed as (Ra tti, 1991)

d(z =Lo ) ¼
rs, o (1 � «lo )

rs (1 � «l )
d L (18 : 21)

Then the resul ting equa tions that represen t batch

fixed-bed IR drying are

M ass balance in the gas phase:

@Y

@t

� �
L

¼ nwav (1 � «l )

ra «l

� 1

SLo

Gs

ra «l

rs (1 � «l )

rs, o (1 � «  lo )

@Y

@L

(18 : 22)

Mass ba lance in the solid:

@X

@t

� �
L

¼ � nwav

rs

(18 : 23)

Energy balance in the soli d:

@Ts

@t

� �
L

¼ av

rs (1 þ X )Cpsh

[hg (Tg � T s )

� nw DHs þ Q0r ] (18 : 24)

Energy balance in the gas phase:

@Tg

@t

� �
L

¼ � hgav (1 � «l )

ra «lCpah

(Tg � Ts )

� 1

SLo

Gs

ra«l

rs(1� «l)

rs,o(1� «lo)

@Tg

@L
(18:25)

where Qr’ is defin ed from Equation 18.8 as

Q0r ¼
s(T4

e � T4
s )

(1� «s)

«s

þ 1

Fse

þ (1� «e)

«e(Ae=As)

(18:26)



The initial profile of the four variables in the

fixed-bed is stated as

l ¼ 0

X ¼ Xo

Ts ¼ Tso

Y ¼ Ygo

Tg ¼ Tgo

8>><
>>:

l 6¼ 0

X ¼ Xo

Ts ¼ Tso

Y ¼ Ysat(Tso)

Tg ¼ Tso

8>><
>>:

(18:27)

and the values of Tg and Yg at l ¼ 0 are set in Tgo

and Ygo for constant inlet conditions.

Some advances in the application of engineering to

the modeling and design of dryers under radiation are

made in the recent years. As an example, a complete

model for a multiple-zone process for drying polymer–

solvent coatings has been developed by Cairncross

et al. (1995). Parrouffe (1992) has demonstrated on the

basis of extensive experimental data that one may,

within engineering accuracy, use analogy between heat

and mass transfer to estimate the convective heat or

mass transfer coefficients even in the presence of intense

radiative heat flux on the evaporating surface. Appro-

priate corrections must be employed, however, for the

high evaporative mass flux at the surface.

18.3.2 ADVANTAGES AND LIMITATIONS

Many authors have pointed out the advantages and dis-

advantages of using IRdrying (van’tLand, 1991, p. 251;

Hallström et al., 1988, p. 218; Nonhebel and Moss,

1971, p. 286; Dostie et al., 1989). In fact IR drying has

many positive attributes, the main one being the reduc-

tion in drying time. Figure 18.4 shows the effect of IR

drying compared to conventional convective drying of
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acoustic tiles (Dostie et al., 1989). Also, IR drying offers

solution toproblems that seemed tobe unsolvable in the

past such as those associated with the carrying of vola-

tile organic compounds from solvent-based paints by

the exhaust hot air in conventional convective dryers.

A summary of the advantages of IR drying follows:
3

 (mi

ting

plo

d M
1. High efficiency to convert electrical energy

into heat for electrical IR.

2. Radiation penetrates directly into the product

without heating the surroundings.

3. Uniform heating of the product.

4. Easy to program and manipulate the heating

cycle for different products and to be adapted

to changing conditions.

5. Leveling of the moisture profiles in the prod-

uct and low product deterioration.

6. Ease of control.

7. IR sources are inexpensive compared to di-

electric and microwave sources; have a long

service life and low maintenance.

8. Directional characteristics that allow to dry

selected parts of large objects.

9. Occupies little space and may easily be adapted

to previously installed conventional dryers.

10. Low-cost technology.
On the other hand, the disadvantages are:
1. Scaling up of the heaters is not always straight-

forward.

2. Essentially surface dryers. Nevertheless, a great

effort is done to improve this technology in
2

n)
90 120 150

 mode

yed. (From Dostie, M., Séguin, J.-N., Maure, D., Ton-

.A. Roques (Eds.), Hemisphere, New York, 1989. With
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order to adapt it to drying thick mate rials wi th

successful results.

3. The test ing of the equipment must be carried

out in the plant to assure a success ful design.

4. Potential fire hazards must be consider ed in

design an d ope ration .
(

(

18.4 INDUSTRIAL INFRARED DRYING
APPLICATIONS

18.4.1 APPLICATIONS OF I NFRARED R ADIATION

IN INDUSTRY

IR heating is widely used in industry for surface

drying or de hydratio n of thin sheets such as text iles,

paper, films , paints , stove enamel s, etc. Spe cifical ly in

the automot ive indu stry, the IR baking for paint-

on-met al applica tion is the most success ful. Anothe r

sector wher e IR plays an impor tant role is in pulp and

paper industry. As an exampl e, in Sweden this sector

impos es higher demands on energy consumpt ion than

any oth er, a nd a relative new method that not only

impro ves pap er quality but also achieve s en ergy-

efficien t drying is to use electrica lly ope rated IR radi-

ation he ating (Hanne rvall et al., 1992).

The disposa l of ha zardous was te is a less general

IR applica tion but, for instance, the IR drying of

metal hydroxide sludge mini mizes the cost impac t of

increa singly strin gent disposa l restrict ions and when

the metal con tent of sludge is of interest to recycl es, it

may be one way of chan ging a costl y by-product into

a profitabl e one (Davis a nd Wachter , 1992).

Although IR drying of thick porous materials has

not yet been fully developed, some researchers showed,

mainly by means of experimental results, that one of the

applications where long wave IR heating is most effi-

cient is in dehydration of foods (Ginzburg, 1969;

Kimura et al., 1992). Recently, IR radiation has been

investigated for drying of cashew kernels (Umesh-

Hebbar and Rastogi, 2001), herbs (Paakkonen et al.,

1999), barley (Afzal et al., 1999), potato (Afzal and Abe,

1999; 1998; Masamura, 1998), shrimp (Fu and Lien,

1998), rough rice (Abe and Afzal, 1997), onion (Itoh,

1995), persimmons (Kim, 1993), and red pepper (Koh

et al., 1990). In general, the previous articles deal with

the application of IR heating to drying of different

foods and the analysis of the characteristics and per-

formance of these particular IR dryers. Japanese food

industry uses this type of heating for drying of sea weed,

curry sauce, carrots, and pumpkins among other things

(Kimura et al., 1992). Other important IR applications

in the food area (not specifically in drying), are cooking

soybeans, cereal grains, cocoa beans and nuts, precook-

ing rice, bacon, and barley grains for ‘‘ready to eat’’
06 by Taylor & Francis Group, LLC.
products, braising meat and frying. An automatic IR

system for selective heating of foods, which could have

a big impact in the sterilization and pasteurisation pro-

cesses, has been recently analyzed (Irudayaraj and Jun,

2000).

18.4.2 INDUSTRIAL INFRARED DRYERS

Although I R dryers may be batch or c ontinuous

type, t he latter is the m ost c ommon arrangement.

IR ovens for dryers are usually designed and c on-

structed from standard IR sections arranged and

integrated to the conventional dr yers i n s uch a way

that IR radiation is directly intercepted by the prod-

uct t o be dried. These sections are selected on the

basis of t he particular app l ication. It is desirable to

test the product on a laboratory-scale I R oven under

simulated c onditions and t o design t he large-scale

unit on the basis of the experimental data obtained.

To accomplish a reliable design, it is also necessary

to know the e fficiency of conversion from electric to

IR energy of the radiators used in the plant (unless

gas-fired IR heaters a re used). The main data r e-

quired are the i ntensity of radiation and the r esi-

denc e time ( Nonhebel and Moss, 1971, p. 289) but

although oven s tyle and c ross section a re easily

determined; on the other hand, the s election of the

heat source, time–temperature cycle, and the power

density requires oven design experience (Fostoria,

Technical Bulletin, 1992).

Air flow is required in IR ovens for two primary

purposes:
a) Air movement to cool and protect oven walls

and terminals

b) Oven exhaust to remove smoke, moisture,

solvents, hazardous vapours, etc.
The decision of using natural or forced convection

and the amount of air flow rate to meet the appropri-

ate cooling effect must be adjusted to the specific

application.

18.4.2.1 INFRARED SECTIONS

IR sections basically consist of a heat source (called

radiator or emitter), a reflector, source sockets, elec-

trical connections, and a shell where the parts of each

sections are bui lt together (Figur e 18.5) . The main

component is the radiator, which depending on the

mode of heating, may be classified as:
1. Electrically heated radiators: In these radiators,

the IR radiation is obtained by passing an electric

current through a resistance, which raises its
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FIGURE 18.5 Parts of an IR section. (Courtesy of Fostoria Industries, Inc., Fostoria, OH. With permission.)
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temperature (Hallströ m, 1988, p. 217). The most

common are: metal sheath radiant rods, quartz

tube, and quartz lamp. A typical cross section of a

tube emitter is sketched in Figure 18.6a. One of

the most important characteristics of such emit-

ters is the radiant efficiency, which may be de-

fined as the percentage of radiant output from a

heat source referred to the energy input. There is

a positive relationship between this efficiency and

the temperature of the radiator. Also, as was

pointed out previously, there exists an inverse

relationship between this temperature and its
(a) Filling

Fila

Air

Gas

Ceramic plate

Reflector

Grid

(b)

URE 18.6 (a) Sketch of an electric IR source. (b) Sketch of a g
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peak energy wavelength. The peak wavelength

can be controlled by changing the temperature

of the source so if different types of emitters

operate at the same temperature they will all

have  the  same peak  wavelength as well as other

characteristics like penetration and color sensi-

tivity. Figure 18.7 presents the relationship be-

tween voltage and temperature of the radiator

together with the efficiency curve and Figure

18.8 shows graphically the heat up and cool

down rate of response of the more common emit-

ters which can be an important criterion in the
ment

Sheath

as-fired IR source.
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selection of the proper source for a particular

application. The main characteristics of the elec-

tric emitters are shown in Table 18.3.
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URE 18.8 Heat up–cool down time cycles for IR sources. (Cou
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2. Gas-fired radiators : T hese radiator s c onsi st of a

pe rfo ra t e d pl ate ( met al o r r ef rac t o ry ) , w hic h is

he ate d by g as fl am es in one o f the surfa ce s s o t he

plate raises its temper ature a nd em its radiant en-

erg y. T he po r os i ty of t he p late d ete rm in es t he

temperature o f t he other s urface so as to ensure

a saf e pr oc es s. F igure 1 8. 6b s hows a sket ch of thi s

type of radiator (van’t Land, 1991, p .250). The

temperature o f s uc h a radiator is generally be-

tween 1500 to 1700 8C with wavelengths from 2.7

to 2.3 mm (van’ t Land, 1991, p. 249). The radiant

efficiency o f such radiators is typi cally about 60%.
For practical purposes, choosing an emitter involves

consideration of the following factors (Bischof, 1990):
1. Absorp tion charact eristic s of the mate rial that

is heated

2. Power den sity of the radiating area ‘‘seen’’ by

the prod uct

3. Ratio of con vected he at to radiant heat

4. Nature of the inst allation

5. Type of control requir ed
One of the most success ful emit ters is the qua rtz

lamp because it en sures high power de nsities, max-

imum hea t effici ency, fle xible design parame ters, and

ease of c ontrollabil ity. Also , this type of emit ter is

fitted with a go ld reflecto r to direct the radiation

toward the pro duct to be heated. Variou s refl ector

systems are also used (Halls trö m, 1988, p. 217):
0

Ind ividual metallic /gold reflect ors

Ind ividual gilt twin qua rtz tube

Flat metallic /cerami c casset te reflect ors
1 2 3 4 5

Time power off (min)

Cool down

rtesy of Fostoria Industries, Inc., Fostoria, Ohio. With



TABLE 18.3
Propert ies of Electri c Ra diators

Type of Emitter Metal Sheath Quartz Tube Quartz Lamp

Sheath material Stainless steel Translucent quartz Clear quartz

Filament Nickel-Chrome Nickel-Chrome Tungsten

Sheath diameter 3/8’’ 3/8’’, 5/8’’, 7/8’’ 3/8’’
Filling material Insulating powder Air Inert gas

Maximum filament temperature 18008F 18008F 40008F
Peak wavelength — 2.3 mm 1.15 mm

Voltage 240V up to 600V ~ 600V

Wattage 60W per linear inch 30, 60 or 90 W p.l.i. 100W p.l.i.

Radiant efficiency 50% 60% 86%
Figu re 18.9 shows a sketch of such reflect ors. The

material s and the shape of the reflecto r determines

its efficien cy. Reflect or mate rials must have high re-

flectivit y, resi st corrosi on, heat and moisture, and

be easily cleaned. They must also maintain the high

reflect ivity ov er a long period of tim e.
(a)

(b)

(c)

FIGURE 18.9 Different types of reflectors: (a) individual

reflector; (b) individual gilt twin quartz tube; and (c) flat

metallic–ceramic cassette reflector. (From Hallström, B.,

Skjöldebrand, C., and Trägårdh, C., Heat Transfer and

Food Products, Elsevier Applied Science, London, 1988.

With permission.)
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18.4.2.2 RECENT DEVELOPMENTS IN DESIGN

OF I NFRARED DRYERS

Although an IR dryer can be built using an existing

convecti ve dryer by putti ng in the app ropriate numb er

of radiators over the produ ct to be dried so as to direct

the radiation on it, this techno logy is unde r impro ve-

ment and new combinat ions of dryers have appeared

in the market . As examp les of these new trends and

applic ations, Figu re 18.10 and Figure 18.11 show two

indust rial IR dryers , one high veloci ty hot air impin ge-

ment oven with IR electric heaters mou nted between

adjacent noz zles (Figure 18.10, Glenro , Techn ical Bul -

letin, 1992) specia lly for drying adh esives an d inks on

papers, foam and composi te web substan ces, etc. and

the other is a gas-he ated IR dryer for meta l hydroxide

sludge volume red uction (Figur e 18.11, JW I, Tech -

nical Bul letin, 1992). Anothe r pro mising technol ogy

is the comb ination of inter mittent IR radiat ion with

continuous conv ection heati ng (Dostie et al., 1989) for

drying thick porou s mate rials such as panels made of

wood and of acou stic tiles.

18.4.3 COSTS

The capital costs pe r kilowatt installed depending

on the different heating m odes are presented in

Table 18.4 ( Dostie, 1992). Specific ally for I R drying,

the radiators are generally the main cost of a dryer.

Table 18.4 a lso presents an appr oximate relation-

ship between the c osts of different types of emitters.

A lamp r adiator has a l ife of 2,000 to 3,000 h wher eas

a s heathed element from 5,000 to 10,000 h ( Nonhebel

and Moss, 1971, p. 290). The r eplacement of the

radiat or elem ents is the m ai n maintenance item.

The figures i n this t able should be taken as guidelines

rather than precise. W ith c hanges in technology,



From
coater

Air supply

Recirculation and exhaust

Exhaust port

Hot air impingement nozzle

Infrared heater

To
rewind

FIGURE 18.10 Impingement IR dryer. (Courtesy of Glenro, Inc., Paterson, New Jersey. With permission.)

Heated air

Exhaust
blower

Recirculation
blower

W
at

er
 v

ap
ou

r

ex
ha

us
t

Proportional
gas burner

Stainless
muffle
chamber

Sludge on
endless
stainless steel
conveyor belt

FIGURE 18.11 IR dryer for treatment of sludge. (Courtesy of JWI, Inc., Holland, Michigan. With permission.)

� 2006 by Taylor & Francis Group, LLC.



TABLE 18.4
Capital Costs for Different Modes of Heating and Types of Emitters (figures
for Quebec, Canada, 1992)

Mode of Heating Capital Cost ($/kW) Capital Cost (Equal Basis) $/kW

Referred to the Highest

Convection 300 —

Radio frequency 2000 —

IR 500 —

Electric lamp — 0.49

Electric sheathed filament — 1.00

Gas-fired emitter — 0.93
these figures are likely to change with time. The costs

are 1992 figures for Quebec.
18.5 CONCLUSIONS

In view of their several advantages, it is likely that IR

drying in combination with convection or vacuum

will become increasingly popular. Intermittent (spa-

tial or time-wise) supply of IR heating has the poten-

tial merit of saving energy, reduce air consumption,

and enhance the quality of heat-sensitive products.

Dryers for continuous sheets or large surfaces (e.g.,

planks), utilizing a combination of impinging jets and

radiant heaters spaced between jets, have already

proven to be industrially viable. Also, combination

of radiant heating under vacuum operation is a tech-

nically a sound process for drying certain products.

Much fundamental and industrial R & D needs to be

carried out to exploit fully the potential of IR drying

technologies.
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NOMENCLATURE

A area

av surface area/volume

Cpah humid air specific heat

Cpsh humid solids specific heat

c speed of the light

Dr effective moisture diffusion coefficient

E total emissive power

F view factor

Gs dry air flow rate

h Planck constant
� 2006 by Taylor & Francis Group, LLC.
hg heat transfer coefficient

I intensity of radiation

K extinction coefficient

K average extinction coefficient

k thermal conductivity

Lo initial bed height

m mass

nw water mass flux

Qr heat exchange between bodies

qa heat absorbed

S dryer transversal section

T temperature

t time

W dimensionless water content, X/Xo

X solid water content (dry basis)

Y air absolute humidity

z distance

Z particle half thickness

SUBSCRIPTS

b black body

e emitter

g gas phase

i surface

j surface

n in a direction normal to the surface

o initial

r radiator

s solid

sat at saturation

l monochromatic

GREEK SYMBOLS

a absorptivity

DHs heat of sorption

« emissivity

«l bed porosity

k Boltzmann constant

l wavelength



lmax wavelength where E is maximum

r reflectivity

ra air density

rm solid density

rs solid mass concentration

s Stefan–Boltzmann constant

t transmissivity
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19.1 INTRODUCTION

Although the concept was originally proposed over

100 years ago and the first industrial applications

were reported some 60 years ago in Germany, super-

heated steam drying has emerged only in the past

decade or so as a viable new technology with immense

potential. Essentially, superheated steam drying (SSD)

involves the use of superheated steam in a direct

(convective) dryer in place of hot air, combustion, or

flue gases as the drying medium to supply heat for

drying and to carry off the evaporated moisture. Any

direct or direct and indirect (e.g., combined convection

and conduction) dryer can be operated as an SSD, in

principle. The technology involved is more complex

and hence this conversion is not simple. Additional

criteria must be considered when selecting a dryer for

SSD operation.

Currently there are fewer than ten major dryer

manufacturers around the world that offer SSD tech-

nology on a commercial scale. Often, it is necessary to

custom design an SSD for a new application, which

may involve a new dryer type or an application to a

new product. The author has presented an exten-

sive review of principles, practice, industrial applica-

tions, potential new applications, market penetration
, LLC.
potential, and research and development (R&D)

needs for SSD technologies [1]. Special consideration

is given to potential applications for use of electricity

and reuse of the exhaust steam from an SSD. Kumar

and Mujumdar have provided an extensive bibliog-

raphy and discussed the basic principles and applica-

tions of SSD [2].

One of the obvious advantages of SSD is that the

dryer exhaust is also steam, albeit at lower specific

enthalpy. In air drying, the latent heat in the exhausted

steam is generally difficult and expensive to recover.

Indeed, at current world prices of energy sources, it is

often more expensive to recover energy in the exhaust

steam than to waste it in the stack gases for most direct

dryers with low-to-medium-temperature exhausts.

If air infiltration is avoided (or minimized to an

acceptable level), it is possible to recover all of the

latent heat supplied in the SSD from the exhaust by

condensing the exhaust stream or by mechanical- or

thermocompression to elevate its specific enthalpy for

reuse in the dryer. As SSD will necessarily produce

steam equal in amount to the water evaporated in the

dryer, it is necessary to have a useful application for this

excess steam in the process plant. If this steam is used

elsewhere, the latent heat recovered is not charged to

the SSD, leading to a net energy consumption figure of



the 1000–1500 kJ/kg water removed for SSD compared

with 4000–6000 kJ/kg water removed in a correspond-

ing hot-air dryer. Thus, reduced energy consumption is

a clear advantage of SSD.

Other key advantages of SSD are as follows:

. No oxidation or combustion reactions are pos-

sible in SSD. This means no fire or explosion

hazards and often also a better quality product.
. Higher drying rates are possible in both con-

stant and falling rate periods, depending on

the steam temperature. The higher thermal con-

ductivity and heat capacity of superheated

steam leads to higher drying rates for surface

moisture above the so-called inversion tempera-

ture. Below the inversion temperature, drying in

air is faster. In the falling rate, the higher prod-

uct temperature in SSD (over 1008C at 1 bar)

and lack of diffusional resistance to water vapor

(no air) lead to faster drying rates. Also, it is

known that many products that form ‘‘case-

hardened skin’’ in rapid drying do not form

such water-impermeable skins in SSD.
. For products containing toxic or expensive

organic liquids that must be recovered, steam

drying avoids the dangers of fire and explosion

although allowing condensation of the off

streams in relatively smaller condensers.
. SSD permits pasteurization, sterilization, and

deodorization of food products.

Accompanying the advantages above are several

limitations:

. The system is more complex. No leaks can be

allowed. Feeding and discharge of SSDs must

not allow infiltration of air. The product itself

may bring in noncondensables. Start-up and

shutdown are more complex operations for

SSD than for an air dryer.
. Because feed enters at ambient temperature,

there is inevitable condensation in the SSD

before evaporation begins. This adds about

10–15% to the residence time in the dryer. At

1 bar operating pressure, the drying begins at a

product temperature of 1008C in the constant

rate period when surface water is removed.
. Products that may melt, undergo glass transi-

tions, or be otherwise damaged at the saturation

temperature of steam at the dryer operating

pressure cannot clearly be dried in superheated

steam even if they contain only surface mois-

ture. Operation at reduced pressure, however, is

a feasible option that may also enhance the

drying rate.
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. Products that may require oxidation reactions

(e.g., browning of foods) to develop desired

quality parameters cannot be dried in super-

heated steam. However, it may be possible to

consider a two-stage drying process (e.g., steam

drying followed by air drying). For drying of

silk cocoons, for example, such a process

appears to yield a higher quality product.
. If the steam produced in the dryer is not needed

elsewhere in the process, the energy-related

advantages of SSD do not exist. Also, steam

cleaning may not always be a simple task. The

chemical composition of the condensate must

be carefully evaluated.
. Cost of the ancillaries (e.g., feeding systems,

product-collection systems, exhaust steam recov-

ery systems, etc.) is typically much more signifi-

cant than the cost of the steam dryer alone. In

most cases, SSD is a justifiable option only for

very large tonnage, continuously operated sys-

tems because of the technoeconomics of the ancil-

lary equipment needed.
. There is currently limited field experience with

SSD for a smaller range of products. This data-

base is expected to increase significantly in the

coming decade. In the mean time, more pilot

testing is recommended for an SSD application.
19.2 CLASSIFICATION AND SELECTION
OF SUPERHEATED STEAM DRYERS

As noted above, any direct dryer, in principle, can be

converted to superheated steam operation (e.g., flash,

fluid bed, spray, impinging jet, conveyor dryers, etc.).

Thermal efficiencies can be improved and the unit size

reduced by supplying a part of the heat indirectly

(e.g., by conduction or radiation). Note that the in-

version temperature is lowered in the presence of

indirect heat supply, which is a further benefit. For

example, in the presence of appropriate radiant heat-

ing, the inversion temperature dropped from 250 to

1708C for a specific case reported in the literature.

However, it is not necessary to operate an SSD

above the inversion temperature to benefit from the

advantages of SSD. Aspects other than higher drying

rates or lower energy consumption, such as quality or

safe operation, may dominate the selection procedure

in most cases. For relatively low-value products (e.g.,

sludges, coal, peat, hog fuel, etc.) that are also readily

combustible in hot air and dried in large tonnages, the

reduced net energy consumption in SSD is particu-

larly advantageous as this also reduces the environ-

mental emissions of greenhouse gases (e.g., CO2) as

well as toxic gases (NOx, SOx, etc.). However, the



excess steam produced must have a viable application

in or near the process.

The following dryer types have been successfully

tested at pilot scale and commercialized for at least

some products:

. Flash dryers, with or without indirect heating of

dryer walls with high-pressure steam
. Fluidized bed dryers, with or without im-

mersed heat exchangers; operated at low, near-

atmospheric, or high (up to 5 bar) pressures
. Spray dryers (operated at near-atmospheric

pressures; for drying of whey; pilot scale only)
. Impinging jets (for newsprint, tissue paper, etc.

at small scale; for textiles at commercial scale)
. Conveyor dryer, operated at near-atmospheric

or high pressures
. Agitated bed dryers, operated at near-atmospheric

pressure
. Packed bed and through circulation dryers
. Impinging stream (opposing jet concept) dryers
. Vibrated fluid bed dryers with immersed heat

exchangers

Because of space limitations, this chapter discusses

steam dryers only for a selected range of products.

The references cited provide detailed information.

Also, other chapters in this handbook include discus-

sion of some steam-drying technologies (e.g., energy

aspects, novel dryers, etc.).

19.2.1 DRYING OF SLUDGES

Sludges can be dried continuously in large tonnages

in flash, fluid bed, or agitated trough-type dryers

using superheated steam. Hirose and Hazama have

reported on a sewage sludge treatment plant that used

a steam-fluidized bed dryer [3]. The sludge, containing

400% water (dry basis), was mechanically dewatered

and then evaporated to 75% before it was fed to the

dryer to obtain a final moisture level of about 5%.

The sludge had calorific values of 8.4–19 MJ/kg. A

sludge with a calorific value of 12.6 MJ/kg required

auxiliary energy of 420 kJ for per kg of sludge in-

cinerated. The steam evaporated in the dryer was

used as a heat source in the evaporator. The heat for

the dryer was obtained by incinerating the dried

sludge. The incineration process in a cyclone furnace

vitrifies the sludge (by melting and solidification),

thus reducing the volume of waste to be sent to a

landfill. Further, the waste product is not leached

into the soil.

An agitated multistage steam dryer with co-

current flow of steam and the product has been

developed successfully in Japan to dry 15 tons of
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dewatered sludge per day. Steam at 3608C at flow

rates up to 3600 kg/h enters the dryer and exits at

1508C, giving a volumetric heat transfer coefficient

of up to 90 kcal/(m3 h 8C). Unlike a fluid bed, the

low-steam velocities cause little entrainment in the

exhaust steam, which is cleaned in a cyclone. To

avoid leakage of unpleasant odor, the dryer is held

at a pressure of 10–100 mm water column below

atmospheric pressure. For start-up, hot air is circu-

lated and then water is injected into the hot air until

the system is full of steam. It is important to note that

sludges come in various chemical and biochemical

compositions as well as physical characteristics. It is

important to dewater (nonthermally) as much of the

water as possible before the sludge is fed to a thermal

dryer. Not all sludges can be combusted to provide a

part or all of the heat required for drying.

There are advantages as well as limitations to each

dryer type and a careful technoeconomic evaluation

is necessary when a final selection is to be made. The

well-known Carver–Greenfield process (discussed else-

where in this handbook), utilizing the multiple-effect

evaporation concept as well as several indirect dryers

provides competing technologies for drying of sludges.

It should be noted that use of high-temperature air can

lead to significant fire and explosion hazards in drying

of sludges of all types. Atmospheric emissions of or-

ganic volatiles and fine particulates are problems of

special concern as well. For very large cities in devel-

oped countries, steam-drying technologies, which util-

ize dried sludge as fuel and yield vitrified, easy-to-

handle dry product for landfills, appear to be especially

attractive. Vitrified sludge particles do not leach their

undesirable chemicals into the soil, which is a major

advantage of such a process.

Although no details are available, an impinging

stream dryer for sludges using super-heated steam as

the drying medium has been operated at pilot scale

successfully in Russia. Mujumdar has presented

additional information on these special types of

dryers [1] (see chapter on impinging stream drying in

this handbook).

19.2.2 DRYING OF COAL

Coal is a raw material for many chemical syntheses

as well as a fuel. Depending on its initial moisture

content, coal is dried to increase its calorific value and

simplify loading, unloading, transport, and improve

boiler combustion efficiency. Although not com-

monly required in North America, drying of low-

grade coals containing high levels of moisture is

necessary in many parts of the world. Coal is also

dried for briquetting, coking, gasification, carboniza-

tion, liquid fuel synthesis, and so on. Coke oven



efficiency can increase 30–50% in preheating and 10–

15% in drying, if coal is predried. Direct dryers (e.g.,

rotary, pneumatic, fluid bed, vibrating fluid bed, shaft

dryers, etc.) are used commonly with hot air or com-

bustion gas at 700–9008C before the dryer and at 60–

1208C after the dryer. Rotary dryers with indirect

heating are used for hard coals. These have higher

energy efficiency, about 3100 kJ/kg water evaporated.

For air fluidized bed dryers, the corresponding figure

is 3100–4000 kJ/kg water evaporated. A commercial

vibratory dryer for hard and brown coals (manufac-

tured by Escher-Wyss of Switzerland) uses a vibra-

tional frequency of 50–100 Hz and an amplitude of

0.5–3 mm, giving a conveying velocity of 0.01–0.3 m/s

with an angle of inclination of 58 to the horizontal. Low

gas velocities are needed, as vibration suspends most of

the pseudofluidized beds. The efficiency is better than in

a conventional fluid bed employing high gas velocities.

Attrition is reduced and gas-cleaning requirements are

minimized in a vibrated bed dryer.

In pilot trials, Potter et al. have shown that ex-

tremely favorable heat transfer rates as well as drying

efficiencies are obtained when drying brown coal in a

steam-fluidized bed with internal heat exchanger

tubes immersed within it [4,5]. Typical processing

conditions were reported as follows:
Heating tube temperature
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140–1708C

Bed temperature
 110–1278C

Minimum fluidizing velocities
 0.57 m/s (approximately)
Steam temperature
 130–1508C

Steam velocity
 0.20–0.30 m/s
Coal feed rate (wb)
 40–70 kg/h
Product (wb)
 16–28 kg/h
Using steam exhausted from one dryer stage as car-

rier steam for another stage, multiple-effect operation

(similar to that common to evaporators) can be

achieved yielding a steam economy of 1.9 for a

triple-effect dryer. Potter et al. used a continuous

fluid bed dryer for drying Victoria brown coal [5].

The fluid bed dryer was 0.3 m by 0.3 m by 3 m

(high) with four bubble caps to distribute steam.

The disengaging region was 2.5 m. Both horizontal

and vertical tube bundles were tried.

Faber et al. have compared drying rates in air and

in steam-fluidized beds of pulverized coal [6]. They

confirmed existence of the inversion temperature

above which steam drying is faster than air drying.

Above about 1808C, the steam drying rate in the

constant rate period in fluid bed drying exceeds that

in (dry) air drying. For a 2000-kg/h dryer for alumina,

they found the capital cost to be 20% lower for the

steam dryer, whereas the total energy cost was 15%
lower. No credit was given to the steam produced in

the steam dryer.

Faber et al. also report on a successful industrial

installation using a steam dryer for activated carbon

pellets (2000 kg/h, dry basis) from an initial moisture

content of 50% to 2% (dry basis) [6]. The pellets are

dried to 8% (dry basis) before they are fed to an evacu-

ated chamber in which the final moisture content of 2%

is achieved. The steam enters the dryer at 3008C and

leaves at 1508C. The steam discharged is used to preheat

the feed. The authors report smooth operation of the

dryer since 1985. The installed cost of the steam drying

steam was 40% lower than that for a conventional air

dryer. The air dryer can operate at a maximum tem-

perature of 1258C to avoid combustion in the dryer. The

energy costs (1986 data) were estimated to be about $3.6

per ton of dry product in South Africa.

Woods et al. have reviewed steam-drying tech-

nologies for coal and presented interesting results on

steam drying of 1–13-mm coal particles and the evo-

lution of volatiles during drying [7]. They note that, in

steam drying, the drying time (actually residence time

in dryer) does not affect the volatiles’ liberation, un-

like air drying. Further, they found that, under the

conditions of their experiment, the constant rate dry-

ing period is 6–7 times longer in steam drying than in

air drying and the heat transfer rate in steam drying is

1.7–2 times that in air drying. They also report favor-

able industrial experience with steam-fluidized bed

drying of brown coal with an evaporative capacity

of 25 t/h. No details are given about the use of steam

produced by the dryer.

Black coal generally has low water content,

whereas brown coal may have 60–80% (wet basis,

wb) moisture. Regardless of whether brown coal is

burned, gasified, coked, or liquefied, the wet raw coal

should be dried to 5–10% moisture for economic

utilization. For some gasifiers, the additional require-

ment of free flowability for a well-metered feed rate

means that the pulverized coal must be 5% or below

in moisture content. Coal drying in a steam-fluid bed

of coal containing 65% moisture (wb) is estimated to

reduce energy wastage in the subsequent combustion

step by two thirds, resulting in some 15% increase in

overall power plant efficiency, a similar level of re-

duction in CO2 emission, and a 30% reduction in flue

gas generation for the same thermal output.

In some reports, steam drying is claimed to reduce

power consumption for milling as the grindability index

is increased due to steam drying. At elevated degrees of

superheat and prolonged exposure times, some studies

have reported a reduction in the sulfur content of coal.

This is not necessarily an advantage as the sulfur will

then enter the dryer-exhaust steam. Additional data

are needed to evaluate this aspect in detail.



Following are some of the key advantages claimed

for steam-fluidized bed drying of brown coal:

. Better energy utilization by condensing steam

generated in the dryer; overall efficiency up

from 36%, typical for a brown-coal-fired power

plant, to 42%.
. Ability to couple the dryer with power plants to

use latent heat of condensed low-pressure steam

(cogeneration potential).
. Coal moisture is discharged as liquid water

rather than as dusty vapor. No biological or

chemical treatment is needed for the condensate

water.
. Large-capacity dryers (up to 15 t/h) are feasible.
. The dryer is compact (e.g., heat transfer coeffi-

cients in the order of 200 W/(m2 K) versus 20–50

W/(m2 K) in steam-tube rotary dryers).
. The operation is safer (reduced insurance costs).
. Product is dried to greater uniformity and better

briquette strength.

The coal dryer itself is not the most expensive

component of the drying system; coal grinding prior

to drying, milling after drying, and cleaning the efflu-

ents are by far the most expensive steps in the process.

Commercial-scale dryers for this application are

operational in Australia and Germany.

19.2.3 DRYING OF BEET PULP

Drying of wet, pressed beet pulp after extraction

of sugar in a conventional high-temperature dryer

requires 9 kW h/100 kg beet, which amounts to

over 33% of the energy consumption in a sugar fac-

tory. BMA AG of Germany has developed a high-

pressure superheated steam dryer for beet-pulp drying

that consumes only 2900 kJ/kg water evaporated,

compared with nearly 5000 kJ/kg in conventional air

drying. The BMA dryer is a horizontal pressure vessel

made of mild steel and is 6.5 m in diameter and 37 m

long [8]. Special airlocks are provided at entry and

discharge of feed. The feed pulp is preheated to 1058C
in a screw conveyor and then deposited on the drying

screen—this avoids condensation and corrosion

problems. Three traveling screens of stainless steel

have a total area of 240 m3 for a throughput of

32 t/h of pressed beet pulp with 30% solids to be

dried to 90% solids. The pulp bed is between 40 and

120 mm, which affects the dryer throughput. The

steam is made to circulate through the bed of beet

pulp, causing it to dry as the screen moves. Nine

parallel fans capable of handling 200,000 m3/h of

steam circulate the steam in the dryer. Heat exchan-

gers are used to reheat the recirculating steam. A mean
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residence time of up to 720 s is needed for a bed of

120 mm with effective evaporation capacity of

16–20 t/h. The pulp is brighter than air-dried pulp.

However, the dryer costs are high, with payback

periods of up to 6–7 years.

Recently, Niro A/S of Denmark has successfully

commercialized a pressurized-steam-fluid bed dryer

for particulate and sludgelike or pulpy materials [9].

The fluid bed has a special ‘‘cellular’’ design and

operates at 3 bar. The fluid bed is driven by super-

heated steam flow that is recycled through a heat

exchanger by a fan and blown up through the fluid

bed. Capacities of 2–40 t/h water evaporation are

available. Initiated at pilot scale in 1982, the full-

industrial-scale dryer (6-m diameter) for drying beet

pulp came on stream in Denmark in 1985.

Compared with conventional rotary dryers, energy

savings of up to 90% are feasible. The product quality

is found to be better in steam drying (i.e., appearance

and texture, as well as digestibility by cattle).

Although existing dryers using this concept are

currently operational in Europe for drying of beet

pulp, pilot tests indicate that this dryer can successfully

dry the following products as well:

. Spent grain from brewery

. Grass, alfalfa

. Fish to produce fish meal

. Peels and pulp from citrus fruits

. Apple pomace

. Bark, wood chips

. Bagasse from sugarcane

. Municipal sewage sludge

Among some of the specific advantages claimed of

this dryer are

. Closed-system drying eliminates odor emission

. Automatic, reliable, maintenance-free operation

feasible
. No danger of fire or explosion
. Purer product; no contamination or oxidation

in flue gases as in conventional dryer

It is interesting to compare the energy flows in the

rotary dryer versus the pressurized-steam dryer for

32 t/h of water evaporation. If 16-bar-gauge steam is

supplied to the steam dryer, it will generate 3-bar-

gauge steam, which could have produced 2 MW. In-

stead, it is available as low-pressure steam, although

the 2 MW is not used by the dryer. Rotary drying will

consume 26 MW of fuel none of which can be recov-

ered. Of course, all the advantages are gained at

increased capital costs; as the cost of energy rises,

the high-energy efficiency of steam drying becomes



economically more attractive. Potential for significant

energy savings exists only when the steam produced

by the dryer can be used effectively elsewhere in the

process or at a nearby location.

19.2.4 DRYING OF LUMBER

Drying is an important step in processing lumber.

Atmospheric steam dryers have been studied for

drying green softwoods and hardwoods. Effects

on resin exudation, surface discoloration, loosening

of knots, and other quality parameters have been stud-

ied to varying extents for a variety of wood species.

High-temperature drying of lumber (above 1008C)

in air–steam mixtures causes greater defects, such

as collapse, honeycomb, and checking in high-

temperature-dried lumber than in lumber dried at

lower temperatures.

Rosen has given pilot-scale data on pressure steam

drying of lumber for 27-mm-thick, green, yellow pop-

lar, and red oak [10]. He also made a technoeconomic

study based on a number of plausible assumptions.

Essentially, he showed that the capital cost of the

steam dryer was about the same as that of a conven-

tional kiln, although the drying times were reduced.

The electrical energy usage was only about 0.82 kW h/

kg (2.95 MJ/kg) water evaporated for the electric

heater. Because steam flow rates used were higher

than those in conventional kilns, the blower power

was about 40% higher for steam dryers. However, as

the dryer system is a closed one (in which dryer exhaust

is recirculated after electrical heating), this energy is

also useful for evaporation. It is important to note that

the electrical energy requirements for drying depend

on the type of lumber and the moisture range. Rosen

dried yellow poplar from 100% moisture content to 5%

(dry basis) in 28–30 h, whereas red oak was dried from

19% moisture control to 5% (dry basis) in 21 h. About

4% of the dollar value of the lumber was lost because of

degradation associated with drying. The total energy

requirements for red oak were estimated to be triple

those for yellow poplar.

In the past decade, a low-pressure steam dryer for

timber has gained momentum in Southeast Asia and

Europe. The so-called Moldrup process marketed by

Iwotech Limited of Denmark (1992) is carried out in

an enclosed autoclave in which the sawn timber is

stacked on trolleys for easy feeding and discharge

[11]. The drying process is initiated by evacuation of

the autoclave with a low-power vacuum pump, which

takes 1–2 h. It is then filled with superheated steam,

which is heated in the range of 50–908C. Heat for

drying is supplied by recirculating the steam at vel-

ocities up to 20 m/s at 4 millibar pressure using a

series of fans within the chamber. The drying steam
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is heated by steam or hot water coils located in the

autoclave to a temperature above the saturation tem-

perature of steam. At the operating pressure (around

3–5 millibar pressure) used, the boiling point of water

is lowered to below 508C. The process is controlled

automatically.

Among the advantages claimed for the process are

. Fast drying rates (2–5 times faster)

. Simple process control

. No risk of fire or explosion

. Staining, mold attack avoided

. No oxidative discoloration (e.g., oak, beech,

etc., do not discolor)
. Minimal danger of corrosion
. Minimal removal of extractables
. Reduced stresses, cracking, warpage, and the like

The autoclaves come in diameters up to 4 m and

lengths up to 24 m. The autoclave is equipped with

a rubber air tube that is pressurized to hold against

the top part of the timber stack with a pressure of

1000 kg/m2 to reduce danger of deformation. The

moisture coming out of the timber is condensed.

The drying time ranges from one to several days

depending on the wood species and the thickness of

the wood. At the end of the drying cycle, prior to

unloading of the charge, the vessel is filled with at-

mospheric air.

The faster drying rates result in energy savings of

about 50% over conventional kilns. One of the limi-

tations of the process is that the autoclaves are much

smaller than the conventional hot-air kilns. However,

as the drying cycles are several-fold shorter, this is not

a major limitation. In fact, the shorter drying times

give the user flexibility in drying different species or

sizes of wood while reducing the cost of inventory,

especially for wood species requiring several weeks of

drying time in air drying. Lack of oxygen in the dryer

may also help kill microorganisms or insects in wood,

although experimental verification is needed. Because

the drying temperatures may be lower, thermal distri-

bution may not be adequate in some instances. This

process appears to be especially attractive for species

and timber dimensions that take very long (weeks) to

dry in conventional kilns.

19.2.5 DRYING OF PEAT

Peat is usually dried at power plants and briquette

factories with flue gases (300–6008C) from the boiler.

More recently, steam flash dryers have been commis-

sioned in Sweden using back-pressure steam. The first

industrial pulp dryer utilizing superheated steam as

the carrier for conveying the pulp to be dried was



installed in 1979 at the Rockhammars in Sweden.

Drying is accomplished by indirect heating with

steam extracted from a turbine at 10 bar. Steam

formed by evaporation within the dryer tubes is cir-

culated in the dryer, where it acts as a convective

drying medium. A part of the steam generated is

used elsewhere in the mill as the dryer operates at

5 bar. Even after allowing for the energy loss in the

turbine, it is found that this dryer consumes less than

half of the energy used in flue gas drying—the con-

ventional technology. Drying times are 10–30 s. This

type of dryer has also been used successfully for dry-

ing of peat, sawdust, and forest biomass that, when

pulverized, can be used as fuel in existing oil-

fired thermal power plants.

According to Munter, flash dryers for pulp can be

designed and operated economically at evaporation

capacities of the order of 400 t/d [12]. If the steam

produced is used elsewhere in the process, then the

‘‘net’’ energy consumption chargeable to the steam

dryer can be very low. Currently, no full-scale indus-

trial installation appears to exist that utilizes vapor

recompression technology for the steam flash dryer

similar to that commonly employed in multiple-effect

evaporators. The higher capital costs associated with

steam flash dryer units coupled with the lower energy

consumption result in the cost of drying pulp by air or

steam about the same, that is, of the order of U.S.$23

per ton of water removed (in Quebec in 1989).

Possible operating problems for such dryers

include deposit formation and erosion of the flash

tubes due to high-velocity transport of particles

that may contain abrasive impurities such as sand.

Erosion, particularly in bends, can be minimized or

taken care of by using special materials or replaceable

elbows. Deposits may form within the dryer walls if

the transporting steam temperature falls to saturation

level. Corrosion is also a problem to be considered.

Often, stainless steel construction is required. It is

important to disintegrate the solids prior to feeding

in the flash dryer as the transport steam does not

suspend large lumps and the like.

Briquetting industries in Ireland and the former

Soviet Union have used the so-called Peco dryer for

peat for over seven decades [13]. The Peco dryer is a

two-stage dryer. The latent heat of evaporated water

from the second stage is used as the drying energy in

the first stage. The dryer contains five columns, each

containing about 500 pipes of about 70-mm diameter.

The milled peat is carried by airflow or air–steam

mixture in the pipes, while the energy for drying is

supplied by condensing steam outside the pipes (sec-

ond stage) or from hot water (first stage). Peat is

separated by cyclones after each stage. The energy

consumption for the Peco dryer is 1.7–1.8MJ/kg
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water evaporated, which is much lower than that for

a flue gas dryer (3–4 MJ/kg water). Electrical power

demand for the compressors used for pneumatic con-

veying is high.

Another dryer for peat (or lignite) is the tubular

steam dryer generally used in Germany. It is a rotat-

ing inclined cylinder in which the material flows in

100-mm diameter pipes, whereas steam flows in the

shells at a pressure of 0.60 MPa. Air is drawn through

the pipes to remove evaporated water. The energy

consumption is reported to be 2.9–3.2 MJ/kg water

removed. The exhaust energy is generally not utilized.

It is interesting to note that the flow properties of peat

depend on the presence of wood and fiber content. If

there is low content of fiber and wood with a bulk

density of 400 kg/m3, such dryers operate well.

The pressurized-steam flash dryer originally devel-

oped at the Chalmers University of Technology,

Gothenburg, Sweden, in the early 1970s is ideal for

drying peat as well as pulp, bark, and so on. This

dryer is a closed, pressurized system in which the peat

is exposed to indirectly heated superheated steam.

The dryer consists of transport ducts, heat exchan-

gers, a cyclone, and flans. The superheated steam

recirculates at a pressure of 2–6 bar. The primary

heating steam is condensed (usually 8–15 bar) on the

shell side.

Dry steam and material are separated in a cyclone

and the steam is recirculated, whereas the excess

steam is bled off. If the material is dried from

45–50% dryness to 85–90% dryness, about 1 ton of

steam is generated per ton of material processed. This

steam is available as process steam at 2–6 bar pres-

sure. Typical drying time is 10–30 s. The transport

velocities are 20–40 m/s. If excess steam is used (e.g.,

for district heating), then the net dryer energy con-

sumption is only 0.5–0.7MJ/kg water removed, which

may be compared with 3.5–4.8MJ/kg common to

flash dryers using air. Dust and explosion hazards

are eliminated in steam drying, thus reducing the

insurance costs as well.

A recent installation in Sweden uses peat (replacing

coal) as the fuel in a 440 MW thermal power plant. The

peat is dried, briquetted (3 million tons/year) at source

about 400 km from the power plant, and then milled

for combustion. Peat is dried from 60% to 10% (dry

basis) moisture for briquetting at an output level of

20 t/h per drying unit. Two dryers are used in parallel.

The total tubular heat exchanger area is 5500 m2.

The electricity demand of the compressors and

blowers is 10 MW. About 3.6 MW district heat is

produced, giving a net energy demand of the dryer of

about 0.50 MJ/kg water, which is only about one sixth

to one seventh the energy consumption of typical flue

gas drying systems.



TABLE 19.1
Effluents from Steam Peat Dryers

Fluid Bed

Steam Dryer

Pilot Fluidized

Bed Dryer

Industrial

Peat Dryer

Temperature, 8C 100–140 140–170 170

Pressure, bar — 2–8 5.7

pH of

condensate

4.1 5.7 3.8

Solids, mg/l 80 220–400 70–170

NH3-N, mg/l 1.2 28.0 11.0

P, mg/l 0.04 1.60 0.07

BOD, mg/l 520 130–190 —

COD, mg/l 880 470–630 440–1300

TOC, mg/l 310 90 310–450

BOD, biochemical oxygen demand; COD, chemical oxygen

demand; TOC, total organic carbon; P, phosphorus
At Helsinki University of Technology, successful

demonstration of fluidized bed drying of peat has been

reported at the pilot-plant level (100 kg/h of water

evaporation). A tubular heat exchanger immersed in

the bed provides indirect heat for drying. It uses con-

densing steam at 0.8 MPa. Steam evaporated from

peat is used as the fluidizing medium. Wet peat is fed

into the lower zone of the fluid bed while dry peat is

withdrawn from the upper zone by a screw. The milled

peat is about 1 mm in average size. The bed-to-tube

heat transfer coefficient is rather low at 100 W/m2 K

(i.e., of the same order as that in a flash dryer but very

low for a fluidized bed due to the poor thermal prop-

erties of peat). Sand may be used as a bed material to

increase the drying rate but separation of peat from

sand is not very effective. If a fluidized bed combustor

with sand is used, then this is not a problem. Fine-size

magnetite as a bed material increases the bed-to-tube

heat transfer coefficient to 350 W/m2 at the same time

allowing easy magnetic separation from dry peat [14].

This dryer is claimed to be economically justified for

use on new, large power plants. The investment costs

are high and a demonstration plant is necessary to

study the reliability and technoeconomics of the pro-

cess. The fluid bed installation is likely to be more

compact than the flash dryer but with net energy con-

sumption of the same order.

Aside from differences in the flow characteristics,

similar conclusions should apply for drying of lignite,

biomass, and the like in steam flash or steam-fluid bed

dryers. The cost and net energy consumption should

be of the same order for the same production capacity

(i.e., in the order of 0.5–0.7MJ/kg water evaporated),

provided the steam generated by the dryer is used

elsewhere.

One important consideration in drying of peat is

the evolution of organic compounds when flue gases

are discharged into the stack or if the energy is recov-

ered and the condensate sent as a waste stream. In-

deed, such a problem exists whenever the material

that is dried can result in evolution of organic com-

pounds due to heating or due to interaction with

steam at elevated temperatures. The quality of the

condensate is affected by drying conditions (e.g.,

time, residence time in dryer, etc.), by the amount of

moisture removed, type of peat, and so on. Acetic

acid, formic acid, and furfurals are the main organic

compounds in the condensate. The average bio-

chemical oxygen demand (BOD) is 140–150 mg/kg

dry peat, chemical oxygen demand (COD) is 500–

850 mg/kg dry peat, and the total organic carbon

(TOC) is 90–300 mg/kg dry peat in different dryers.

Table 19.1 is a summary of the effluents from steam

peat dryers based on the Fagernäs and Wilen data

[13]. Note that drying of bark in steam-fluidized beds
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yields higher solids content (~ 400 mg/l), higher COD

(~2600 mg/l), and higher TOC (~450 mg/l) than cor-

responding figures for peat; other effluent levels are

comparable.

In general, increased bed temperature leads to

increased load of organics in the condensates. In-

creasing bed temperature from 1108C to 120–1308C
can increase BOD, COD, and TOC values nearly

threefold. The longer residence time in a fluidized

bed as compared with a flash dryer is likely to result

in higher organic loading of the condensate. Finally, a

novel high-pressure steam flash dryer (25 bar) has

been operated successfully in Finland for drying of

milled peat, which is then fed continuously to a high-

pressure gasifier. Clearly, such a sophisticated dryer is

not warranted for a drying application.

19.2.6 DRYING OF PAPER AND TISSUE

No commercial dryers exist for direct drying of paper

webs with superheated steam. For the first time,

Mujumdar proposed a variety of possible configur-

ations for direct and direct and indirect drying of

paper using superheated steam [15]. These include
1. Pure impingement with steam jets with web

supported on a heated roll

2. Impingement and through drying (so-called

Papridryer configuration but using steam ra-

ther than hot combustion gases, which pose

serious fire hazards)

3. Pure through drying with steam drawn under

suction with web (assumed permeable at rea-

sonable pressure drop) supported on a perfor-

ated roll or honeycomb roll
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Superheated Steam Dryers

Low pressure
Near atmospheric

pressure
High pressure

Vacuum steam
dryers for silk
cocoons**

Fludized bed dryers
for coal*

Impingement and/or
through dryer for
textiles, paper***

Flash dryers for
peat (25 bar)****

Conveyor dryers for
beet pulp (5 bar)****

Fluidized bed dryers
for pulps, slugers*

*   Extensive commercial applications
**  Laboratory scale testing
*** Pilot scale testing
****At least one major installation

FIGURE 19.1 Classification of superheated steam dryers

based on their operating pressure.
All of the above processes have been tested at pilot

scale or are already in commercial operation using hot

air or hot combustion gases. All of these are highly

energy-intensive processes requiring 4800–5700 kJ/kg

water evaporated. Also, the electrical power consump-

tion is high for the fan power that is needed for jets,

throughflow, as well as the high recirculation ratios

(up to 90% in some high-performance impingement

dryers). Such dryers are in use for drying of highly

permeable grades such as tissue and toweling. The

Papridryer process, which is of above-mentioned sec-

ond type, has been tested at pilot scale for newsprint

[16,17]. The author has discussed the superheated

steam drying of paper in some detail including its

history, current status, and potential [18].

Aside from the higher drying rates and lower net

energy consumption in a superheated steam dryer,

two additional major advantages of interest to the

papermaker are the elimination of fire hazard and

improvement in product quality as measured by its

strength and optical properties. Cui et al. [19] and

later David [20] confirmed this in laboratory-scale

static drying tests. Cui and Mujumdar [21], and

Loo and Mujumdar [22] employed simple models to

calculate the drying rates (under several assumptions

later validated experimentally) and energy consump-

tion for different steam-drying configurations. They

concluded that if the steam produced in dryers is fully

utilized elsewhere (without vapor recompression),

the net energy consumption for paper drying can be

as low as 1500 kJ/kg water evaporated. This energy

requirement is mainly to account for leakage, sensible

heating of the web, other losses, and energy for steam

recycle. Pilot and mill tests are needed before the

results can be confirmed.

Bond [23] and Poirier [24] have presented valuable

data and analyses of steam drying of handsheets in

static laboratory test rigs. No pilot-scale data exist at

this time on steam drying of paper or tissue. Applica-

tion to tissue drying (impingement and through

drying) appears to be the more imminent industrial-

scale operation. Another potential near-term applica-

tion is as a booster dryer to increase the productivity

of a dryer-limited mill.

19.2.7 DRYING OF WOOD PARTICLES

AND WOOD WAFERS

Salin has reported on a significant study on steam

drying of small wood particles for particleboard

to very low moisture levels (2–3% water) [25,26].

The conventional process uses direct contact flue gas

drying or indirectly heated air drying; both pro-

cesses do not permit economic energy recovery from

dryer exhaust. Wood particles were dried in a
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pressurized-steam dryer in which the particle–steam

mixture is conveyed through a series of vertical heat

exchangers in which the mixture is heated to maintain

sufficient superheat. Upon exhaust, the particles are

separated from steam in cyclones and recirculated,

except for an amount equivalent to that produced

by the dryer. A 13-m long single-tube dryer was

used in the pilot tests, giving a residence time of

12–15 s; a second pass was needed to achieve the

required dryness in 25–30 s. The final desired dryness

of 2% was achieved for both softwood and hardwood

(birch) particles. About 408C superheat was found to

be adequate in the dryer. Fouling of heat exchanger

surfaces was minimal, although this should be exam-

ined closely for industrial-scale operations. For bark

drying in a similar dryer, no problems have been

reported on heat exchanger surface encrustation

even after six years of operation in Sweden.

Salin compared the quality of particleboards

manufactured from steam-dried versus air-dried

wood particles [26]; the bending and tensile strength,

and water absorption properties of the former were

found to be superior. This results in a 9% reduction in

glue consumption in particleboard making. Optimal

selection of dryer temperature and heat treatment can

further enhance the board quality. No industrial-scale

steam dryers appear to be in operation anywhere at

this time for this application.

Figure 19.1 classifies superheated steam dryers

based on their operating pressure. The product tem-

perature necessarily exceeds the saturation tempera-

ture of steam at the corresponding operating pressure.

So, for products that may undergo undesirable phys-

ical transformations (e.g., melting) or chemical trans-

formations (e.g., hydrolysis) at elevated temperatures,

a low-pressure operation is desirable.



TABLE 19.2
Summary of Tests Carried Out at McGill University

Property Effect of Steam Drying

(Relative to Air Drying)

Bulk Slight increase

Surface roughness Marginal increase

Burst 20% enhancement (typical)

Tensile index 20–30% improvement

Stretch No significant effect

Folding endurance No noticeable difference

Scott internal bond strength 10–20% higher

Wet strength Little effect

Permeability Little effect

Crystallanity No measurable change

Brightness Above 3008C, a little worse

Fiber strength (zero span) Little change
The vapor evolving from the product may be

withdrawn from the chamber, condensed, and the

latent heat recovered. Alternatively, the vapor is

reheated within the drying chamber by tubular or

plate heat exchangers and recirculated as a convective

drying medium to enhance the drying rate. Such a

system is used commercially, with very attractive re-

sults, to dry timber. Although the net energy con-

sumption is reduced several fold, the product quality

is enhanced and the environmental problem of emis-

sion of the volatile organic compounds (VOCs) pro-

duced during drying is also eliminated. The volatile

organic components (boiling point ranging from

room temperature to over 2008C) are condensed out

with the steam. Because the two are immiscible,

simple decantation allows recovery of the condensa-

bles (e.g., terpenes, essential oils), which may be sold

separately.

In general, superheated steam drying is worth

considering as a viable option only if one or more of

the following conditions apply:

. Energy cost is very high; product value low or

negligible (e.g., commodities like coal, peat,

newsprint, tissue paper, waste sludges, which

must be dried to meet regulatory requirements).
. Product quality is much superior if dried in

steam rather than air (e.g., newsprint, which

yields superior strength properties in steam

and permits use of lower chemical pulp content

to attain same strength and runnability).
. Risk of fire, explosion, or other oxidative

damage is very high (e.g., coal, peat, pulps).

Lower insurance premiums may partially offset

added investment costs of a steam dryer.
. Quantity of water to be removed as well as pro-

duction capacity required is high. This affords

economy of scale. Clearly, such dryers are worth

considering only for a continuous operation be-

cause of the inherent problems associated with

start-up and shutdown when water condensation

on the product as well as presence of nonconden-

sables (air) cause problems.

19.2.8 QUALITY CONSIDERATIONS

It is impossible to generalize the effect of steam drying

on product quality. Table 19.2 gives a summary of

tests carried out at McGill University on batch drying

of handsheets in a static apparatus in which the sam-

ples were dried under an impingement flow of super-

heated steam. Note that the effects are all positive

relative to air drying or, at most, comparable. In

Finland, similar tests on paper dried on a dynamic

pilot-scale apparatus have yielded comparable results.
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Extensive results have been reported in the litera-

ture on drying of wood as well. Again, all quality

indicators are positive. Several vendors world-

wide have already commercialized the vacuum-

superheated steam-drying systems. It is noteworthy

that besides enhancement of the product quality, the

drying times are reduced two- to five-fold resulting in

significant reduction in cost of inventory in the dryer.

For drying of silk cocoons, laboratory-scale testing

in the People’s Republic of China has proven the en-

hancement in quality of the silk produced (e.g., bright-

ness, strength of fiber, etc.) in steam drying at a

temperature of around 458C. For certain food or vege-

table products, the yielded porous structure of the prod-

uct dried in superheated steam (due to evolution of

steam within the product that enhances porosity) is a

desirable characteristic. This decreases the bulk density

of the product while enhancing its rehydration charac-

teristics. The color and texture of the product may also

become more desirable. Thus, the increased cost of

steam drying may be offset by the additional credit

received for the better quality of the dried product.

As noted above, any direct dryer, in principle, can

be converted to a superheated steam dryer (e.g., flash,

fluidized bed, spray, impinging jet, conveyor dryers).

Thermal efficiencies can be improved and the unit size

reduced by supplying a part of the heat indirectly (e.g.,

by conduction or radiation). Note that the inversion

temperature is lowered in the presence of indirect heat

supply, which is a further benefit. For example, in the

presence of an appropriate radiant heating, the ‘‘inver-

sion temperature’’ dropped from 2508C to 1708C for a

specific case reported in the literature.

It is not necessary, however, to always operate an

SSD above the inversion temperature to benefit from



TABLE 19.3
Factors Contributing to the Feasibility of Superheated Steam Drying

Factor Description of Impact

Product-Related Factors

Low temperature sensitivity To avoid higher steam temperature, more expensive vacuum systems are required

High moisture content As the latent heat of the moisture can be recovered with SSD, the bigger the portion it

represents, the greater will be the efficiency improvement

High thermal resistance Higher surface temperature with SSD reduces heating and drying times

High sensitivity to oxidation Lack of oxygen with SSD improves product quality

Undesirable taste or aroma SSD strips more of the acids which contribute to bitter tastes

High product values Drying time reductions provide biggest inventory cost savings with higher value products

Process-Related Factors

Other uses of steam available Energy consumption for the process is small and the capital costs are minimized

Environmental emissions from dryers SSD provides easier recovery of solvents and particulates

Combustion and explosion hazards Lack of oxygen significantly reduces fire and explosion hazards

Expensive source of thermal energy Thermal energy savings with SSD will offset greater the energy costs than with waste fuels

(e.g., hog fuel)
the advantages of SSD. Aspects other than higher

drying rates or lower energy consumption, such as

quality or safe operation, may dominate the selection

procedure in most cases. For relatively low-value

products (e.g., sludges, coal, peat, hog fuel) that are

readily combustible in hot air and dried in large ton-

nages, the reduced net energy consumption in SSD is

particularly advantageous, as this also reduces the

environmental emissions of greenhouse gases (e.g.,

CO2) as well as toxic gases (NOx, SOx). However,

the excess steam produced must have a viable appli-

cation in or near the process.

Table 19.3 summarizes the key factors contribut-

ing to the feasibility of superheated steam drying.

Both product- and process-related factors must be

considered. Laboratory testing is required before pro-

ceeding with any decision to consider superheated

steam drying.
19.3 MISCELLANEOUS APPLICATIONS

Furukawa et al. reported on a commercial steam

drying and deodorization plant to process soy sauce

cakes as feedstock [27]. An agitated trough steam

dryer (1.5 t/h dry product capacity) was used.

Deodorization commenced at a moisture level below

4% (dry basis) and a temperature of 1358C. The oils

and fats distilling from the cake result in deodoriza-

tion. Indeed, the fats and oils were used as auxiliary

fuels for the process. Concurrent steam drying and

deodorization of rice bran, fish meal, and pupa were

also reported by Akao [28]. In these products, the
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odor is due to oxidation of lipids. Akao also showed

that the quality of green tea and vegetables dried in

steam (e.g., color, odor, etc.) was acceptable.

Takahashi et al. dried a slurry of fine silica (0.1–5

mm) in a steam-fluidized bed using inert particles as

bed material. The quality of the dried silica particles

was as good as that obtained commercially in air

drying. Also, it was noted that food powders can be

sterilized in superheated steam conveyors. Among

other applications of steam drying developed in

Japan, one may cite drying of potato slices in which

color and vitamin C are preserved due to lack of

oxygen. Lack of formation of a case-hardened skin

on the product in solvent drying was applied to ad-

vantage in dry spinning of synthetic fibers in super-

heated solvent vapor. Yoshida and Hyodo reported

that stronger and finer fibers without surface wrinkles

were obtained in this process [29].
19.4 UTILIZATION OF EXHAUST STEAM

Evaporated moisture in steam dryers, assuming no

losses, becomes excess superheated steam at lower

specific enthalpy. Economic use of this steam gener-

ally holds the key to the success of the steam-drying

process. This steam is typically at near-atmospheric

pressure and is likely to be dusty (e.g., in paper drying

it will pick up fibers and dust). It must be cleaned for

reuse. In high-temperature drying of tissue paper, for

example, the fibrous debris picked up by the drying

gases gets incinerated prior to recycling. This cannot

occur in steam-drying systems. The degree of cleaning



required (using bag filters, cyclones, or electrostatic

precipitators, etc.) depends on how the steam is

recycled or utilized in the process. It is important to

ensure that no condensation occurs in the vapor-

cleaning systems. Following is a brief discussion of

potential systems for steam utilization for dryer ex-

hausts. A detailed discussion is beyond the scope of

this chapter. The significance of this aspect, however,

cannot be overemphasized.

Vapor recompression technology is widely used in

continuous evaporators. Billet has discussed this sub-

ject in considerable detail [30]. In the pulp and paper

industry, there are currently two major application

areas in which mechanical vapor compressors are

employed to achieve significant energy savings. One

is use of compressors in conjunction with the black-

liquor evaporators, which results either in a decrease

in the number of evaporators or in increased evapor-

ator efficiency. The compressor is used to compress

the vapor leaving the evaporator and, under appro-

priate conditions, the mechanical energy (or electrical

power) required by the compressor in significantly

lower than the recoverable heat value in the vapor.

The second major application area is in the thermo-

mechanical pulp (TMP) plants in which a compressor

can be used to recover heat from the TMP vapor

normally vented to atmosphere. In this system, heat

exchangers are needed to generate low-pressure steam

using the latent heat of the TMP vapor. The steam

compressor boosts the clean low-pressure steam to

the pressure required in the paper mill. According to

van Gogh, either screw or centrifugal compressors

can be used [31]. Table 19.4 is a summary of the

key features of these two types of compressors for

vapor (steam).

Note that other types of compressors can also

be used for steam (e.g., lobe, reciprocating, axial,

turboblowers, etc.). Benstead has reported on some

preliminary studies at the Electricity Council

Research Center, Capenhurst, Chester, England, on

a pilot steam-spray dryer for a ceramic [32]. The
TABLE 19.4
Characteristics of Screw versus Centrifugal C

Feature Screw

Suction capacity 500–25,000m3/h

Maximum pressure ratio 6:1

DT ~60K

Capacity control Variable-speed driver

Other Water droplets, dust may ca

damage. No surge line.
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dryer-exhaust steam was split off and compressed;

the high-pressure steam gave up its latent heat to the

incoming steam. He modeled two designs for com-

parison. One used a standard compressor that with-

stood the superheat. The other considered a

compressor with water injection into the suction

vapor to cool the steam during compression. The

latter is about 10% more efficient due to reduction

in steam volume at the reduced temperature.

Anthony has summarized the virtues of vapor-

compression evaporation (VCE) followed by crystal-

lization to treat waste brines from chemical process

plants [33]. Anthony compares VCE followed by a

crystallizer with other options, such as reverse osmo-

sis and crystallizer, crystallizer plus centrifuge plus

air-flash dryer, steam-heated crystallizer, and so on.

He also compares the process performance, utility

requirements, and initial and utility costs of treating

cooling tower blowdown at utility plants for five dif-

ferent methods utilizing VCE. It is interesting to note

that the capital costs of all combinations are within

10% of each other although the operating utility costs

of steam, electricity, and natural gas or oil can vary

by a factor as high as 5. A reverse osmosis/VCE/

crystallizer/solar pond combination consumes only

one fifth the electrical power consumed by a combin-

ation of VCE and spray dryer. The selection among

different systems is thus dictated by the relative costs

of fossil fuel versus electricity.

It is impossible to arrive at generalized guidelines

at the present time regarding the technoeconomics of

steam compression by thermocompression (e.g.,

steam jet ejectors) versus mechanical recompression

for steam-drying plants. The costs of installation of

such systems are such that they should be considered

only for large-scale continuous steam dryers, that

is, those with evaporation capacities of 100 t/d or

higher. The steam compressors for such service

are expected to cost over $500,000 (1990 estimate

for North America). To this cost, one must add the

costs of spares and maintenance.
ompressors

Centrifugal

2000–100,000m3h

2:1

~20K

Large variation possible without

loss of efficiency

use Dry steam needed to avoid impeller erosion.

Bypass control to avoid compressor surge.



It is important to note that existing steam-

compressor technologies may not meet the require-

ments of some of the steam-drying systems, especially

if very high degrees of superheat are needed. Often,

two centrifugal compressors will be needed to boost

the steam pressure to a level that is useful (e.g., 3 bar

absolute from nearly atmospheric pressure). To in-

crease the discharge pressure typically entails increas-

ing the rotational speed of the impeller; in some cases,

this may exceed the design speeds of commercially

available compressors. Thus, some new design

problems may arise to obtain discharge steam pres-

sures desired.

Detailed design and technoeconomic calculations

in close association with manufacturers of compres-

sors, steam jet ejectors, and steam dryers and with

utility companies are required to make confident con-

clusions regarding the optimal steam reuse and re-

cycle systems for steam dryers.
19.5 CONCLUSIONS

Although touted as the drying technology of the

future some two decades ago, the continuing low-

to-moderate cost of energy has kept this technology

from developing faster as low net-energy consump-

tion is one of the key advantages of this technology,

aside from quality enhancement and safe operation

due to lack of fire and explosion hazards. Further,

there are both product and process limitations to be

overcome.

The cost of electricity as well as fossil fuels clearly

drives the choice of the system chosen. There are

significant capital costs involved in both superheated

steam operation as well as in the energy recovery

process. Development in newer and more efficient

compressors for steam will give a boost to vapor

recompression technology for steam dryers. Cleaning

of the steam is another obstacle to be overcome.

Overall, it appears that there are some niche markets

for superheated steam dying but much laboratory,

pilot scale as well as engineering design studies are

needed before the technology can become wide-

spread, e.g., drying of paper and tissue using super-

heated steam is a new technology that shows promise

as shown by Kiiskinen and Edelmann [34]. The en-

ergy savings depend greatly on process integration

and the cost of energy. Depending on available heat

sinks the energy savings potential in paper drying can

range from 15 to 85%. Despite significant R&D of the

process many major problems remain, e.g., cleaning

of the exhaust steam, fouling of heat transfer surfaces,

and sealing of the dryer at the high speeds currently

in practice.
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20.1 INTRODUCTION

Increasing demands for new and high-quality prod-

ucts, energy-efficient processes, environment protec-

tion, and the like have stimulated progress in drying

science and technology. Mujumdar has presented a

summary of the motivation for development of new

drying technologies and identified a number of trends,

which include [1]:

. Use of superheated steam in direct dryers

. Increased use of indirect (conduction) heating

. Use of combined (or integrated) heat transfer

modes
. Use of volumetric heating (microwave [MW]/

radio frequency [RF] fields) in specialized

situations
. Use of two-stage (or multistage) dryers
. Use of intermittent heat transfer
. Use of novel combustion technologies (e.g.,

pulse combustion for flash drying)
. Use of novel gas–solids contactors (e.g., two-

dimensional spouted beds, intermittent or rotat-

ing spouted beds, etc.)
. Design of flexible, multiprocessing dryers
. Combination of different dryer types, and so on

Many of the above-mentioned topics are covered in

detail elsewhere in this handbook. There are numer-

ous other technologies that have reached various

stages of maturity—ranging from concepts and

pilot-scale demonstrations to large-scale industrial

applications. Several of these have been reviewed in

the recent literature [2].

The focus of this chapter is on special drying tech-

niques and selected novel dryers. In general, these

technologies have specific applications and may offer

advantages over conventional drying technologies

under certain conditions. To a major extent, this chap-

ter updates a number of other chapters in this hand-
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book as it covers drying of various types of feeds (e.g.,

pastes, sludges, granular solids, etc.) and concentrates

on the more recent developments not covered ad-

equately in other chapters. Some of the dryers dis-

cussed here have found limited applications to date.

The application base will likely increase in the future.

Superheated steam drying technologies have

emerged as the drying technologies of the future in

view of the numerous advantages (and challenges)

they offer. This area is important enough that a sep-

arate chapter is devoted to this subject. Also micro-

wave drying and radio frequency drying, which show

promise of increasing industrial acceptance, are pre-

sented in depth in separate chapters and hence only

MW and RF assisted dryers are included here.

Most of the novel dryers and special drying tech-

niques are developed to meet one or more of the

following criteria:

. Enhanced product quality

. Reduced energy consumption

. Higher productivity or capacity

. Reduced environmental emissions

. Production of new materials/products

. Enhanced flexibility

. Ability to combine other operations in the same

unit
. Easier control
. More attractive technoeconomics, and so on

Often a trade-off is required between capital and

operating costs. So, the final selection must be made

not on the basis of novelty but on the overall tech-

noeconomics of the drying system. It is important to

stress that one should examine the drying system

rather than the dryer in isolation. Furthermore,

novel dryers have limited field experience, which

makes laboratory and pilot testing especially import-

ant. Lack of prior experience should not, however, be

taken as a negative factor against novel dryers.



Examination of new technologies reveals that most

feature one or more of the following characteristics:

. Combined modes of heat transfer (e.g., com-

bined dielectric or radiation with convection or

conduction)
. Combination of conventional drying technolo-

gies (e.g., pneumatic-fluid bed, spray-fluid bed,

spray-conveyor dryer, etc.)
. Novel gas–solids contacting (e.g., spout-

fluidization, centrifugal fluid beds, impinging

streams, intermittent spouting, etc.)
. New or more efficient methods of heat gener-

ation and utilization (e.g., pulse combustion)
. Combination of mechanical and thermal dewa-

tering (e.g., filter-dryers)
. Use of superheated steam as a drying medium
. Use of nonconventional drying methods (e.g.,

supercritical drying)

Often the new technologies have evolved as a result of

special application needs in a specific industrial sec-

tor. This does not preclude potential applications in

other sectors, however.

In view of the large number of dryers and drying

techniques covered, the present discussion is necessar-

ily brief. The interested reader is referred for details to

cited literature as well as to our recent book on Novel

Drying Technologies [3]. It should be noted that not

all types of dryers mentioned are available commer-

cially at this time. It should also be noted that all

proprietary and trade names used in this chapter are

cited exclusively for identification purposes. There is

no explicit or implicit endorsement of the products

mentioned.

20.2 SPECIAL DRYING TECHNIQUES

20.2.1 DRYING TECHNOLOGY TO PRODUCE AEROGELS

Recent experimental studies on supercritical (also

termed hypercritical) drying have revealed fascinating

physical properties of the so-called aerogels (a term

first proposed by Kistler in 1932) [4], that is, they are

gelatinous materials that acquire the fractal structure

of a solid skeleton due to replacement of the liquid

moisture by a gas, frequently air. Among others,

aerogels possess the following advantageous proper-

ties: small pore size (on average 2–20 nm) and large

pore volume, which result in high porosity (0.90–0.97)

and thus large specific surface area (in the order of

700 m2/g); relatively low density (70–250 kg/m3); low

thermal conductivity (0.012–0.02 W/m�K); high
� 2006 by Taylor & Francis Group, LLC.
acoustic impedance (104–10 5 kg/m2�s); low sound vel-

ocity (100–120 m/s); low permeability (10�17–10 �18

m2); and low refractive index (1.015–1.055) [5,6]. As

applied to the catalytic processes, for example, drying

in supercritical carbon dioxide to obtain polymer-

based aerogel catalysts increases catalytic activity

and selectivity, alters the pore structure toward a

higher proportion of macro- and mesopores, and ele-

vates the temperature stability limits over those of the

conventionally dried polymers [7].

Aerogel technology is becoming increasingly im-

portant because of its numerous novel applications,

such as for:
Thermal insulators, both in domestic and indus-

trial use (e.g., in solar collectors, multilayer

windows)

Acoustic transducers (e.g., in ultrasonic meters,

sound-delay lines, sound absorbers)

Components of high-quality glass (e.g., in optic

elements, light pipes)

Catalyst carriers (e.g., with oxides or noble metals

deposited on silica-based aerogels)

Liquid thickeners (e.g., to convert liquid nitrate

acid into thixotropic fluid)

Insecticides (living cell dewatering due to high

adsorption capacity of aerogels)
Porous materials from gels can be obtained by [8]:

. Supercritical drying from the native solvent,

usually alcohol
. Solvent replacement and subsequent supercrit-

ical drying using CO2 or other low-critical-point

solvent
. Convective drying at very low drying rates or

using the drying control chemical additive

(DCCA)
. Freeze drying

The first two methods yield a highly porous (porosity

above 0.9) and transparent aerogel; the other methods

produce less perfect andmoredense porous solids called

xerogels. The principles and practice of the above

methods are summarized in the following sections.

20.2.1.1 Supercritical Drying from Native Solvent

In supercritical drying from a native solvent, an inor-

ganic gel is synthesized in such a way that the alcohol

fills pores just before drying. This is usually done by

the hydrolysis of an alkoxide of a selected element (Si,

Al, Zr, Ti, V, etc.) using a stoichiometric amount of



water. Unfortunately, this reaction is followed by

condensation, which leads to sorption of the water

molecules released from the polymeric network in a

pore liquid. The pore liquid after condensation and

aging is finally a mixture of alcohol with a certain

amount of water. Kistler’s idea was to eliminate surface

tension leading to destruction of the gel’s subtle struc-

ture by evaporating pore liquid above its thermo-

dynamic critical point. This requires heating the

alcohol-saturated gel in an autoclave above the critical

temperature (at the same instant, pressure has to build

up above its critical value) and then slow evacuation of

the autoclave, maintaining the temperature still above

the critical one.

One of the following options can be selected to

ensure pressure buildup without evaporating liquid

from the gel when below the critical temperature:
� 20
Inject an extra solvent into the autoclave so at the

critical temperature its vapor raises the pressure

to the critical one.

Fill and pressurize the autoclave with an inert gas

(nitrogen, argon, etc.) so very little or no evap-

oration of solvent is necessary to reach the crit-

ical pressure at critical temperature. Depending

on the initial pressure, the amount of additional

solvent varies from the critical load to zero [9].
Technological considerations for this method of

drying are as follows:
Critical parameters of alcohol–water mixtures in-

crease significantly with water content; it is ad-

visable to wash out water before drying.

Heating rate has to be slow enough not to induce

cracks due to solvent thermal expansion.

Extremely low permeability of gels hinders expul-

sion of expanded liquid from the pores; as a

result, pressure builds up inside the solid.

Evacuation of supercritical fluid has to be slow for

the aforementioned reasons.

Cooling of the autoclave before discharge must be

accompanied by flushing with an inert gas to

avoid condensation of the residual vapor.
This method requires more sophisticated autoclaving

but leads to high-quality aerogels. Further, this tech-

nology is limited to production of thermally resistive

gels.

20.2.1.2 Solvent Replacement with Carbon Dioxide

Smaller demands on the autoclave and lower temper-

atures are inherent to solvents such as CO2, N2O,

Freons, and so on, of which carbon dioxide is the
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most convenient to use in actual solvent replacement.

They all have critical temperatures below 1008C and

critical pressures below 100 bar.

Extraction with supercritical CO2 is a well-known

unit operation and may be employed to extract solv-

ents from a gel. However, the supercritical CO2 can

be replaced by liquefied CO2, which lowers the tech-

nological demands on the apparatus. The only condi-

tion to be met is that the original solvent be soluble in

liquid carbon dioxide, which is the case of aliphatic

alcohols, acetone, amyl acetate, and others.

The degree of solubility has a strong effect on the

transparency of the aerogel. For example, at a certain

concentration, the mixture of ethanol and liquefied

CO2 exists as a two-phase system. In such a case,

cracking and product opacity may occur when the

interface of these two liquids penetrates the gel [10].

When the solvent in a gel is fully replaced with lique-

fied CO2, the temperature of the autoclave is raised

above 318C to cross the critical point. Evacuation

time of the autoclave is determined by the solid size

since large monolithic aerogels may crack if the

evacuation rate is not low enough to release the ten-

sile stresses. Experiments indicate that gels produced

from CO2 replacement are more opaque and more

hygroscopic than those obtained from the native solv-

ent evacuation at high temperatures, but the process

is technically much easier to accomplish.

20.2.1.3 Convective Drying

Transparent and crack-free gels may be obtained at

very low drying rates, controlled, for example, by dif-

fusion through a few small holes made in a cover of the

sample container. Surprisingly good results may be

obtained by controlling the rate of convective drying

by the so-called DCCAs [6,11]. The assumed role of

the DCCA is to lower an evaporation rate from the

solid surface via lowering of the surface tension in the

surface layer of the solid. DCCAs’ substances such as

formamide or diethylene glycol are added to the sol

before gelation. Initially, the pore liquid is evenly dis-

tributed but, due to selective evaporation, the surface

layer becomes quickly depleted of the native solvent,

leaving behind the DCCA, which does not evaporate

so quickly because of its low volatility but forms a

diffusion barrier. Although drying with DCCAs

produces transparent, crack-free, partly shrunk xero-

gels, drying times are very long, being in the order of

days even for gels not thicker than 10 mm.

20.2.1.4 Freeze Drying

Although freeze drying eliminates the problem of

liquid menisci in the pores, the ice crystals usually



damage the subtle structure of the gel. In dense gels,

the solid form is preserved during drying but less

dense gels collapse and break into powder. The xer-

ogel (or cryogel) monoliths produced in this way are

inferior to dry gels produced by other methods; there-

fore freeze drying finds little application in aerogel

technology.

20.2.2 CONTACT-SORPTION DRYING

Direct contact of a wet material with a heated par-

ticulate medium is an efficient method of solids dry-

ing. The particle-to-particle heat transfer mechanism

is responsible for moisture evaporation when using

hot inert particles like sand, salt, steel balls, and so

on. In contrast, contact mass transfer is responsible

for moisture removal if the wet solid is mixed with

highly hygroscopic particles such as silica gel. The

most promising method, however, is simultaneous

contact heat and mass transfer, which occurs when

the wet solid is exposed to heated hygroscopic par-

ticles. Both natural adsorbents, such as bentonite,

zeolite, chabazite, and the like, and synthetic mater-

ials of high sorption capacity and resistance to ther-

mal shock like alumina or molecular sieves, can be

used for contact-sorption drying.

20.2.2.1 Sorption Drying of Particulates

A continuous process apparatus for sorption drying of

particulate materials by contact with hot inert particles

is depicted in Figure 20.1. The unit consists of three

coaxially located conical chambers with a central heat-

ing chamber in the form of a conical drum supported
Feed chute

Drive shaft

Product

Screen Inert partic

FIGURE 20.1 Continuous contact-sorption dryer for particulat
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axially by drive and stationary shafts. The stationary

shaft is made as a hollow cylinder, thus permitting gas

feed to the propane burner situated on the longitudinal

axis of the heating chamber. The gas burner, fed add-

itionally by compressed air for complete combustion,

generates a flame that extends into the heating cham-

ber and directly heats the inert particles whereas they

traverse the heating chamber. For better heating, the

inert particles are showered by scope-like flights stag-

gered at the chamber wall.

Wet particulates fed to the dryer are mixed with hot

inert particles discharged from the outlet end of

the heating chamber and conveyed continuously by the

auger disposed between the heating chamber and

the outer conical drum. This drum is thus rotated

with the heating chamber and this rotation causes the

mixture to be displaced in the drying section. As the

granular mixture is conveyed, the moisture evaporates

due to sensible heat stored in the hot inert particles. The

tail end of the outer drum is screened to permit the inert

particles to pass through and to be collected in an

annular cone-shaped collector. The end of the collector

is a peripheral annular chute equipped with buckets to

transport the inert particles back to the feeding chute.

The residence times of the inert particles in the

heating chamber and then in a drying section are rela-

tively short, in the order of 15 to 20 s. Thus, the inert

particles recycled to the heating chamber are still hot.

While traveling through the heating chamber, the initial

temperature of the recycled particles of about 1008C
is increased by approximately 100 to 2008C. Therefore,

particles enter the drying section at an operating

temperature usually in the range of 200 to 3008C.
les

Conveying auger

Flights

Propane burner

Wet feed

Support shaft

e materials.



Exhaust air
Exhaust air

Drying material

Heating elements
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Air inlet Air inlet
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FIGURE 20.2 Contact-sorption dryer with active fluidized bed: (a) batch; and (b) continuous.

TABLE 20.1
Comparison of Active Fluid Bed Dryer with Cylinder
Dryer for Polcorfama

Parameter Fluid Bed

Dryer

Cylinder

Dryer

Drying medium Air Steam

Temperature, 8C 100 160

Drying time, min 10 37

Unit heat consumption, kJ/kg H2O 4200 22,300

Serpentine length, m 12 56

aUnwoven fabric for artificial leather.

Source: From Technical information. Institute of Chemical

Engineering, Warsaw Technical University, Warsaw, Poland.
Although originally developed for drying corn

with sand as the heat transfer medium, it can also be

used for drying grains by solid sorbents, parboiling

rice, roasting soybean to remove trypsin and improve

protein digestibility, processing ground nuts and oil

seeds, and more [12]. With a length of 1.2 m and

diameter of 0.8 m, a contact dryer can process

750 kg of corn per hour by raising its temperature

from 15 to 75–908C. The sorbent-to-particulates

mass ratio, which affects the drying rate, can be con-

trolled by the wet feed rate, mass of sorbent in the

system, and angular velocity, with the recommended

value ranging between 100 and 160 rpm [13].

20.2.2.2 Drying in an Active Fluid Bed

A novel technique for contact-sorption processing of

large sheet-type solids such as textiles, leather, or

veneer is drying in an active fluidized bed [14,15]. In

this technique, the material to be dried is immersed in

a fluidized bed of highly hygroscopic (‘active’) par-

ticles that extract moisture from the wet material and

release it to the fluidizing air (Figure 20.2). In a con-

tinuous system, the band of drying material is trans-

ported in a serpentine fashion through the fluidized

bed of sorbent particles. Heat required for moisture

release from the sorbent to fluidizing air is supplied by

immersed heaters. The use of fluidized beds of active

particles enhances not only the convective drying but

also material–sorbent, sorbent–sorbent, and sorbent–

heater contact heat and mass transfer rates. Compari-

son of the active fluid bed dryer with the cylinder

dryer is given in Table 20.1.
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As compared with convective drying, the applica-

tion of fluidized silica gel for drying 1.5 to 2.5-mm

thick cowhides from 60 to 20% moisture at 608C
allows reduction of the drying time from 7 h to 15–

20 min, reduction of the steam consumption by 30%,

and lowering of the capital cost by a factor of 3. The

dryer is of modular type with up to 20 modules that

form a compact assembly 2.1 m long, 2.2 m wide, and

2.0 m high [15].

20.2.2.3 Sorption Drying-Granulation

A fluidized bed of active particles can also be used for

drying-granulation of highly adhesive materials. The

fine particles of a suitable sorbent are fluidized by hot



Wet feed

Granulator

Exhaust air II

Sorbent

Hot air II

Fluid bed

Exhaust air I
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fluid bed

FIGURE 20.3 Contact-sorption fluid bed dryer for pasty

materials.
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FIGURE 20.4 Contact-sorption spray dryers: (a) cocurrent; (b)
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air in the upper chamber of a two-stage dryer-granu-

lator (Figure 20.3). Wet granules formed in a disk-type

granulator are coated by the hot, pulverized sorbent as

they fall through the fluid bed. Due to the high rates of

the contact heat and mass transfer, the surface layers

of the granules are rapidly desiccated. The resulting

porous (and thus vapor-permeable) dry coating facili-

tates further moisture diffusion and does not allow the

lumps and granules to aggregate. Drying of the coated

loose granules to the final moisture content is then

carried out in a standard fluid bed formed in the

lower chamber of the dryer [16].

20.2.2.4 Sorption Drying Using Filler Materials

With respect to the product, the solid sorbent can be

neutral (placebo) or active. In the first case, the sorbent

is used only as a carrier for heat-sensitive and other-

wise hard-to-dry materials. Liquid bioproducts such

as antibiotics, enzymes, yeasts, amino acids, and the

like, which, when conventionally dried, can lose up to

70% of their biological activity, are typical examples.

Sawdust, activated carbon, and ground straw or hay

are typical solid carriers. After drying, the solid sor-

bent is either separated from the product or left as is

for further utilization, as it is in the case of fodder

antibiotics [17]. Figure 20.4 shows the co- and counter-

current modes of contacting solid carriers with liquid

biomaterials in a spray dryer configuration.

An interesting option for contact-sorption dry-

ing is the use of a sorbent that can be incorporated

into the drying material as an integral and essential

part of the final product. Wheat bran, starch, pow-

dered skim milk, casein, peat, corn flour, and the like
Liquid feed

er

Exhaust air
+ product

Collector

Collector

Nozzle

Nozzle

countercurrent.



Wet feed

Sorbent

Feeder
are reported to be good fillers for drying liquid bio-

products in fodder, fermentation, pharmaceutical,

and similar industries [18,19]. As applied to drying

of lysine, for example, the use of wheat bran as an

active filler gives the following advantages:
Hot air

Spray nozzle

Wet feed
Exhaust air

Compressed air

Gas distributor
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Reduces by two the relative hygroscopicity of the

product and thus lowers three- to fourfold the

rate of moisture sorption during storage

Shifts the equilibrium humidity from 50 to 65–

70% in the temperature range 20 to 50 8C
Eliminates otherwise necessary postdrying oper-

ations such as mixing or tempering

Stabilizes moisture evaporation during drying,

which in fact takes place from a porous material

instead of from a highly viscous droplet

Eliminates product buildup on dryer walls

Lowers material temperature during drying, thus

preserving up to 98% of its biological activity in

the liquid state
Product

Compressed air

FIGURE 20.5 Contact-sorption dryer for liquid biomaterials.
It may be noted that the sorption capacity of organic

sorbents can be improved significantly (even by 40%)

in relatively small (5–10% w/w) admixtures with salt

or lactose [18].

Figure 20.5 shows a schematic of a contact-

sorption dryer for biological materials containing

living cells from the lactic bacteria group (Lac to-

bacterium plant arum, Lactobac terium acidophil um,

Strepto coccus lact icdiasta ticus, etc.). Liquid biomass

at solid concentrations of 0.01 to 0.05 kg/kg and solid

sorbent-filler are fed at the top of the dryer by a pneu-

matic feeder of a special design shown schematically in

Figure 20.6 (performance data for such a feeder are

given in Table 20.2). The chopped or pulverized filler is

forced through the annulus of the feeder into the mix-

ing chamber where it adsorbs the liquid biomass dis-

persed within it by compressed air. The semisolid

mixture flows out of the feeder as a spray of fine

granules. These granules are predried convectively in

free fall, and dried to the required moisture content in

a moving bed fluidized additionally by compressed air

supplied to the dryer via an air distributor. An inclined

grid supports the granules and facilitates continuous

discharge of the dry product. Spraying of water or raw

biomass in a dryer above the feeder level (in the

amount of 1 to 2% of the main feed) reduces entrain-

ment of fines with exhaust air.

20.2.3 DRYING ON INERT PARTICLES

20.2.3.1 Fluid Bed Drying

Drying of liquid and pasty materials on the surface

of heated inert particles is one of the newer drying
06 by Taylor & Francis Group, LLC.
techniques. The inert material serves not only as a

carrier for the liquid film but also as a heat transfer

medium. The size of the inert particles may be from

20 to 40 times larger than that of the dispersed ma-

terial dried, which allows for higher gas velocity and

thus increased dryer productivity. Moreover, inten-

sive motion of the inert particles (e.g., in fluid or

spouted beds) results in good dispersion of the liquid

feed, so coarse spray nozzles can be used. As com-

pared to the standard spray dryer, the use of a fluid

bed of inert particles to dry slurries results in 15- to

17-fold higher volumetric evaporation rates under

identical thermal conditions. Table 20.3 presents

some drying performance data for a fluid bed dryer

with inert particles shown schematically in Figure

20.7 [20].

For drying of liquid or pasty materials that

change their physical properties significantly with

moisture content (e.g., lactic sugar, egg albumen, L-

lysine, hemoglobin), a two-chamber fluid bed dryer

(Figure 20.8) appears to be more suitable. Controlling

the liquid feed rate with simultaneous change of inert

particle flow from the internal (predrying) chamber to



Liquid feed

Compressed air

Blow-off air

Swirling device

Mixing chamber

Sorbent

FIGURE 20.6 Three-stream pneumatic feeder.

TABLE 20.2
Characteristics of a Three-Stream Pneumatic Feed

Parameter

AF-1

Throughput, kg/h

Sorbent 400

Liquid 700

Air consumption, kg/h 700

Air pressure, MPa 0.3

Swirling device Spiral

Solids concentration in

sprayed liquid, % mass

<40

Spray angle,8 60–180

Dimensions, m

Length 0.9

Width 0.12

Height 0.16

Mass, kg 13

Source: From Drying and Thermal Processing of Wet Materials.
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the external (final drying) one enables control of the

heating rate, residence time, and kinetics of product

release from the inert surface.
20.2.3.2 Drying in a Vibro Fluid Bed

Intensive motion of particles in a vibro fluid bed

(VFB) appears to have the potential for drying of

pasty materials when sprayed onto a bed of vibrating

inert particles. Figure 20.9 presents such a novel

design, originally developed for drying of whole egg

but successfully used for drying of other biomaterials

such as egg white, animal blood, casein, yeast, soya

protein, and so on [21]. The dryer is comprised of a

vertical cylindrical chamber with a set of horizontally

located and oppositely directed pneumatic nozzles.

A grid-type gas distributor supports inert particles.

In contrast to the conventional VFB dryers, this grid

is freely mounted with a small clearance to the cham-

ber wall, and vibrated vertically by an eccentric drive;

this allows for reduction of the power requirements.

The feeding pump forces the liquid or pasty feed

toward the two-stream pneumatic nozzles, which

spray it into a vibrating bed of polytetrafluoro ethyl-

ene (PTFE) cubes, fluidized additionally by a through

flow of hot air.

As it coats the inert surface, the wet film is dried

due to rapid convective heat and mass transfer and, to

certain extent, conductive heat transfer from the bed

of inert particles. As a result of the intense, high-

frequency collisions between particles, the dry shell
er

Type

AF-2 AF-8 AF-10

800 1000 800

1500 2000 1500

1500 2000 1500

0.3 0.3 0.3

Spiral Tangential Tangential

<40 <40 <40

60–180 60–180 60–180

1.0 1.1 1.0

0.16 0.16 0.15

0.21 0.21 0.17

14 14 13

1990. Nauka i Tekhnika, Minsk (in Russian).



TABLE 20.3
Performance Data for a Fluid Bed Dryer with Inert
Particles for Selected Materials

Parameter Material

Sludge of

Phosphorous

Fertilizer

Suspension of

Fluorosilicates

Throughput (per

dry product), kg/h

2500 1500

Grid area, m2 4 2

Moisture content, % wb

Initial 70–80 25–20

Final 1.0–1.5 0.05

Inlet gas temperature, 8C 650–700 650

Bed temperature, 8C 220–230 160

Air consumption, N m3/h 33,000 14,000

Volumetric evaporation

rate, kg/m3 h

170 28

Diameter of inert

particles, m

0.001a 0.0016–0.002b

aGranules of dry product.
bCorundum.

Source: FromKaganovich,Yu.Ya., Industrial Dewatering in Fluidized

Bed, Khimiya, Leningrad, 1990 (in Russian).

Liquid feed

Compressed air

Dispersed liquid

Dryer

Secondary air

Primary air

Gas

Burner
Heater

FIGURE 20.7 Fluid bed dryer with inert particles.
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formed on the inert surface breaks and disintegrates

into powder, which is carried away with the airstream

to the cyclones. Then, the inert surface, which is free

of dry film, is covered once again with a wet film, and

the coating-drying-shell-removal process repeats until

a dynamic equilibrium, ensuring continuous oper-

ation, is attained. Since adhesion is the governing

parameter in the drying mechanisms, only materials

with low adhesiveness toward the inert particle’s

surface can be processed in this system. In fact, the

VFB dryer has successfully been applied for egg

white, egg yolk, animal blood, casein, yeasts, soya

protein, meat-and-bone broth, and more. Negative

results were obtained in drying of protein hydroly-

sates, whole and skim milk, coffee, tea, and fruit

pulps, which tend to form firm and highly adhesive

films even at the PTFE surface [21].

The industrial system incorporates a dryer, feed

unit, product receiver, air blower with steam heater,

and cyclones with powder collectors. Table 20.4 pre-

sents the main operating parameters of a VFB dryer

with inert particles for drying whole eggs.

Compared with spray drying, the VFB dryer with

inert particles is more efficient; in particular, it allows

for reduction of the electrical energy by a factor of 2

and 5- and threefold reduction of space and height

requirements, respectively (Table 20.5). Moreover,

the egg powder is free flowing, does not agglomerate

while stored, and has a high degree (over 98%)
Air

Product

Liquid feed

Exhaust air
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Internal
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Hot air

Deflector
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}

FIGURE 20.8 Two-chamber fluid bed dryer with inert particles.

A/f

Hot air

Product

Compressed air

Wet feed

Exhaust air

FIGURE 20.9 Vibro-fluidized bed dryer with inert particles. (From Technical information, NPO ‘‘MIR’’ (Scientific-

Industrial Association), 123308 Moscow, Marshal-Zhukov Prospect 1.)
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TABLE 20.4
Characteristics of Industrial Vibro Fluid Bed Dryers with Inert Particles for Drying
Whole Eggs

Parameter
Unit

A1-FMU A1-FMYa A1-FMB

Throughput, kg feed/h 75–80 200 410

Initial moisture content, % wb 74 74 74

Final moisture content, % wb 5–7 5–7 5–7

Evaporation capacity, kg H2O/h 59–76 150 300

Air consumption, m3/h <5000 <12,500 <25,000

Steam consumption (0.3–0.4MPa), kg/h 200 500 920

Electric energy consumption, kW h 20 40 83

Ice-water consumptiona (38C), kg/h 300 500 800

Grid area, m2 0.32 0.8 1.6

Vibration frequency, Hz 7.5 7.5 7.5

Amplitude of vibration, m 0.008 0.008 0.008

Air inlet temperature, 8C 120 120 120

Mass of inert (4-mm PTFE cubes), kg 55 150 300

Overall dimensions

Length, m 2.6 4.5 7.0

Width, m 2.1 2.9 4.5

Height, m 3.2 4.0 4.5

aWhen cooling of product is required.

Source: From Technical information, NPO ‘‘MIR’’ (Scientific-Industrial Association), 123308 Moscow,

Marshal-Zhukov Prospect 1.
of solubility in water (Table 20.6). The quality of

spray-dried product is generally different from that

obtained with the VFB dryer.

20.2.4 COMBINED FILTRATION AND DRYING

Since in many batch-drying technologies a product to

be dried is previously filtered and washed, conducting

these multiple unit operations in a single-process

vessel can offer the following benefits:
TABLE 20.5
Dryer Indices for Spray Dryer and Vibro Fluid Bed Drye

Indexa A1-FMU VFB Dryer with In

A1-FMYa

Energy consumption, kJ/(kg h) 3600 2772

Steam consumption, kg/kg 10.0 9.6

Throughput per unit floor area, kg/m2 2.13 2.0

Throughput per unit volume, kg/m3 0.53 0.5

aPer kg of product.

Source: From Technical information, NPO ‘‘MIR’’ (Scientific-Industrial A

� 2006 by Taylor & Francis Group, LLC.
Improved product quality due to combination of

various operations in one apparatus (high pur-

ity, no product contamination)

Improved economics and production efficiency

(no wet material transport, no product loss,

lower consumption of wash liquid, shorter

batch time)

Increased process flexibility and control (normal,

countercurrent, or reslurry washing; operating

under vacuum or overpressure)
r with Inert Particles

ert Particles (Russia) Spray Dryer RS-150 (Yugoslavia)

A1-FMB

2736 7416

8.4 15.9

2.75 0.79

0.6 0.08

ssociation), 123308 Moscow, Marshal-Zhukov Prospect 1.



TABLE 20.6
Selected Quality Indices for Whole Egg Powder
Dried in a Spray Dryer and in a Vibro Fluid Bed Dryer
with Inert Particles

Parameter Spray Dryer VFB Dryer

Shape Spheres Scales

Size, mm 0.02–0.05 0.05–0.06 thick;

0.2–0.4 long

Adhesion, N/m2 4000 2000

Bulk density, kg/m3 300–350 450–500

Source: From Technical information, NPO ‘‘MIR’’ (Scientific-

IndustrialAssociation), 123308Moscow, Marshal-Zhukov Prospect 1.

FIG

� 20
Reduced environmental pollution and minimized

personnel exposure to hazardous media (closed

system allows also for operation with toxic

products and organic solvents)

Reduced investment and running costs (no separ-

ate filter, centrifuge, wash tank, dissolver, etc.)

Compact design (reduced space requirement, easy

integration into existing building, lower instal-

lation and construction costs)

Higher drying rate (convective or contact drying

with surface renewal due to filter cake agitation)
Product

Cold/hot water

Filtrate

Slurry

Wash liquid

Pressure gas

URE 20.10 Vertical filter-dryer. (Courtesy of De Dietrich Proce
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Flexibility (cold or hot air blowing, pressure or

vacuum drying, drying in inert atmosphere)
Filter drying is especially appropriate for sterile

batch processes in which solids have to be separated

from the mother liquor mechanically and thermally

in an enclosed system. It is particularly suitable

for process plants in which frequent product changes

are made (e.g., for the manufacture of pharma-

ceutical intermediate and final products, dyes and

pigments, fine chemicals, agrochemicals, foodstuffs,

etc.).

There are two basic configurations in industrial

use for the combined filtering and drying method: a

vertical filter with a heated agitator and a horizontal

filter with a revolving housing.
20.2.4.1 The Vertical Filter-Dryer

The key to the vertical filter-dryer is a heated paddle

agitator (Figure 20.10) designed as a three-arm struc-

ture with aerofoil blades that provide for increased

stability at high torque levels and extended heat trans-

fer area. This unique arrangement promotes axial and

radial mixing and uniform drying by continuous

exposure of each particle to the heated surface of
Purge gas

Dust filter

Paddle agitator

Fluidizing gas

ss Systems, Inc., Charlotte, NC. With permission.)



the interior vessel walls, filter plate, paddle agitator,

and the individual particles themselves.

Generally, after filtration and washing, most dry-

ing processes begin with a cold blow-through step to

reduce the initial moisture content by liquid entrain-

ment. Convection drying with hot gas adds thermal

energy into the cake for evaporation and continues

the mechanical liquid entrainment. Finally, vacuum

applied both from above and below the filter cake

with intense agitation combined with contact heating

from the agitator, vessel walls, and filter plate brings

the product moisture to its required value, frequently

below 0.5%. The representative results for a 8-m2

filter-dryer are [22]:
FIG

� 20
1. The use of a heated agitator increases the heat-

ing rate by up to 70% over that provided by a

filter-dryer with no agitator.

2. The heat transfer coefficient from the heated

paddles is three to four times larger than that

from the filter plate and up to 1.5 times larger

than that of the vessel walls.

3. The estimated heat input contributions by com-

ponent for the heated paddle agitator, vessel

walls, and filter plate are 45, 30, and 25%,

respectively.
Wash liquor

Helical element

Scraper

Discharge

Exhaust gas + so

URE 20.11 Filtroba helical filter-dryer.

06 by Taylor & Francis Group, LLC.
Typical throughput of a 8-m2 vertical filter-dryer is

1250 kg/batch at a cake depth of about 0.4 m and an

agitator speed of 6.5 rpm. Clearly, these depend on

the feedstock.

Figure 20.11 presents a schematic of a vertical

filter-dryer with a helix-shaped filter element. During

the filtration and cake-washing stages, the unit oper-

ates as a conventional filter with a filter cake formed

on the upper surface of the hollow helix that serves as

the filter grid. Then, steam or heated gas is introduced

into the vessel in which it passes through the cake into

the helix interior. Alternatively, a heating medium

can be introduced into the helix fitted with internal

tubing whereas a vacuum is applied to the vessel. The

discharge solids are loosened from the filter element

by spinning the helix, which further acts as a screw

conveyor to transport dry and loose cake to the bot-

tom of a pressure vessel. A scraper, which is integral

with the helix, then discharges the cake through the

outlet into a closed receptacle. The helix filter dryer

finds applications in pharmaceutical and fine chem-

ical manufacturing processes, from coarse salts to fine

antibiotics. Typical fed slurries may have solids con-

centrations of less than 1% by weight. Due to the ease

of automatic discharge, these filters have practical

applications with solids concentrations up to 10% or
Drying gas

Filter cake

Resuspended
solids

Remnant filtrate

lvent vapor



more. A choice of sintered metal or cloth filter media

allows for particle capture down to 0.5 mm. The

ability to agitate rapid-settling slurries by rotating

the helix makes it possible to also process coarse

particles [23].

20.2.4.2 In-Line Filtration and Drying

A combination of gravity and mechanical and

thermal dewatering is the major feature of the

energy-efficient system developed by Atlas-Stord,

Incorporated (Greensboro, NC), for dewatering

sticky, viscous, difficult-to-process materials such as

fish meals, municipal sludges, or wastewater from

petrochemical, pharmaceutical, pulp and paper, and

other industries. The system consists of a mechanical

sludge process and an indirectly heated ROTADISC1

dryer that utilizes steam, oil, or superheated water as

the thermal medium.

Basically, the ROTADISC dryer consists of a set

of hollow disks that form the heat transfer surface

and are mounted on a central hollow shaft as depicted

in Figure 20.12. The heat transfer medium flows

through the rotor (disks/shaft), which is completely

submerged in the product processed. The rotor as-

sembly revolves within a fixed cylindrical stator,

which may also be heated to increase the heat transfer

area by up to 12%. The wet material contained within

the stator is transported through the unit in a plug

flow, passing through the annulus formed by the tips

of the disks and the stator. The moisture evaporated

due to contact heat transfer is collected in the upper

part of the stator, which extends into a plenum to

form a vapor dome, and is condensed in a heat ex-

changer to provide makeup water for boilers or other

plant needs. Paddles on the disk tips aid progression;

they can be adjusted to optimize the dryer for each

specific product. These paddles in combination with
Exhaust vapor outlet

Vapor dome

Material inlet

Rotor air vent
connection
Hollow shaft

gearbox

Paddles
Foundation

FIGURE 20.12 ROTADISC filter-dryer. (Courtesy of Atlas-Sto
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the scraper bars welded to the stator between each

disk create vigorous material motion within the dryer.

The resulting ‘‘turbulence’’ improves contact heat

transfer, self-cleans the heating surfaces, releases the

vapor into the vapor dome, and eliminates the need

for recycling even with evaporator concentrate added.

As applied to processing wastes from the pulp and

paper industry, for example, the primary and second-

ary sludges from the paper mills are fed at a con-

trolled rate into a blend tank. The homogenized

mixture is then pumped to a rotary screw thickener

for initial gravity dewatering. The thickened sludge,

at approximately 5% solids, is transported by gravity

to the twin-screw press for mechanical dewatering.

The pressed material at 25 to 35% solids is fed to

the ROTADISC processor for thermal drying (scalp-

ing). The waste heat of vapor generated from the

scalping of the sludge is used to preheat the incoming

slurry before the addition of any polymer condi-

tioners. The scalped sludge can be incinerated in a

fluid bed combustor equipped with boilers for gener-

ating high-pressure steam [24]. The system is flexible

enough to handle various sludges and still maintain a

consistent feed material for incineration. Operating

data for several types of ROTADISC dryers are

given in Table 20.7.

20.2.5 PULSE COMBUSTION DRYING

Whereas the idea of pulse combustion has been

known since the turn of the century, interest in this

technique to enhance energy-intensive processes has

grown in recent years because of its potential to in-

crease productivity, reduce pollutant emissions, and

produce significant fuel savings. The term pulse com-

bustion originates from the fact that the combustion

and heat-release processes vary periodically in time.

Such periodic combustion of a liquid or gaseous fuel
Scraper bars

Rotor arms
Disks
Seal
Rotor bearing
Siphon tube
Condensate outlet

Rotary steam joint
Steam inlet
Rotor shaft
Steam / 
condensate pipes
Material outlet
Support saddle

rd, Inc., Greensboro, NC. With permission.)



TABLE 20.7
Operating Data on Several Types of ROTADISC Dryers for Sludge Processing

Parameter Dryer Type

TST-70R TST-60R TST-20R

Sludge/process type Municipal (digested

primary and waste

activated)

Pharmaceutical (secondary

only, aerobic

fermentation)

Municipal (secondary

only, waste activated)

Throughput, m3/h 10,833 250 5625

Moisture content, kg/kg db

Before dryer 0.77 0.85 0.70

After dryer 0.50–0.57 0.05–0.10 0.55–0.60

Sludge-conditioning method Thermal and polymer Polymer and FeCl3 Polymer and FeCl3

Mechanical dewatering Centrifuges Centrifuges Plate/frame filter

Heating surface area, m2 480 816 77

Reflux ratio None 10:1 None

Dry sludge use Fuel (fluid bed combustor) Fertilizer (bulk sales) Fuel (fluid bed combustor)

Evaporation rate, kg H2O/h 6000 8480 1540

Steam

Parameters 6 bar at 1658C 4 bar at 1558C 7.5 bar at 1738C
Consumption, kg/h 8,000 10,430 2,080

Steam ratio (generated/demand) 1.13 n/a 3.43

Source: From Stord, Inc. 1993. The Stord Report, Stord, Inc., Greensboro, NC.
creates pressure, velocity, and, to a certain extent,

temperature waves propagated from the combustion

chamber via a tailpipe to the process volume (appli-

cator). Further, these waves affect the momentum

and heat and mass transfer rates, which finally result

in enhanced rates of such processes as liquid disper-

sion or moisture evaporation.

Although some processes can be carried on in a

tailpipe of the pulse combustor, the typical pulse

combustion system consists of a combustor and an

applicator in which the pressure waves are amplified

by acoustic resonance. The frequency of the pressure

pulsations is generally close to the frequency of the

fundamental acoustic mode of the combustion cham-

ber and the applicator. If properly tuned, the pulsed

combustor can excite large-amplitude pulsations in a

process (e.g., drying, calcining, or incineration) car-

ried out downstream of its tailpipe.

Numerous studies on a variety of pulse combustor

designs have demonstrated that a pulse combustor can

offer the following advantages over the conventional

(i.e., continuous) combustion systems [25–27]:
� 20
Increased heat and mass transfer rates (by a factor

of 2 to 5)

Increased combustion intensity quantified by the

gas mixing index (by a factor of up to 10)

Higher combustion efficiency with low excess air

values
06 by Taylor & Francis Group, LLC.
Reduced pollutant emissions (especially NOx, CO,

and soot) (by a factor of up to 3)

Improved thermal efficiency by up to 40%

Reduced space requirements for the combustion

equipment
Furthermore, some pulse combustors are self-

aspirating so they do not require a separate fan to

supply combustion air. Because of the high tempera-

ture and large volume of the combustion products,

there is in general no need for a blower.

Industrial applications of pulse combustion were

limited so far to space and water heating mainly be-

cause of the difficulty of resonating the process volume

at a fixed frequency if its acoustic characteristics vary

with operating conditions. However, the progress in

tunable-frequency pulse combustors that can be oper-

ated over a range of frequencies has made it possible to

use this technique for energy-intensive industrial pro-

cesses such as drying, calcining, heating of steel, solid

and hazardous wastes incineration, coal and black

liquor gasification, carbon activation, cement produc-

tion, and the like. As applied to drying, the use of

pulsed combustion enables one to [25–27]:
Increase (by a factor of 2–3) the drying rate

Eliminate property (e.g., temperature) distri-

bution within the dryer, which improves the

product quality



FIG
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Lower gas and product temperatures during

processing

Handle sticky materials that form lumps or aggre-

gateswithoutmechanicalmixingordisintegration

Atomize most pumpable liquids without the need

for an atomizer or high-pressure nozzles

Reduce unit air consumption by 30 to 40%

Lower air volumes discharged to the atmosphere

Eliminate an air blower from the system
The operation of a pulse combustor is controlled

by a complex interaction between an oscillatory com-

bustion process and acoustic waves that are excited

inside the combustor (Figure 20.13). Ignition of the

fuel–air mixture by a spark plug is followed by explo-

sion-like burning and rapid temperature and pressure

increases. Because of closed valve, that pressure initi-

ates a flow of combustion gases into the tailpipe. As

long as the pressure rise produced by the combustion

process is larger than the pressure decrease due to

the gas flow off the tailpipe, the combustion pres-

sure increases. When the combustion-generated
Inlet ports

Fuel

Air

Fuel

Air

Fuel

Air

Fuel

Air

Fuel

Air

Fuel

Air

Igniter

Tailpipe

Combustion
chamber

P > Patm
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URE 20.13 Operation of a pulse combustor.
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pressure becomes lower than the outflow-produced

pressure drop, the combustor pressure starts decreas-

ing (Figure 20.14). Owing to inertia, the exhaust of

the combustion products continues for a quarter of

the pulsation period after the combustion pressure

drops below the average pressure level (cooling of

the combustion products). When the combustion

pressure reaches the minimum, the flow reverses dir-

ection and gases from the tailpipe reenter the com-

bustor. As the combustor pressure drops, the valve

opens and admit new charges of fuel and air into

the combustor chamber. These are ignited either by

the spark plug or by contact with hot burning gases

left over from the initial cycle.

An alternative design of a pulse combustor is a

so-called valveless combustor in which the mec-

hanical valves are replaced with an aerodynamic

diode in the form of a profiled orifice in the inlet

pipe, contoured diffuser, or a shrouding duct [28]

(Figure 20.15). Similarly to the combustor with

mechanical valves, the high-temperature gases from

a combustion chamber start to flow just after a
Intake of air and fuel
to form an explosive
mixture. Valves open

Initiation of combustion
by a spark plug
Valves start to close

Combustion completed.
Flow in tailpipe
Valves closed

Outflow of flue gas from tailpipe
Intake of new charge of air and fuel
Valves open

Backflow of residual flue gas
Valves start to close

Re-ignition of air–fuel mixture
by residual flue gas. Valves closed



2

1

0

3

4

Time

Valve open

Mean operating pressure

P
re

ss
ur

e

Valve closed

FIGURE 20.14 Pressure trace in a pulse combustor with rotary valve: 1, air and natural gas enter the combustion chamber;

2, fresh charge ignited, pressure rises as combustion gases heat up, stop of natural gas flow; 3, combustion complete, pressure

after peak decreases as flue gases are vented; 4, momentum of exhausting gases creates negative pressure in the combustion

chamber.
high-pressure period both forward into the tailpipe

and backward into the inlet pipe. In a valveless

combustor, however, this backflow of the flue gases

during a half cycle of the pulsation dams up the flow

of a fresh fuel–air mixture. After one quarter to one

third of a combustion cycle, the gas flow in an

inlet pipe reverses, which results in suction of the

fuel–air mixture into the combustion chamber in

which the process of ignition, combustion, and so

on repeats itself.

Typically, pulse combustors oscillate with fre-

quencies that vary from 20 to 150 Hz. Pressure oscil-

lations in the combustion chamber of +10 kPa

produce tailpipe velocity oscillations of nominally
Bend

Ejector

Compressor-outlet diffuser

Igniter plugPlenum

FIGURE 20.15 Valveless pulse combustor. (Courtesy of Kentfi

Pulsating Combustion, Monterey, California, Paper A-6, 1991. W
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+100 m/s and the gas jet velocity at the tailpipe exit

pulsates from approximately 0 to 100 m/s [27]. The

input power for commercially available pulse com-

bustors ranges from 70 to 1000 kW.

As applied to drying, the major function of

the pulse combustor is to supply heat for mois-

ture evaporation, and to generate large-amplitude,

high-frequency pressure pulsations within a drying

chamber, which enhances the drying rate [29]. The

advantage of a strong oscillating gas jet from a tail-

pipe has also been applied in spray drying to promote

liquid dispersion [25,27,30].

To excite large-amplitude pulsations in a drying

chamber with a reasonable power input into the pulse
Combustion chamber

Compressed air

Fuel

Flue gas

Restrictor plate

Secondary flow duct

eld, J.A.C., Proceedings of the International Symposium on

ith permission.)



combustor, the combustor must operate at a fre-

quency that equals one of the acoustic frequencies

characteristic of that chamber. Then, the pressure

pulsations inside the combustor and the pres-

sure pulsations generated inside a drying chamber

are in resonance [31]. In practice, the acoustic mode

of industrial dryers depends on the chamber geometry

and material load as well as the operating conditions

(e.g., temperature, moisture content, or air humidity).

Consequently, the pulse combustor should be tuned

actively to the actual resonant frequency of the cham-

ber. Resonance-driven drying is achieved either by a

trial-and-error method in a pilot-scale apparatus, or

by varying the combustor frequency while monitoring

the amplitude of pulsations inside the dryer by a

pressure transducer.

In practical applications, the pulse combustor can

be used alone or in combination with a conventional

burner. The primary function of the pulse combustor

is then to serve as a ‘‘speaker’’ that excites resonant

pulsations in a drying chamber, thereby improving

the dryer performance. In such a case, the pulse com-

bustor supplies from 10 to 30% of the process energy.
Filter

Air in

Feed

Drying chamber

FIGURE 20.16 Pulse combustion drying system.
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The total amount of energy supplied to the burner

and pulse combustor by a fuel is equal to or lower

than the amount of energy supplied to the dryer with

a conventional burner alone [26].

Figure 20.16 presents a block diagram of the

pulse combustion spray dryer (PCD) in which

the sound energy generated in a pulse combustor is

used for atomization of the liquid feed and for en-

hancing the rate of convective drying. The liquid or

pasty feed material is introduced into a gas stream

from a pulse combustor in the feed chamber situated

at the top of the drying chamber. The dryer and

product-collection system is held under a slight nega-

tive pressure by an exhaust fan to eliminate possible

leakage. The gas temperature at the dryer inlet is

controlled by the fuel feed rate to the combustor,

whereas the outlet temperature is adjusted by varying

the material feed, which generally floats according

to the evaporative load. Normal operating temper-

atures for the pulse combustor are in the range of

810 to 1470 K with a frequency range of 125 to

150 MHz. The maximum power output of one of

the current units is 235 kW, which allows evaporation
Fuel

Silencer

Exhaust air

Bag filter

FinesProduct

Pulse combustor



of up to 300 kg H2O/h with drying air supplied at

600 kg/h [27]. The dryer can handle slurries (with solids

up to 2 mm in diameter) with viscosities up to 16,000 cP

as well as solutions with viscosities up to 300 cP. If

desired, nozzles can be built in to atomize highly viscous

liquids. The particle size distribution is generally finer

than that normally obtained in a spray dryer using

conventional nozzles, and varies from 30 to 60 mm.

The following list of materials dried in the Unison

PCD compares well with the products from a spray

dryer in regard to product quality and unit-cost basis

[25]: animal antibiotics, citrus peel, corn syrup, spices,

vegetables, protein, fibers, whole eggs, food colorings,

caramel, biopesticides, spent brew yeast, acrylic latex,

metallic sulfates, flame retardants, and so on. Perform-

ance data for selected products are given in Table 20.8.

Figure 20.17 is a schematic of a sewage sludge

dryer with an afterburner and a pulse combustor
TABLE 20.8
Comparison of Unison Pulse Combustion Dryer ve
Groups of Materials

Material Conditions

Antibiotics Inlet temperature, 8C
Outlet temperature, 8C
Product moisture content

Atomization

Air consumption

Throughput

Vegetables Inlet temperature, 8C
Outlet temperature, 8C
Product moisture content

Atomization

Air consumption

Flavor

Protein Inlet temperature, 8C
Outlet temperature, 8C
Product moisture content

Atomization

Air consumption

Protein level

Acrylic latex Inlet temperature, 8C
Outlet temperature, 8C
Product moisture content

Atomization

Air consumption

Whole eggs Inlet air temperature, 8C
Outlet air temperature, 8C
Product moisture content

Atomization

Air consumption

Protein level

Source: From Ozer, R.W., Proceedings of the Powder and Bulk S
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(developed by IMPULS—Foundation for Industrial

Research, The Netherlands) operating at a frequency

of 175 Hz, a sound pressure level of 136 dB, and a

heat load of 2�108 W/m3. The sludge from a sieve belt

containing about 30% solids is fed via a twin extruder

to the upper part of a drying chamber in which the

free-falling granules are exposed to heat supplied by

an afterburner. The profiled baffles extend the resi-

dence time up to about 0.4 s, which is sufficient to

remove the free water, thus preventing the granules

from agglomerating. These granules trickle down

over a number of mixing vanes while contacting the

gas stream, which is a mixture of the flue gases from a

tailpipe and the gas recirculated in the sewage plant.

Approximately 50% of the moisture is evaporated in

this section by the dryer. The remaining, mostly

capillary water, is removed in a vibrated bed fluidized

additionally by the pulse combustor flue gas. The
rsus Conventional Spray Dryer for Selected

Spray Dryer Pulse Dryer

400 704

127 104

Base Same

Rotary By pulse

Base 20% less

Base Up to 11% higher

232 704

82 88

Base Same

Nozzle By pulse

Base 30% less

Base 2–3 times more flavorful

300 840

82 90

Base Same

Nozzle Nozzle

Base 25% less

Base Same

204 760

71 77

Base Same

Nozzle By pulse

Base 33% less

260 871

79 82

Base Same

Nozzle By pulse

Base 40% less

Base Same

olids Conference/Exhibition, Chicago, Illinois, 1993.
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FIGURE 20.17 Schematics of pulse combustion dryer for

sewage sludge.
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FIGURE 20.18 Principle of axial flux induction heating.
final moisture content of about 10% db is achieved

within 4 min, which, at the product temperature of 90

to 120 8C, prevents excessive emission of CO, NOx,

and SO2 due to product gasification. Granules pro-

duced (with diameters from 1 to 3 mm) are extremely

porous with a specific weight of 0.4 as compared with

the typical value of 0.7. A dryer 2 m in diameter

and 6.5 in height, equipped with a 1000-kW pulse

combustor and 3000-kW afterburner, can handle

20,000 t/y of the sewage sludge [32,33].

20.2.6 DRYING WITH INDUCTION HEATING

The principle of induction heating is based on heat

generated in the bulk of a conductive material due to

eddy current (also termed Foucault current) (Figure

20.18). In a rotary dryer, for example, the dryer shell

acts as the secondary winding of a ring transformer

with laminated core (Figure 20.19). The exciting pri-

mary ‘‘winding’’ of this transformer is the center con-

ductor in the form of a stationary bar or tube. The

primary winding is fed from a step-down transformer

at about 5 V/m of dryer length [34].
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The drum itself is a composite structure consisting

of a series of laminated ring cores situated inside a

double-walled tubular shell. To maximize the heating

effect, the electrical resistance of the inner shell is at

least ten times that of the outer skin. In order to

minimize heat losses, the dryer is internally or exter-

nally insulated (Figure 20.20). In the external mode of

thermal insulation, the core material and the outer

shell reach a temperature comparable with that

of the inner shell; this means that the process temp-

erature is limited by the thermal resistance of

the construction materials or by the Curie point

(670 8C). The internal mode of insulation enables

higher process temperature, even up to 1000 8C within

a very short time constant. However, in this confi-

guration, the outer shell should be made of good

conducting materials such as copper, brass, or alumi-

num. To enhance the heat transfer, the thin metal

flights or fins may be fitted longitudinally to the

inner surface of the shell.

This heating and drying technique, developed by

EA Technology [35], was tested for drying of pow-

ders, crystals, granules, or slurries that are fragile or

heat-sensitive. The energy consumption of the dryer

depends on the type of the material and its mois-

ture content, but in general ranges from 1.25 to 1.60

kWh/kg of water evaporated at the electrical effi-

ciency exceeding 90%. The drying material occupies

about 20% of the drum volume, thus, at the retention

time of about 400 s, the output capacity varies from

0.55 to 3.64 m3/h.

20.2.7 CARVER–GREENFIELD PROCESS

Dewatering and drying of waste sludges is becoming

an increasingly important area of concern globally.

Most sludge is disposed of in landfills [36], but
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increasingly there is a trend toward utilizing the cal-

orific value of the waste and burning it in boilers. In

the late 1940s, an innovative dehydration process was

proposed that involved use of a nonvolatile liquid

medium as a carrier for dispersed wet solids to be

effectively dried in multiple-effect evaporators. This

is the so-called Carver–Greenfield (C–G) process. In

multiple-effect evaporation, external heat is supplied

to the last stage (effect) and the vapor produced there

is used as a heat source to the preceding evaporator.

The energy utilization can be further enhanced by

mechanical vapor recompression (MVR) of vapor

from an evaporator and then using it as the heating

medium in the same evaporator [37]. Figure 20.21;

shows a schematic of a process configuration.

In the Carver–Greenfield process, first commer-

cialized in 1961 to dry ground slaughterhouse waste,

the ground meal is contained in indigenous carrier oil

(tallow). This liquid mixture was processed in a two-

stage, multiple-effect evaporator. The tallow and

dried solids were separated by centrifuging. The tal-

low was recycled to maintain an oil-to-product ratio

of 8:1. Some 60 plants of this type still operate in the

United States. Pluenneke and Crumm [37] have

reported on a highly efficient new version using a

light oil that can be recovered by evaporation rather

than by mechanical pressing. Light oils also extract

oils present in the feed material (e.g., greases and fats
� 2006 by Taylor & Francis Group, LLC.
from sewage sludge, oils from peat and lignite drying,

etc.). Further, an MVR system is included to

obtain energy consumption of the order of 50 kJ/kg

water evaporated.

In a recent version of the MVR C–G process, the

feed is very dilute (2% solids) to quite high in solids

content (50%). Drying of such sludges is accom-

plished in one stage. The solids’ size must not exceed
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7.5 mm along any axis. Existing plants do not typic-

ally use MVR yet. Falling-film evaporators can be

used for low solids concentration, whereas forced

flow is required at high concentrations. Up to five

stages (effects) are used in various C–G installations

to dry sewage sludge.

Among current applications of the C–G process

are drying of activated sludge from wood pulp plant,

wool processing waste from textile manufacturing

facility, instant coffee processing waste, dairy product

waste, sewage sludge, and others. Products like lignite

and peat have been dried successfully at the pilot level

with energy consumption in the order of 135 kJ/kg

water evaporated. The process is particularly attract-

ive for drying of peat. One may expect that this

process and its variants will find new and major

applications around the world as engineers and man-

agers concerned with decision-making will become

familiar with the technology and as experience accu-

mulates on its industrial operations. Several major

installations exist in Japan that use the C–G process

for drying municipal waste sludges.

20.2.8 DRYING IN A VIBRO-ROTATIONAL BED

One of the major limitations of classical vibro-

fluidized bed dryers is the potential for mechanical

problems and increased energy consumption due to

large inertia of the dryer, which must be accelerated.
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An interesting design allowing vibration of the bed

exclusively is the vibro-rotational bed (VRB) in which

the oscillatory motion of particles is generated by

rotation of a mechanical mixer of special design im-

mersed in the bed.

The chamber of a VRB dryer is equipped with an

agitator (Figure 20.22a) in the form of a horizontal

disk with one or more inclined blades. While rotating,

the blades not only force the bulk of particles to

undergo a circulatory motion but also lift periodically

a fraction of the bed that is just above the blade. This

double action of the blades results in a characteristic

pattern of particle circulation, viz: particles in the

near-wall region rise in a spiral trajectory toward the

bed surface, move to the bed center and then fall

axially to the agitator region. When the rotational

speed of an agitator increases the circumferential

component of the particle velocity, the bed starts to

oscillate in the vertical direction; the particle motion

is then composed of a vertical oscillation and onward

movement along the flow contour. The most intense

oscillation occurs at agitator speeds in the range 3 to 7

1/s, depending on the size of the agitator [38]. The

vertical circulation of particles with simultaneous vi-

bration (as shown in Figure 20.22a) exists only if the

ratio of the bed height to agitator diameter is less than

0.6 to 0.7. In deeper beds, particles in the upper layers

do not circulate but oscillate locally in the vertical

direction only. Air circulation above the bed surface
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(open arrows) caused by bed vibration is opposite in

direction to the particle flow pattern mainly because

of the suction-pumping effect.

Whereas the frequency of bed vibration is given

by the product of the rotational speed of the agitator

and the number of its blades (f ¼ nN), the amplitude

of vibration depends both on the bed height and

the rotational speed of agitator, and it decreases

with increasing height of the bed. For shallow

beds (H/D < 0.7), however, the amplitude depends
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solely on the rotational speed of the agitator with a

maximum around n ¼ 5–7 1/s (Figure 20.23) [38].

Single VRBs can be arranged in series in a single

rectangular vessel. The interaction of the particle flow

pattern generated by the individual agitators corotat-

ing at the same rotational speed results in longitudinal

transportation of particles via moving layers formed

near the chamber wall. The thickness of these layers

depend on the system geometry, and reaches a min-

imum of 0.1D if the chamber width is equal to the
H < 0.7D

 speed (1/s)

15 20 25

nal beds. (From Nikitin, V.S. and Puchkov, G.F., Heat and

p. 116–123 (in Russian).)



agitator diameter. For b/ D > 1.4 stagnation zones in

the vicinity of the wall develop. The particle velocity

in the near-wall layer depends greatly on the agitator

speed, which in the order of 0.01 to 0.015 m/s at a

rotational speed 6.5 1/s.

The longitudinal transportation of particles de-

velops only for s/D (1.5–1.6) otherwise the entire

VRB separates into individual ones with no interbed

transfer of particles. A similar bed separation occurs

at any speed with counterrotating agitators.

The vibration of the bed by mechanical mixing

results in the transformation of electrical energy into

heat due to interparticle and bed-to-wall/agitator fric-

tion (self-heating effect). The degree of energy con-

version can reach 50%, which is approximately

double that for the vibro-bed; the resulting bed tem-

perature in the absence of the air bed-through flow

may be as high as 60 to 80 8C [39].

Intensive mixing of the bed and the continuous

transfer of particles between the moving near-wall

layers and cores of the vibrating beds obviously

favors heat and mass transfer processes. The wall-

to-bed heat transfer coefficient increases gradually

with agitator speed, attaining an asymptotic value

determined by particle characteristics. The heat trans-

fer coefficient from submerged surface to the bed also

increases with the agitator rpm. However, if particles

are small enough to produce air flow and bed expan-

sion due to the so-called ‘‘pumping effect,’’ the heat

transfer coefficient exhibits a distinct maximum at a

rotational speed characteristic of a fully developed

vibratory motion (Figure 20.24) [40]. The absolute

values of both heat transfer coefficients decrease
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with increasing particle diameter, gas flow through

the bed and bed height since all these parameters

affect the contact of the heat transfer surface with

moving particle.

Figure 20.25; presents immersed wall-to-bed

heat transfer coefficients in vibro-rotational and vi-

brating beds of the same geometry and at the same

amplitude–frequency of vibration [41]. The superior-

ity of the VRB results from particle circulation super-

posed on bed vibration, which improves the contact

of the particles with the heat transfer surface. An

additional advantage of the VRB is its efficient

operation under vacuum; the heat transfer coefficient

at 0.2 atm is only 7 to 11% lower than that at atmos-

pheric pressure [39].

Drying kinetics in a VRB are essentially similar to

convective drying (Figure 20.26) because of air per-

colation through the bed, intense mixing due to vi-

bration, and particle circulation. Hence, the drying

rate is affected by air velocity, bed temperature, and

rotational speed of the agitator. Self-heating of the

bed, along with relatively high heat transfer rates at

rarefied conditions makes the vibro-rotational dryer

especially suitable for vacuum processing of thermo-

labile materials of low moisture content. Vacuum

drying of nylon crumbs from 3 to 0.2% wb in a

VRB, for example, reduces the drying time by 6 as

compared to vacuum drying in a fixed bed [39].

Based on a broad spectrum of materials processed

in laboratory- and pilot-scale dryers (millet, semo-

lina, graphite, corundum, sand, nylon, polystyrene,

polycarbonate, magnesite, alumina), the following

features of the VRBs have been identified [38,42]:
20
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. Ability to process a wide range of highly poly-

disperse particles (from 0.002 to 5 mm)
. No need of internal heater due to strong self-

heating effect
. Isothermal conditions throughout the bed due

to intensive mixing of particles
. Easy control of the bed temperature via internal

cooler because of high heat transfer coefficients
. Efficient operation under vacuum
Polycarbonate 2–3 mm
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FIGURE 20.26 Drying kinetics in a vibro-rotational bed.

(From Martenov, O.G. and Nikitin, V.S., Transactions of

the Academy of Sciences BSSR, Minsk, AN BSSR, No. 2,

1983, pp. 69–74 (in Russian).)
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. Noeffect frommoisture content onparticlemotion

. No vibrating elements

Table 20.9 presents the characteristics of the indus-

trial VRB dryer in application to batch drying of

polycarbonate beads. The cylindrical drying chamber

is 0.55 m in diameter and 0.72 m high. The nominal

static bed height is 0.36 m (62 kg of polycarbonate
TABLE 20.9
Performance Data for Drying of Polycarbonate
Granules in the Vibro-Rotational Bed Dryer

Parameter Value

Throughput 25 kg/h

Initial moisture content 0.2% wb

Final moisture content 0.015% wb

Bed volume 0.1m3

Pressure drop <5000Pa

Drying temperaturea Up to 1408C
Drying timea Up to 2.5 h

Rotational speed of agitator 300 rpm

Installed power (3 � 380V) 16 kW

Energy consumption per kg of

dried material

0.04 kWh/kg

Overall dimensions 1.5 � 0.73 � 1.32m

aMaximum value depending on drying kinetics and initial and final

moisture content.



TABLE 20.10
Range of Operating Parameters for Coaxial
Impinging Stream Dryers

Gas velocity, m/s 10–150

Particle diameter, mm 0.2–3.0

Volumetric concentration of solids, m3/m3 Up to 0.0035

Particle residence time, s 0.5–15.0

Production rate, kg/h

Of dry material 50–2000

Of water evaporated Up to 5000

Volumetric throughput, kg/(m3h)

Of wet material 1,500–30,000

Evaporative capacity, kg/(m3h) Up to 1700

Pressure drop, kPa 1–10
beads) and the dynamic bed height is 0.42 m. A

vacuum pump with controllable power evacuates

evaporated moisture from the drying chamber to the

condenser.

20.2.9 IMPINGING STREAM DRYERS

20.2.9.1 Introduction

Impinging stream dryers (ISDs) is a generic term for

an emerging class of dryers in which moisture evap-

oration from wet particles or liquid droplets occurs in

an impingement zone that develops as a result of

‘‘collision’’ of two oppositely directed high velocity

gas streams, at least one of which contains the dis-

persed material to be dried (Figure 20.27). At the

outset a distinction should be made from the well-

known impingement dryers in which gas jets are

directed onto the web- or slab-like materials, or

‘‘jet-zone’’ dryers in which a layer of particulates is

‘‘pseudofluidized’’ by a multiplicity of high-velocity

airstreams [43]. Due to the hydrodynamic character-

istics of the impingement zone, and the large inertia of

the solid–liquid phase, the particles flowing originally

with a gas stream oscillate about the impingement

plane with damped amplitude until their velocity

drops to the terminal velocity to be entrained

with the outgoing gas stream. The high intensity of

turbulence in the impingement zone and the rapid,

unsteady particle motion enhance significantly the

heat and mass transfer processes and hence reduce

the drying times [44]. A typical set of operating

data for impingement stream dryers in coaxial

configuration is listed in Table 20.10.
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FIGURE 20.27 The principle of impinging stream dryers (ISDs
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The main features of the impinging streams’ con-

figuration that result directly from their special

hydrodynamics are:
me

men

).
High intensity of drying, especially when surface

or weakly bound water is to be removed

High product quality

Simple design and operation (in general, no mov-

ing or rotating parts)

Compactness

Possibility of combining drying with other oper-

ations (e.g., granulation, disintegration, heat-

ing, cooling, chemical reactions, etc.)
Because of the high gas velocities, solids load-

ing ratios, and momentum loss in the collision zone,

the pressure loss in ISDs is much greater than in
nt plane

Particle trajectory

U0

Gas streamlines

t zone



TABLE 20.11
Performance of Selected Dryers for Granules
of Aluminum Alloya

Parameter Vibro-Fluidized

Bed

Fluidized

Bed

ISD

Drying time,b s 300–480 600 1–20

Unit gas

consumption,c

N m3/kg

8 13 1.2–2

Unit energy

consumption,c

kJ/kg

1380 3240 850

Product qualityd Decreased Decreased Unchanged

aReference productivity, 250 kg/h; dp ¼ 0.65–2mm: X1 ¼ 0.17 kg/kg.
bTo reach X2 ¼ 0.01 kg/kg.
cPer kg of dry solid.
dEstimated from oxidation tests.
pneumatic dryers but it is comparable with that of

fluidized and spouted bed dryers [44,45]. The impin-

ging stream configurations can, however, compete in

various aspects with the classical systems for drying

of particulates and pastes (Table 20.11).

20.2.9.2 Characteristics of Impinging

Stream Systems

When two gas streams collide, the initial velocity

profiles characteristic of a free flow deform in the

vicinity of the impingement plane and additional

components of velocity (radial, axial, or circum-

ferential, depending on the impinging streams’ con-

figuration) appear as a result of this deformation

(Figure 20.28 and Figure 20.29).

If a solid or liquid particle flows with one of the

impinging streams then in the impingement zone, the

particle penetrates into the opposite stream due to its

inertia and decelerates to a full stop some distance of

penetration within the domain of the opposing jet

flow (cf. Figure 20.27). Thereafter the particle accel-

erates in the opposite direction and penetrates the

original gas stream. Thus, the process of deceleration

and acceleration repeats itself. Because of energy dis-

sipation, after several damped oscillations, the par-

ticle leaves the impingement zone and flows with an

outlet gas stream into the discharge chamber.

Because of such oscillatory motion, the residence

time of a single particle in the impingement zone is

longer than that of the gas stream. This residence time

is usually reduced for a number of particles because of

interparticle collisions that lead to enhanced energy
� 2006 by Taylor & Francis Group, LLC.
dissipation. When solids are present in both gas

streams, the rate of collision and the resulting loss of

momentum is much higher than that for a single-

stream feed, which might result in such significant

decrease of the residence time and penetration depth

that the beneficial effects of impingement are dramat-

ically reduced.

The above disadvantage is practically elimi-

nated in an impinging stream system with mobile

impingement zones [46]. In this arrangement, the im-

pingement plane is made to move between the two

locations I and II by alternate switching of the gas

flows from left to right and then from right to left

(Figure 20.30). The particles fed into the accelerating

flow duct pass through the central (reverse flow) tube

that links the two impingement chambers. Flowing

with the original gas stream into the first impingement

chamber the particles collide with the secondary gas

stream, penetrate it up to the stagnation point, and

then begin to accelerate in the opposite direction.

At this moment the gas outlet of the first impingement

chamber is closed whereas the outlet of the second

impingement chamber is open. This procedure results

in the flow of a secondary gas stream with acce-

lerating particles toward the second impingement

chamber where the process of jet collision, penetration

of particles into the original gas stream, and the

following acceleration toward the first impingement

zone is repeated. The period of oscillatory motion

of the particles is controlled by decreasing the inertia

force due to reduction of particle size in the course

of processing, by reduction of particle mass due to

moisture evaporation, or by placing a suitable limit-

ing grid at the outlet ducts, which restricts particle

entrainment.

There are another configurations of IS such as a

semicircular IS, two- and four-IS, and a variety of

multistage and combined systems [3,47]. One of such

systems that combines coaxial IS and curvilinear IS

and allows particle segregation and recycling of over-

size (wet) particles into impinging streams is shown in

Figure 20.31.

20.2.9.3 Heat Transfer and Drying Characteristics

Due to the inherent hydrodynamics of ISDs the heat

transfer rates from gas to particle depend on time as

well as space. Reported data indicate, however, that

the average heat transfer coefficient for ISD differs by

less than 10% from its local value, which is sufficient

for dryer design [48,49].

In general, the average gas-to-particle heat trans-

fer coefficients for ISDs are much higher than those

in classical dryers that operate under similar hy-

drodynamic regimes. For example, when the heat
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countercurrent; (d) four impinging streams; (e) counterrotating countercurrent; (f) corotating countercurrent.
transfer coefficient in a coaxial ISD is 850 W/(m2 K),

the values for pneumatic dryers calculated for the

same operating conditions from several equations

compiled by Strumillo and Kudra [50] ranged from

300 to 520 W/(m2 K). For the TIS dryer with coaxial

impinging streams the heat transfer coefficient is 1.1

to 1.8 times higher than that for the geometrically

similar spouted bed under the same operating condi-

tions [51]. The volumetric heat transfer coefficients

for ISDs are also higher, reaching 125,000 W/(m3 K),

which is 2.5 to 3 times higher than the values for
� 2006 by Taylor & Francis Group, LLC.
spouted bed dryers [51] and 15 to 100 times higher

than those for spray dryers [44].

Drying in impinging streams is purely convective.

Thus, typically both constant and falling drying rate

periods can be observed if the processing materials

have both internal and external resistances to mass

flow. Generally, the period of constant drying rate is

short because of the high heat and mass transfer rates.

Figure 20.32 shows the time variation of moisture

content, temperature, and location for 1-mm alumi-

num beads covered with a thin layer of surface water,
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FIGURE 20.29 Impinging plane geometries: (a) planar with radial flow; (b) planar with circumferential flow; (c) tubular;

(d) annular.
and dried in an ISD with mobile impingement zones

(see Figure 20.30) [52]. It can be seen that the heat

transfer rate differs significantly in the period of par-

ticle deceleration and acceleration due to the different

gas-particle relative velocities. Despite the stabilizing

effect of oscillatory motion this difference can be as

high as 35 to 40%. Because of surface water evapor-

ation, the drying rate is controlled by the rate of

external heat transfer. Thus it is higher in the decel-

eration period than in the acceleration period. The
H

H

I Impingement zone

Impingement zone

Deceleration zone

Reverse flow duct

Material fee

u0

D

Li

FIGURE 20.30 Coaxial impinging stream dryer with a mobile i
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particles are completely dry within 0.6 s, that is,

within less than one cycle of oscillation.

Figure 20.33 presents the drying kinetics of crys-

talline lysine with an initial moisture content of 15.2%

in an ISD with mobile impingement zones using hot

air at 120 8C and flow velocity of 20 to 23 m/s; the

frequency of reversing motion is 1.0 to 1.2 Hz [53].

Curve 1 represents drying of monodisperse crystals

(0.4-mm mean diameter) at mass concentrations of

0.2 to 0.5 kg/kg of air. In this case the surface water is
H

Impingement plane

II Impingement zone

Stagnation point

Acceleration zone

d

Gas feed duct
u0

mpingement zone.
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removed within one period of motion (2 to 3 s). The

desired moisture content level of 1% can be achieved

within five periods of oscillation. Curve 2 shows the

drying kinetics for polydisperse lysine with a mean

diameter ( d ¼ Sxi di) equal to 1 mm with simultan-

eous grinding due to the oscillatory motion of the

inert material (mixture in 1:1 mass ratio of 2 mm

steel and 3 mm aluminum beads) at a mass concen-

tration of 1.0 to 1.5 kg of inert per kg of drying

material. Compared with curve 1 the drying rate

with simultaneous disintegration is appreciably

higher in the first period of reverse motion mainly

due to a reduction of the heat transfer resistance

inside the material and increase of the mass transfer

area due to particle disintegration. After a certain

number of oscillations the drying rate decreases and

follows a similar decrease in the intensity of crystal

disintegration (curve 3).

Empirical correlations for heat transfer coeffi-

cients, pressure drop, penetration depth, residence

time, scale-up rules as well as results of mathematical

modeling and computer simulation that are necessary

for process calculation and equipment design can be

found elsewhere [3,54,55].

20.2.9.4 Some Industrial Impinging Stream Dryers

Figure 20.34 shows a schematic of an industrial ISD

for drying of dewatered sewage sludge in a two-stage

configuration. The first stage is a coaxial ISD in

which the feed is dispersed and a significant amount

of surface moisture removed. The second stage is

comprised of flash drying in the pneumatic duct and
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drying in a swirling stream during segregation in the

centrifugal separator. The mixture of air and furnace

gases from combustion of liquid or gaseous fuels (oil

or natural gas) is used as the drying agent at inlet

temperatures of 560 to 700 8C. The outlet gas tem-

perature is in the range of 90 to 140 8C. The gas

velocity in ISD tubes and the pneumatic duct is in

the order of 25 to 50 m/s, which ensures stable trans-

port of the dispersed material without settling or

sticking to the tube walls. The gas velocity in the

profiled nozzle of the ejector-type feed is typically

200 to 250 m/s, which is sufficient to discharge a

screw feeder, disintegrate lumps, and disperse par-

ticles well in the feed section. The mechanically pre-

dewatered sludge at initial moisture content 72 to

83% wb is blended in the ratio 3:1 with under- and

oversize solids from the centrifugal separator. This

backmixing with the initial sludge allows the moisture

content to be adjusted to the feed moisture content to

about 50%, which facilitates operation of the ISD

(lower gas velocities can be employed with a relatively

dry feed) and also reduces the energy consumption

from 3300 to 3800 kJ/kg to about 2900 kJ/kg evapor-

ated water. The specific air consumption per kg of

water evaporated is 4.5 to 5Nm3, whereas the electric

energy consumption varies from 0.02 to 0.03 kWh/kg.

The final moisture content depends on the particle

size in product, and ranges from 2% for the 0.25-

mm particles to 55% wb for 5-mm particles. The

average moisture content of the 1 to 2-mm granules

is 19.5% wb.

Coaxial ISDs with mobile impingement zone as

presented in Figure 20.30 are especially suitable for

drying quartz and foundry sand, metal granules,

polymers, and like materials with surface or loosely

bound moisture. Table 20.12 gives the characteristics

of an industrial unit used for drying of metal gran-

ules. The same type of ISD with mobile impingement

zones but furnished additionally with constraining
TABLE 20.12
Performance of an Impinging Stream Dryera

for 0.5–2.5-mm Aluminum Alloy Granules

Production rate, kg wet material/h 150–200

Moisture content, % wb

Initial 10–12

Final 0.01–0.02

Inlet air temperature, 8C 300

Drying time, s 5–20

Air consumption, N m3/h 250–300

Electric power, kW 70

Overall dimensions, m 3 � 2.2 � 3.5

aModel USV produced by ITMO, Minsk, Belorussia.
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grids at the outlets from the impingement chambers

has been used in the former Soviet Union for drying

with simultaneous grinding of otherwise hard-to-dry

products containing tightly bound moisture.

An example of such a product is crystalline lysine,

a highly heat-sensitive material with tendency to lump

and with a large amount of bound water (up to 17%

wb). The crystal size after centrifugation is 0.2 to

2.5 mm. These conditions along with the additional

requirements for final moisture content below 1 to

1.5% wb with crystal dimension to be less than

0.5 to 0.6 mm are met by the ISD dryer shown in

Figure 20.35. The dryer consists of air conveying

ducts with two impingement chambers situated at

the ends of a central drying duct 1.5 m in length.

Both chambers are connected via outlet ducts and

cyclones to a flow-switching device. The outlet ducts

are constrained by grids with a grid opening of

1.3 mm. A mixture of steel (2 mm) and aluminum

(3 mm) beads in 1:1 mass ratio is used to disintegrate

the crystals and break lumps. The mass concentration

of the inert beads in the drying duct is maintained at

1 to 1.5 kg/kg. The frequency of reverse motion be-

tween the impingement chambers is 1 to 1.2 cps. Hot

air at 135 8C and 20 to 23 m/s enters both ends of the

impingement chambers. A switching device moves

the impingement zone periodically between the two

impingement chambers. This results in an oscillatory

motion of both the inert beads and the wet particles,

which are continuously fed to one end of the duct

only. After performing four to five oscillations, which

are the equivalent of 10 to 15 s of drying time, the

material is well ground and dry (see Figure 20.33) so

it is carried away through the constraining grids to the

cyclones. The volumetric evaporative capacity of the

dryer is about 1700-kg H2O/(m3 h) whereas air and

heat consumption (without heat recovery) per kg of

water evaporated are 200 to 250 Nm3 and 3 to 3.6 MJ,

respectively. This shows that the performance of the

ISD is superior to that of a fluidized bed dryer [53].

Figure 20.36 presents an industrial setup with

semicircular impinging stream ducts developed for

thermal processing of grains (e.g., drying, puffing,

and carrying out certain thermally induced biochem-

ical reactions). In this case superheated stream is used

as the carrier and drying medium. A multiplicity of

semicircular tubes (type a ISD as in Figure 20.28) are

placed within a cylindrical chamber with a conical

bottom. The product is collected at the bottom of

the cone whereas the exhaust gas is led to a cyclone

to collect the fines.

Exhaust steam is partially recycled after mixing

with fresh superheated steam. Grains treated in this

way are suitable for direct use as cattle feed with

high digestibility. Table 20.13 presents the operating
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FIGURE 20.35 Impinging stream dryer with mobile impingement zone for drying of crystalline lysine.
characteristics of such ISD installations used for ther-

mal processing of grains.

Figure 20.37 shows a schematic of a vortex spray

dryer (VSD) for suspensions and slurries that operates

essentially as a countercurrent, counterrotating ISD.

The dryer is made as a horizontal cylinder 1.2 m in

diameter and 4 m in length with two fluid nozzles
Disintegrator
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Puffed grain I
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FIGURE 20.36 Semicircular impinging stream dryer (Vortex sp

superheated steam.
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located at each end of the dryer. The primary streams

of hot air are introduced axially with the nozzles.

Secondary airstreams are fed tangentially to the pri-

mary ones but in opposite directions, which results in a

counterrotation of the primary airstreams. Thus, the

drying material in the form of liquid or suspension is

not only atomized but also brought into a swirling
or

mpingement ducts

Air in

Fuel

Burner

Feed distributor

Conveyer
Chute

edback

er

Wet grain

ray dryer, 0.8/1.2 type) for thermal processing of grains in



TABLE 20.13
Semicircular Impinging Stream Dryers for Drying/Puffing of Grains

Parameter Vortex Spray dryer, 0.15a TD, 3a TRD, 3b

System Closedc Closedc Open

Throughput (dry product), kg/h 260 1000 1200

Material d

Initial moisture content, % wb 5–25 12–16 <35

Final moisture content, % wb 3–15 6–12 6–12

Degree of dextrinization, % 30–45 25–40 35–45

Heat carrier Air Superheated steam Flue gas

Inlet temperature, 8C <380 380–420 <420

Consumption, kg/h 400 180 (at 1308C) 30 (fuel oil)

Electric power (total/heater), kW 43/26 70/81 85/103

Energy consumption, kJ/kg dry product 455 252 310–370

Pressure drop, kPa 5 10 5

Overall dimensions, m 2.4 � 1.7 � 2.7 2.4 � 1.7 � 3.0e 3.5 � 2.0 � 1.0

aProduced by Kislorodmash, Odessa, Ukraine.
bProduced by ITMO, Minsk, Belorussia.
cWith release of excessive vapor.
dCorn, rye, barley, wheat, rice.
eWithout steam heater.
motion by the rotating airstreams. To prevent falling

of the sprayed droplets onto the dryer wall (which

can result in material overheating), supplementary

airstreams are introduced tangentially (in the same

direction as the secondary air) through the dryer

wall. This part of the dryer wall at both ends is made

as a slotted grid formed of suitably directed vanes.
Feed

Compressed air

Air in

Heater

Secondary air

Primary air

FIGURE 20.37 Counterrotational, countercurrent impinging st
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After impingement in the middle zone of the dryer,

the airstream carrying dry, powdery material is direc-

ted to the separation system. Due to intensive evapor-

ation in the impingement zone the inlet air temperature

of about 1508C falls rapidly to about 708C, which

allows drying of thermosensitive materials like antibi-

otics or microorganisms. At this inlet air temperature
Grid
Air out

Product

Supplementary air

ream dryer for liquids, slurries, and pastes.
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the evaporative capacity is in the order of 28-kg H2O/

(m3 h), which gives about 100kg of evaporated water per

hour.As compared to the classical spraydryers operating

under similar conditions, the impinging stream spray

dryer has seven times greater evaporative capacity

(Table 20.14), mostly because of the high turbulence in

the impingement zone and higher loading of the air.
Gas distributor

Hot air

Supporting
grid

FIGURE 20.38 Principle of a pulsed fluid bed with period-

ically relocated gas stream.
20.3 NOVEL DRYERS

20.3.1 PULSED FLUID BED DRYERS

Pulsed fluid beds (PFBs) are a variant of the fluidized

bed technique in which the fluidizing gas is introduced

in a periodic (pulsed) manner. In a large rectangular

bed, the region of pulsed fluidization can be alter-

nated within some advantages if periodic relocation

of the gas stream is used. Although the idea of gas

‘‘relocation’’ to eliminate channeling in a fluidized

bed of fine particles was originated over 30 years

ago [56], it did not find a wide application.

Figure 20.38 shows the principle of a PFB dryer

with periodically relocated gas stream. Hot air flows

through a rotary valve-distributor that periodically

interrupts the airstream and directs it to different sec-

tions of the plenum chamber below the supporting grid

of a conventional fluidized bed. Air in the ‘‘active’’

chamber fluidizes that segment of the bed located

above the active chamber. This fluidized segment of

the bed becomes almost stagnant when the air is direc-

ted to the next chamber. In practice, because of gas
TABLE 20.14
Performance Characteristics of an Impinging Stream
Spray Dryer and Classical Spray Dryer

Parameter VSD-100a ZT-100b

Evaporation capacity, kg H2O/h 96 80

Air consumption, N m3/h 3500 3000

Air temperature, 8C
Inlet 148 150

Outlet 74 70

Moisture content, % wb

Initial 94 98.5

Final 7.0 11.8

Dryer dimensions, m

Diameter 1.2 3.3

Length 4.0 3.5

Volumetric evaporation

capacity, kg/(m3 h)

20 2.62

Volumetric heat transfer

coefficient, W/(m3 K)

232 33.6

aVSD-100, ITMO, Minsk, Belorussia.
bZT-100, Germany.
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compressibility and bed inertia, the entire bed is fairly

fluidized with vigorous fluidization in the active zone.

The advantage of the rotary-type valves over the on–

off ones is that the sinusoidal variation of the gas flow

makes relocation of the active bed more smooth. A

modification of the PFB with relocated gas stream is a

spouted bed configuration in which the gas stream

from a rotary valve-distributor activates periodically

the bed of particles in a tapered chamber with rect-

angular cross-sectional area [57].

As compared with conventional fluid bed dryers,

the PFB with periodically relocated gas stream offers

the following advantages [57,58]:
ed

as

res

Fre
Good fluidization of even large and anisotropic

particles (e.g., sliced vegetables 20–30 mm in

diameter and 1.5–3.5 mm thick)

Reduced pressure drop (by 7–12%) due to the

lower minimum pulsed fluidization velocity and

larger opening area of the supporting grid

Lower minimum fluidization velocity (by 8–25%)

Improved bed structure (no channeling, better

particle mixing)

Operation with shallow beds

Energy savings up to 50%
The principal operating parameters of a PFB dryer

are:
height 0.1–0.4m

velocity 0.3–1.8m/s

(depending on the

particle characteristics)

sure drop 300–1800Pa
B

G

P

quency of gas pulsation 4–16Hz



TABLE 20.15
Comparison of Some Industrial Band Dryers for Vegetables with the Pulsed Fluid Bed Dryer

Indexa SPOMASZ (Poland) SP-66 (Yugoslavia) 41-A (Bulgaria) PFB (Poland)

Unit steam consumption, kg/kg 23.33 10.0 13.33 9.33

Unit consumption of electric energy, kWh/kg 0.56 0.55 0.49 0.83

Volumetric throughput, kg/(m3 h) 0.149 0.167 0.115 0.232

Unit steel consumption, kg/(kg h) 500 500 670 56

Quality indexb 0.5 0.5 0.0 0.8

aPer kg of dry product.
bFraction of the Ist class product.

Source: From Glaser, R., Proceedings of the VII Drying Symposium, Lodz, Poland, 1991, pp. 147–154 (in Polish).
PFB dryers have been successfully used for drying of

grains and seeds (e.g., peas, beans), sliced and diced

vegetables, sugar-infused cranberries, as well as for

drying of crystalline and powdery materials such as
ABLE 20.16
omparison of Selected Industrial Dryer-Coolers for Sugar (Throughput 20.8 t/h)

arameter Rotarya VFB Ib VFB IIc PFBd

olumetric throughput, kg/m3 h 265 495 862 584

ir velocity, m/s

Dryer 0.22 0.83 1.17 1.1

Cooler 0.17 0.82 1.17 0.5

let air temperature, 8C
Dryer 90 70 105 80

Cooler — — 10 15

let moisture content, % wb

Dryer 1.5 2.0 1.5 1.0

Cooler 0.03 0.04 0.04 0.04

inal sugar temperature, 8C 25–38 (T þ 15)e 34–46 34–38

nit heat consumption, kJ/kg

Of dry sugar 122.7 111.9 145.1 88.2

Of water evaporated 12,650 11,548 14,950 9,080

nit air consumption, N m3/kg sugar 2.32 2.28 2.20 1.52

nit steam consumption, kg/kg sugar 0.058 0.053 0.068 0.041

ttrition indexf 0.25 0.06 0.04–0.06 0.06

elative production cost 1.5 1.3 1.4 1.0

ower consumption, kW 132 206.5 162.8 86.3

rid cross-sectional area, m2 85.0g 19.55 17.7 13.55

ryer-cooler volume, m3 78.7 42.0 24.2 35.4

otal mass, kg 36,000 6,000 6,000 10,200

icense of Roto-Louvre.

Vibro-fluidized bed dryer (IIC PL).

ibro-fluidized bed dryer (Swidnica).

Pulsed fluid bed dryer (AE Wroclaw).

mbient temperature.

� dg/de0.

rum surface area defined by louvers’ peripherals.
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Source: From Glaser, R., Scientific Papers of Wroclaw Academy of Eco
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sugar, thiohexame, calcium gluconicum, pentaery-

thritol, and so on [57,59–64]. Comparison of a PFB

dryer with the conventional band dryers for sliced

vegetables is given in Table 20.15, while Table 20.16
nomy, 490, 81, 1989 (in Polish).



compares the PFB dryer for crystalline sugar with the

rotary and VFB dryers.

20.3.2 MECHANICALLY FLUIDIZED BED DRYERS

Pasty solids that do not fluidize well can be dried when

mechanically dispersed in a hot gas stream. In such a

dryer, the air pressure drop is much lower than in a

conventional fluidized bed. A well-known commercial

dryer of this type is the U-Max dryer (Figure 20.39),

which expands the uses of the mechanically induced

pulsed or fluidized bed beyond mixing to include dry-

ing that may follow mixing, reaction, milling, and

agglomeration. The fluid bed is generated mainly by

the rotation of a shaft within the confines of a hori-

zontal cylinder. A permanently affixed arm with

plow-shaped agitating elements extend from this

shaft. Rotation of the shaft causes the material to be

lifted by the mixing elements and thrust into a free

space in a pulsing or fluidized bed action with simul-

taneous axial and radial motion within the cylinder.

The dryer is equipped with a labyrinth-design jacket

welded to the outside of a dryer shell. The baffles in

the jacket assure turbulent flow of the heating medium

for maximum heat transfer. Intense mixing results in

continuous exposure of the material to the heating

surface. Contact time is long enough to allow the

required heat to be transferred but short enough to

prevent material from thermal damage. Because of

continuous mechanical agitation by aerodynamically

shaped mixing elements, there is no segregation of

products, with bulk densities and shapes varying dur-
Heated pulse back filter

Steam in

Charge port
Drive

Jacketed vessel

Product

FIGURE 20.39 Schematics of the U-Max vacuum dryer. (Courtes

� 2006 by Taylor & Francis Group, LLC.
ing drying. Compact design and lack of airflow permit

operation under vacuum, hence lowering the process

temperature. Further, chopping mills can be added to

the unit, if required, to break agglomerates and control

particle-size growth, thereby reducing the drying time

(Figure 20.40). The U-Max dryer finds applications in

processing stearates, pharmaceutical intermediates,

pigments, hot malt adhesives, ceramic and semicon-

ductor materials, and more [65].
20.3.3 JETZONE DRYER

Referring to Figure 20.41, the JetZone 1 (Wolverine,

Proctor & Schwartz, LLC, Merrimac, MA) fluid bed

dryer uses a series of air nozzles to direct hot air onto

the surface of a nonperforated belt conveyor or vi-

brating solid pan. Hot air passes from the pressure

plenum chamber through a set of nozzles onto an

oscillating solid conveyor surface, thus creating a

‘‘bed of air’’ under and around particles. The air jets

also fluidize gently the particles suspended on the bed

of ‘‘reflected’’ air as they progress through the dryer.

Air then rises vertically from the conveyor around the

nozzles and exits into a cyclone in which airborne

particles are removed. Precise control over the air

velocity allows setting of exact fluidization in any

section of a dryer, therefore ensuring even exposure

of all the particles to the drying medium. The

dryer can also be separated into multiple zones with

different air temperatures for process control. The

principal advantages of a JetZone dryer are:
Condensate

Mill blade

Mixing element 

Condensate

Condenser

y of PROCESSALL, Inc., Cincinnati, OH. With permission.)
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FIGURE 20.40 Typical drying curves in a U-Max dryer with and without chopping mill. (Courtesy of PROCESSALL, Inc.,

Cincinnati, OH. With permission.)
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Good cleanability (no perforations to be clogged

with fines)

Fewer moving parts

Quick product changeover
The JetZone dryer is capable of processingmaterials

that vary in size, shape, and density. These include abra-

sive particles, cut leaf forms, diatomaceous earth, fi-

brous and pelletized foods, sawdust, pet foods, wood

chips, and so on [66]. The operating limits of the dryers

are 4008C for gas temperature, 0.3 m/s for conveyor

speed, 70 m/s for air jet velocity, and 2 m/s for air
Air inlet

Plenum chamber

Wet feed

Drying material Bed of air

URE 20.41 JetZone fluidized bed dryer. (Courtesy of Wo

mission.)

06 by Taylor & Francis Group, LLC.
velocity through the bed of particles. The pro-

duction capacity for a single dryer ranges from 90 to

41,000kg/h.

20.3.4 VORTEX DRYERS

Vortex dryers are characterized by a spiral flow of a

particle-gas suspension due to tangential entry of the

gas stream into the dryer chamber. Wet material

is fed directly into the drying chamber by a screw

feeder or nozzle atomizer, or dispersed with the drying

medium (air, inert gas, superheated steam, etc.). After

performing several spiral trajectories, the particulate
Air nozzles

Conveyor belt

Product

Exhaust air

Air jet

lverine, Proctor & Schwartz, LLC Merrimac, MA. With



material leaves the dryer with an exhaust gas. Alterna-

tively, it may be separated from the gas within the

dryer and further discharged via a rotary lock.

In a vortex dryer, particles are subjected to the

coupled action of centrifugal and drag forces, which

causes penetration of particles to the dryer wall in a

spiral trajectory. Near the dryer wall, the particles

lose a part of their kinetic energy due to friction and

nonelastic collisions. This results in increase of the

relative gas-particle velocity, which enhances the ex-

ternal heat and mass transfer. The transfer processes

are intensified additionally owing to disturbances in

the boundary layer on the particle surface as a result

of its unsteady motion in a highly turbulent flow and

rotation in the near-wall region due to wall friction

and interparticle collisions. The coupled action of

drag and centrifugal forces also causes particle segre-

gation, which promotes drying uniformity because

the heavier (wet and large) particles reach the near-

wall region with highly intensive drying conditions

well before the smaller ones, which dry almost in-

stantaneously and are taken away from the central

core zone of the dryer.

Vortex dryers can be configured vertically or hori-

zontally (Figure 20.42). The vertical configuration is

widely known as a convex dryer. The horizontal vor-

tex dryers are less popular, but they can easily be used

in a multistage arrangement that allows for extended

residence times, controlled temperature regimes, and

intermittent operation, if necessary.

Multistage horizontal vortex dryers (Figure 20.43)

have been developed extensively in Russia and used

for drying chemicals, vegetables, and pharmaceuticals.
Wet feed

Gas inlet

Gas–product
outlet

Wet 

FIGURE 20.42 Horizontal (left) and vertical (right) configurati
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Typical dryers are 0.2 to 1.0 m in diameter, which

may be configured in aggregates of 1 to 6 stages.

Table 20.17 summarizes operating data for a variety

of materials that have been processed in such dryers.

An industrial four-stage vortex dryer for processing

of polyvinyl alcohol, polyvinyl acetate, and pressed

sea buckthorn is presented in Figure 20.44. The ad-

vantage of possible operation at different temperature

levels was taken in the case of drying sea buckthorn,

which contains a large amount of bound water. The

desired moisture content of 4 to 6% wb at a residence

time of 4 to 6 min (required by drying kinetics and

hydrodynamic conditions) was achieved in a periodic

temperature regime via alternate supply of hot air at

150 and 60 8C [67].

20.3.5 AGITATED FLASH DRYER

As shown in Figure 20.45, an agitated flash dryer

consists of a vertical cylinder with an inverted conical

bottom, an annular air inlet, and an axially mounted

rotor. Tangential air inlet with the action of the rotor

causes a turbulent whirling gas flow in the drying

chamber. The wet material, typically filter cake, is

extruded off the screw feeder into the drying chamber

just above the agitator, thus it becomes coated by a

dry powder flowing with the swirling air [68]. Alter-

natively, a cavity pump can be used for a dilatant

fluid feed. The powder-coated lumps then fall into

the fluid bed and are kept in motion by the rotor.

As they dry, the friable surface material is abraded by

a combination of attrition in the bed and the mech-

anical action of the rotor. Thus, a balanced fluidized
Gas–product
outlet

Agitator

feed

Gas inlet

ons of a vortex dryer.
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FIGURE 20.43 Multistage horizontal vortex dryer. (From Sokolovskii, A.A. and Khudnyeev, I.K., Russian Patent

421,870, 1974.)

Feed material Dilatant liquids, cohesive pastes,

filter cakes, moist granules

Drying medium Air, inert gas, low-humidity

waste gases

Inlet gas temperature Up to 9808C
Product throughput Up to 10,000 kg/h

Residence time 5–500 s

Rotor speed 50–500 rpm

Mean particle size 3–70 mm
bed is formed that contains all intermediate phases

between the raw material and the finished product.

The dry (therefore small and light) particles become

airborne and rise up the wall of the drying chamber to

the filter bag, providing continuous backmixing in the

feed zone. The largest lumps fall back into the fluid

bed to resume drying.

Typical operating parameters for a spin-flash

dryer are [69]:
TABLE 20.17
Characteristics of Multistage Horizontal Vortex Dryers

Material Dryera Tgl, 8C Tgo, 8C Tm, 8Cb X0
’, % Xf

’, % Wm, kg/h Wev, kg/h tr, min

Thiamine bromide VD-800/1 130 70 80 16 1.2 200–250 40–50 1.5

Phthalic acid VD-800/1 160 80 130 18 0.5 250–300 45–55 1.0

DKGK hydratec VD-800/1 90 60 70 16 7.0 150–250 20–25 0.8

Pyridine VD-800/1 160 90 130 20 0.5 250–300 70–75 1.0

Polyvinyl alcohol VD-1000/6 148 90 132 60 2.0 650–700 1000–1100 6.5

Polyvinyl acetate VD-800/3 150 90 136 50 2.0 250–300 250–300 4.5

Polystyrene BD-800/1 100 60 70 40 1.0 300–350 200–220 1.2

Threonine sulfate VD-800/1 160 80 132 18 0.5 250–300 65–70 1.0

Sea buckthorn VD-1000/4 Tg
d 70 100 50 5.5 100–150 100–150 7.5

Sesame seeds VD-600/2 150 110 120 30 1.0 100–150 50–65 4.0

aDryer code (slash separates the dryer diameter from number of stages).
bTemperature of product degradation.
c2-Keto-L-gluconic acid.
dOscillatory regime (150/608C).

Source: From Sokolovskii, A.A., Kondrateva, N.M., and Chlenov, V.A., Khimiko-Pharmaceuticheski Zhurnal, 17, 1097, 1983 (in Russian).

� 2006 by Taylor & Francis Group, LLC.
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FIGURE 20.44 Four-stage vortex dryer. (From Sokolovskii, A.A., Kondrateva, N.M., and Chlenov, V.A., Khimiko-

Pharmaceuticheski Zhurnal, 17, 1097, 1983 (in Russian).)
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FIGURE 20.45 Agitated flash dryer.
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Dryer diameter 0.62 m

Dryer height 2.0 m

Gas distributor diameter 1.1 m

Feed rate 0.2 kg/s

Initial moisture content 50% wb

Final moisture content 15% wb

Inlet air temperature 1508C
Outlet air temperature 1008C
Airflow rate 2015Nm3/h

Evaporation rate 0.0082 kg/s
In comparison with a spray dryer, the agitated

flash configuration has a much shorter residence

time and consequently is considerably smaller and

requires less building space. Moreover, its ability to

dry to an even lower moisture content than a spray

dryer results in significant operating and capital cost

savings (Table 20.18).

Despite their obvious size and cost advantages,

the agitated flash dryer cannot always replace a

spray dryer. Such cases occur when free-flowing

spherical particles of a defined size range have to be

obtained or when agglomeration is needed. Also, the

agitated flash dryer cannot handle fibrous materials

such as fruit by-products or cellulose because they

tend to form pellets in the dryer chamber.

20.3.6 SPIN-STREAM DRYER

A modification of the vortex dryer in the vertical

arrangement that improves the performance of the

well-known spin-flash dryers is the spin-stream

dryer. Designed basically for drying liquids, slurries,

and suspensions, the spin-stream dryer has a multijet

air distributor with curved and movable vanes

(Figure 20.46) [70,71]. Changes in the position of the

vanes cause change in the angle at which air is sup-

plied to the drying chamber as well as a change in the

linear velocity of the air jet. This allows variation of

the jet-to-axial air velocities ratio, thus granting con-

trol of the particle residence time independently of the
TABLE 20.18
Performance, Size, and Cost Comparison of Spray
Dryer with Spin Flash Dryer for Drying Yellow
Iron Oxide

Parameter Spray

Dryer

Spin Flash

Dryer

Product throughput, kg/h 400 400

Moisture content, % wb

Initial 30 30

Final 0.4 0.4

Feed rate, kg/h 1360 885

Evaporation rate, kg H2O/h 560 486

Gas consumption, m3/h 125 62

Power consumption, kWh 40 30

Dryer diameter, m 4.3 0.8

Floor area, m2 60 30

Building volume, m3 700 150

Investment cost ratio 1 0.676

Operation cost, $/h 36.88 26.57

Cost per kg of product, $/kg 0.092 0.066

Source: From Drying Handbook, APV Crepaco, Inc., Attleboro

Falls, MA, 1993.
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gas flow rate. Moreover, profiled flights at the periph-

ery of the rotor deflect periodically the local air jet

toward the dryer center, which increases the active

drying zone [72]. This unique design of a dryer per-

mits processing of hard-to-dry materials such as lig-

nopol (sodium lignosulfonate)—a highly viscous

liquid that becomes a sticky paste when dried and

thus tends to form a gummy load inside a dryer.

The performance of the spin-stream dryer for ligno-

pol is as follows:
Selected dryer indices for other materials with

distinct properties are given in Table 20.19.

Spin-flash and spin-stream dryers are examples of

dryers operating in an ‘‘active hydrodynamic regime’’

[73]. Comparison of several such dryers that may be

useful for dryer selection is given in Table 20.20 [74].

20.3.7 ROTACURRENT DRYER

Particle residence time in conventional (straight-tube)

flash dryers is determined by the length of the tube, air

velocity, and material properties. Figure 20.47 pre-

sents the rotacurrent flash dryer, which offers in-

creased residence time (by a factor of up to 5 with no

backmixing) in a much shorter tube since the geomet-

rical height is not directly tied to the retention time.

Wet feed enters the rotacurrent dryer with the main

hot airstream generated by a conventional blower and

heater system. Because the secondary hot air is tan-

gentially injected into the main airstream, the wet feed

follows a spiral path through the annular space be-

tween an internal cylinder and a dryer shell. The trap at

the bottom of the dryer is counterweighted so that the

extra heavy particles (lumps, stones, stray metal, etc.)

are automatically discharged. Hot air is added to the

main flow through adjustable louvers spaced along the

internal cylinder. This secondary airflow produces an

aerodynamic effect to reinforce the initial spiral flow

and a thermal effect to compensate for the loss of

drying potential as the main airstream cools due to

moisture evaporation.

The rotacurrent dryer can handle particulate

and nonsticky products such as aluminum silicate,



FIGURE 20.46 Gas distributor and agitator in a spin-stream dryer.
copper powder, pyrite ore, charcoal, granulated rubber,

chopped straw, detergents, and the like [75]. Per-

formance data on the rotacurrent dryer are given in

Table 20.21.

20.3.8 VENTURIJET DRYER

Figure 20.48 shows an interesting concept of a dryer,

the Venturijet, considered as an energy transformer.

The system receives a reduced mass of hot air with

relatively high dynamic pressure, the partial trans-

formation of which ensures product and air recycling

without mechanical devices. The primary airstream
TABLE 20.19
Drying Indices for Spin-Stream Dryer

Parameter Imidazole Ca

Heat consumption, MJ/kg H2O 3.5–4.2 3

Air consumption, N m3/kg H2O 23–50 3

Thermal efficiency 0.6–0.7 0

Evaporation capacity, kg/m3h 80–200 12

aReagent grade.
bCosmetic chalk.
cC10H2O7 S2NNa.
dSodium lignosulfonate.

Source: From Kudra, T., Pallai, E., Bartczak, Z., and Peter,

� 2006 by Taylor & Francis Group, LLC.
from a standard heater is injected into a vertical

venturi to create suction, which allows feed dispersion

as well as mixing of the primary hot air and recycled

air to produce a larger mass of air at a lower tempera-

ture. A secondary hot airstream is introduced tangen-

tially to generate a spiral trajectory of heavier recycled

particles inside the drying chamber. Simultaneously,

the lighter particles are conveyed into the cyclone and

discharged. An adjustable selector at the dryer outlet

ensures selective ejection of the dry particles. The

principal features of the Venturijet dryer are [75]:

Lower air consumption by approximately 50%

than that in conventional dryers
CO3
a CaCO3

b H-acidc Lignopold

.5–5.5 8.0–13.0 5.6–7.7 12.0–20.0

0–48 48–84 38–53 72–144

.4–0.6 0.2–0.5 0.5–0.6 0.2–0.3

0–320 60–80 90–170 35–70

M., Drying Technology, 7, 583, 1989.



TABLE 20.20
Characteristics of Various Dryers for Particulate or Pasty Materials

Dryer Type K1 K2 K3 n Operating Parameters Electricity

u, m/s DP, kPa « Static electricity kV

Fluid bed 1 1 2 1–3 0.1–1.5 1.5–5.0 0.6–0.75 5.0

Fast fluid bed 4 6 10 5–10 1.5–15 0.2–0.5 0.7–0.85 1.0

Spouted bed 6 3 3 3–5 8–60 3–30 0.65–0.8 3.0–5.0

Jet-spouted bed 5 6 4 5–10 10–40 0.1–0.3 0.9–0.99 1.0

Vibro-fluidized bed 5 10 6 40–100 0.05–0.8 0.1–0.2 0.6–0.7 0.5–2.0

Vortex bed 6 6 8 5–10 10–80 1.5–2.5 0.65–0.8 1.0–3.0

Pneumatic transport 6 8 9 20–30 10–50 0.2–1.0 0.8–0.99 0.5–1.0

Swirling streams 8 6 10 5–10 15–40 0.6–2.0 0.85–0.95 1.0

Impinging swirling streams 10 6 10 5–10 10–50 0.5–2.5 0.8–0.99 1.0

n is a number of theoretical mixing stages while K’s are the following criteria based on Sazhin’s classification, which assigns the

grade from 1 to 10 (maximum): K1, hydrodynamic stability (10 is stable); K2, mixing behavior (10 is perfect mixing); K3,

intensity of hydrodynamic turbulence under normal operating conditions (10 is highly intensive).

Source: From Sazhin, B.S. and Sazhin, V.B., Scientific Principles of Drying Technique, Nauka, Moscow, 1997 (in Russian).
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FIGURE 20.47 Rotacurrent dryer. (Courtesy of Heyl & Patterson, Inc., Renneburg Division, Pittsburgh, PA. With permission.)
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TABLE 20.21
Performance Data on Rotacurrent Dryers

Parameter Tricalcium Phosphate Polyethylene Resin Sodium Bicarbonate Distillers Dark Grain

Production rate (feed), kg/h 1,515 4,773 9,318 22,211

Moisture content, % wb

Initial 55 10 6 55

Final 10 0.5 0.1 10

Gas temperature, 8C
Inlet 538 177 165 450

Outlet 90 77 82 82

Air consumption, N m3/h 6,382 17,244 17,906 114,860

Evaporation rate, kg H2O/h 757 455 550 13,210

Fuel consumption, kg/ha 62 56 68 978

Dryer diameter, m 0.6 0.86 1.02 2.7

Dryer height, m 6.5 8.l3 9.1 15.3

aBased on natural gas at 50,777 kJ/kg.

Source: From Heyl & Patterson, Inc. Technical brochure, Heyl & Patterson, Inc., Renneburg Division, Pittsburgh, PA.
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FIGURE 20.48 Venturijet dryer. (Courtesy of Heyl & Patterson, Inc., Renneburg Division, Pittsburgh, PA. With permission.)
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Lower stack heat losses due to internal air recycling

Improved feed dispersion at the entrance to the

system, thus providing the possibility for oper-

ation with sticky materials

Increased residence time for heavier (wetter) par-

ticles

Typical products dried in the Venturijet dryer include

insecticides, fine chemicals, polymer agents, and the

like. Performance data on the Venturijet dryer for

these products are given in Table 20.22.

20.3.9 AGITATED CONTACT DRYERS

Agitated contact dryers are normally used for high-

volume drying of bulky and granular materials via

contact heat transfer from a heated rotor, a heated

jacket, or a combination of these. In a typical design,

single or double intermeshing screw augers have shaft

and hollow flights heated by a circulating thermal

fluid. Due to rotation of the auger, the material is

thoroughly mixed and transported along the drying

chamber. The evaporated moisture is entrained by

a small amount of air passing over the material.

Alternatively, the dryer may operate under vacuum.

Figure 20.49 shows a paddle dryer with a twin agita-

tor consisting of a number of spaced blades that mix

the material with essentially no pumping effect [76].

The material flow through the dryers is due to mild
TABLE 20.22
Performance Data for Venturijet Dryers

Parameter Insecticide Polymer

Agent

Manganese

Carbonate

Production rate

(feed), kg/h

2272 455 3508

Moisture content, % wb

Initial 15 19 30

Final 0.5 0.5 5

Gas temperature, 8C
Inlet 315 200 815

Outlet 77 65 130

Air consumption,

N m3/h

3924 1728 6948

Evaporation rate,

kg H2O/h

331 85 923

Fuel consumption,

kg/ha

29 104 90

Dryer diameter, m 1.3 0.94 1.3

Dryer height, m 6.9 5.52 6.9

aBased on natural gas at 50,777 kJ/kg.

Source: From Heyl & Patterson, Inc. Technical brochure, Heyl &

Patterson, Inc., Renneburg Division, Pittsburgh, PA.
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fluidization caused by the mechanical action of a

rotor. Typical applications are drying of fine and

moderately wet materials such as gypsum, pigments,

and dyestuffs.

Figure 20.50 shows the operating principle of the

SOLIDAIRE 1 (Bepex International, Minneapolis,

MN) dryer, which combines the convective and con-

tact heat transfer to dry solids, slurries, gels, and

wet filter cakes. It consists of a mechanical agitator

rotating within a cylindrical housing that is jacketed

for indirect heating. The agitator is equipped with

a large number of narrow, flat, adjustable-pitch pad-

dles that sweep close to the inner surface of the hous-

ing. The high speed of the paddle tips (10 to 20 m/s)

creates turbulence in the compact material layer, thus

breaking up agglomerates and continuously re-

newing the material surface exposed to heat, which

finally provides the heat transfer coefficients in the

order of 110 to 570 W/(m2 K). Residence time can be

varied from seconds to approximately 20 min by

adjusting the paddle pitch or by changing the rotor

speed. The SOLIDAIRE holdup volume is up to

5.6 m3 and the heat transfer area up to 100 m2. The

dryer can operate at temperatures up to 430 8C and

pressures up to 1000 kPa [77].

20.3.10 REMAFLAM DRYER

A textile fabric typically goes through several drying

processes before it is in the finished stage. Conven-

tionally impinging jets, contact, infrared, or through

dryers are used for drying textiles. With electric

infrared drying and convection dryers, the thermal

efficiencies are in the range of 70%. In the Rema-

flam 1 drying process [78], the fabric is soaked in an

aqueous solution of methanol (35% v/v), which is

then burned in a carefully controlled combustion

chamber. Other solvents (which must be miscible

with water and burn without soot) can also be used,

but methanol has significant advantages over ethanol

or isopropanol (Table 20.23). Acetone has a very low

flash point (�208C) and hence is excluded. Both

methanol and ethanol have flash points under 218C.

With added water, the flash point increases to 358C.

Sometimes isopropanol is added to improve wetting

of the methanol–water solution to the fabric. Most

dyes are not affected by the process.

Figure 20.51 shows a schematic of the Rema-

flam dryer. An infrared section at the entrance to

the dryer ignites the liquid on the fabric surface

(both sides). The fabric temperature is 45 to 708C,

although the radiator wall is at 8008C and the air in

the upper section of the dryer is at about 6008C. The

fabric speed depends on the fabric weight (g/m2),

liquor applied, methanol concentration, and the
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FIGURE 20.49 Paddle dryer with twin, disk-type agitator. (Courtesy of Komline-Sanderson Engineering Corporation,

Peapack, NJ. With permission.)
residual moisture content. For a polyester–cotton

blended fabric with a weight of 220 g/m2 and liquor

absorption by fabric of 43% by volume, the fabric

speed is 42 m/min for a 36% v/v methanol liquor

[78]. The drying zone is about 1.6-m long. The process

has been successfully applied for drying of cotton,
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FIGURE 20.50 Typical processing modes of the SOLIDAIRE

With permission.)
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polyester, polyamide fabrics, and blends. Fabrics

with textures that do not permit good absorption of

the alcohol–water liquor may create problems of un-

even drying. Pilot testing of at least 30 min run on the

Rameflam machine is recommended for new fabrics,

blends, and the like.
Centrifugal force

Direct and indirect heat

Wet feed
Hot gas Gravitational

force

Product and
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dryer. (Courtesy of Bepex International, Minneapolis, MN.



TABLE 20.23
Characteristics of Solvents Used in the Remaflam
Process

Solvent TLV,a

ppm

Flash

Point,

8C

Heating

Value,

kJ/kg

Oxygen

Demand,

mol/mol

Relative

Cost

Methanol 200 11 19,929 1.5 1.00

Ethanol 1,400 12 26,837 3.0 2.16

Isopropanol 400 13 30,472 4.5 1.24

Dioxane 50 11 24,587 5.0 7.40

aTLV, threshold limit value (lower toxic limits).
20.3.11 MICROGAS DRYER

Figure 20.52 presents a drying system that combines

microwave and convective heating in an integrated,

natural-gas-fired unit. In this system, a natural-gas-

fired prime mover drives a generator that provides the

electricity to power the microwave generator and all

ancillary equipment (feeders, conveyor belts, air

blowers, water pumps, etc.), whereas waste heat

recovered from the engine is used for convective heat-

ing (cogeneration). Of the natural gas fed to the prime
Cold air

Fabric in

Infra red

radiators

Combustion
chamber

Cold air

Fabric out

Exhaust gas

FIGURE 20.51 Airflow in the Remaflam dryer. (From von

der Eltz, H.-V., Petersohn, G., and Schön, F., Int. Textile

Bull., 2, 1, 1981.)
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mover, approximately 30% is converted to electricity

and 50% is recovered as thermal energy. The overall

efficiency of the MicroGas system for delivery of

energy to the production process is claimed to be

approximately 80% [79]. The system is recommended

in applications for which:

. There is appreciable value in significantly de-

creasing the processing time
. A 20 to 50% reduction in energy consumption

leads to large cost savings
. Product unit value is high
. Large decrease in equipment space is crucial
. Transformation of a batch process into a con-

tinuous one results in significant productivity

increases
. Noncontact heat-exchange aspects of micro-

waves can produce unique product results

20.3.12 HELIX AND RING-TO-RING DRYERS

An innovative variant of the vibrated bed dryer is

the so-called Helix (or ring-to-ring) dryer [80,81].

This dryer consists of a cylindrical chamber with a

centrally located hollow column supporting a per-

forated helical tray (Figure 20.53). Two horizontal

plates split this chamber into the upper gas plenum,

the central drying chamber, and the base chamber. The

drying medium (e.g., hot air or flue gas) entering the

gas plenum passes through the openings in the head of

the central column and then flows down the column.

Since the column is closed at the bottom, the gas

stream moves through a series of holes into the tri-

angular plenum under the helical tray. The floor of the

tray is made of overlapping radial slats, which form

louvers to force gas in the same direction as the mater-

ial movement along the helical tray. The gas stream

then flows up through the material layer into the an-

nular space between the helical tray and the chamber

wall and then to the exhaust duct. The drying material

enters and leaves the tray through rotary feeders that

also act as gas seals. The column-tray assembly is

resiliently supported by four springs rigidly connected

to the base of the chamber and to the lateral surface of

the column. To allow vibration the column is con-

nected to the gas plenum and the base chamber by

flexible seals.

Vibration causes the pseudofluidized particulate

material to move downwards along the tray. At the

same time the material is dried by the hot gas stream

passing through the vibrated bed at a superficial vel-

ocity determined by heat and mass transfer require-

ments. This superficial velocity is usually lower than

the fluidization velocity and varies from 0.7 to 3 m/s,

depending on the material characteristics.
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In its basic design, a motor-driven variable eccen-

tric vibrator located at the base of the dryer vibrates

the column with a nominal amplitude of 0.9 mm at a

frequency of 16.6 Hz (both of these parameters could

be changed). Because the material flow rate and thus

the residence time in the dryer can be varied by in-

creasing or decreasing the amplitude and by changing

the direction of the amplitude vector, the newer

model of the dryer is equipped with a synchronized

vibrator of special design. This vibrator provides

separate control over the vertical and horizontal
Baffle

Exhaust

Exhaust

Inside of
chamber

Hot gas

FIGURE 20.53 Ring-to-ring dryer. (Courtesy of Carlyle Consu
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components of the vibration vector and thus allows

nearly independent control of the degree of fluidiza-

tion and the material residence time [80]. Amplitude

and frequency of vibration can range from 0.25 mm

and 30 Hz to 1 mm and 15 Hz.

Because of the presence of the horizontal compon-

ent of vibration and the louvered tray ensuring a hori-

zontal air velocity component, the material can be

transported at desired rate even on a horizontal tray.

Therefore, an alternative model of the dryer termed

the ring-to-ring dryer [82] is designed as a series of
Wet material in

Rotaryair seal

Upper gas
chamber

Gravity balance

Vibrators
Dry
material
out

Rotary
air seal

Exhaust

Hot gas

lting Limited, Vancouver, BC, Canada. With permission.)
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FIGURE 20.54 Jet ventilated conveyor tray. (From Carlyle, A.M., U.S. Patent 6,035,543, 2000.)
annular trays equally spaced along the central column.

Each tray has an opening to allow the material to

tumble from an upper to a lower tray progressively

until the bottom tray exit is reached. Each tray open-

ing is offset in alignment, in a manner that requires the

material to travel the full circumference of each tray

before it tumbles to the tray below. A baffle mechan-

ism is provided in each opening to turn the material

trough 180 8 as it falls from tray to tray.

Either design of the dryer is equipped with the ‘‘jet

ventilated’’ conveyor tray [83]. The tray shown in

Figure 20.54 comprises a plurality of slats arranged

to overlap in a manner to result in a slot along the

leading edge of the top slat. Each slot forces gas flow

in the same direction as the flow of particulate mater-

ial. The slats overlap in normally one-quarter of the

narrowest width of the slat. Because the gas flow

through the slot is a function of the slot length and

the vertical height of the slot, the slots are sized to

ensure required hydrodynamics for a given particu-

late material. Further, the slat width is determined by

the number of slots and the conveyor length.

An important feature of the Helix dryer is its

compact size. The dryer with an evaporative capacity

of about 8400 kg of water/h at air temperature 315

and 82 8C at the dryer inlet and outlet, respectively, is

about 3.5 m in diameter and 5 m high, and contains

about 75 m2 of tray area. A conventional vibrated

fluid bed dryer for a similar application would be

about 1.2 m wide and 48 m long [84]. Cost and energy

efficiency comparisons, however, are not available.

20.3.13 DRY-REX DRYER

One of the options for low-cost drying is the use of air

at ambient temperature as a drying medium using

moisture concentration gradient as the primary driv-

ing force. The Dry-Rex y system uses unsaturated

ambient air drawn through a moving bed of wet
� 2006 by Taylor & Francis Group, LLC.
particulate material or palletized paste [85,86]. Here,

drying is carried out in two stages (Figure 20.55) in

the first stage large-size material (such as sugarcane or

bark) is chopped to enhance the heat and mass trans-

fer area as well as to reduce resistance to moisture

diffusion. Pasty or semisolid feeds may be mechanic-

ally pressed to form a granular product of required

dimensions. In the second stage, drying occurs as

ambient air passes through the stationary bed placed

on a multideck perforated belt conveyor.

The ambient air dryer can be competitive with

other dryer types because its simple design reduces

both investment and operation costs. Also, no high-

grade thermal energy is required for drying. These

advantages are partially offset by the need for high-

capacity fans to provide air velocity high enough to

compensate for the lower heat transfer rates due to

the use of lower air temperature. Also, the ambient air

should be sufficiently dry for this method to work

efficiently. An alternative model of the Dry-Rex sys-

tem includes a heat exchanger to preheat ambient air

utilizing low-grade heat such as waste process water,

steam, or exhaust air from other thermal processes.

The ambient air dryer as shown in Figure 20.56

has been tested by a manufacturer for a variety of

materials including solids (bark, wood chips, and

sugarcane residues), pastes (wood pulp, pulp and

paper mill sludge), and powders (ash and fly ash).

Table 20.24 presents representative data on ambient

air drying of various wastes from paper mills [85].

20.3.14 DRYER-GRANULATOR

Two techniques are commonly used to distribute a

liquid binder in a fluidized bed of the material to be

granulated: (i) spraying of the liquid over the top

surface of the fluid bed and (ii) injecting the liquid

spray into the bed of fluidized particles. The major

disadvantages of both techniques are: nonuniform
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coating of the particles by the liquid binder, need for

multiple nozzles, clogging of nozzles, and high-energy

consumption for liquid dispersion.

Marchevsky [87] has presented an innovative tech-

nique of feeding liquid into a fluidized bed of particles

to be granulated (Figure 20.57). Essentially, this
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FIGURE 20.56 General view of the Dry-Rex dryer. (Courtesy of
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dryer-granulator consists of a slowly rotating disk

(from 400 to 500 rpm) immersed in the circular bed,

which distributes the liquid binder flowing out of a

hollow shaft over the disk surface. This liquid film

coats a fraction of particles in contact with the disk

while the centrifugal force moves them away from the
Air
inlet

AIR
A

IR

Wet solids in

Vacuum

Mabarex, St. Laurent, Canada. With permission.)



TABLE 20.24
Ambient Air Drying of Residues from Paper Mills

Material Air Temperature, 8C Air Relative Humidity, % Moisture Content, % wb

Initial Final

Primary–secondary sludge (% mass)

10–90 17 60 87.4 30.7a

66–33 17 60 85.4 32.0a

64–36 5.5 30 70.2 26.8a

35–65 18 62 84.4 22.0a

30–70 15 40 76.0 17.1

60–40 17 62 81.0 22.0a

Deinking sludge �50% clay 16 92 61.7 7.9

Frozen bark 20 62 60.0 30.0a

Bark-sludge (50–50%) 20 29 60.0 20.5a

aLower values can be obtained but these were determined by the end-users as sufficient for firing in the boiler.

Source: From Courtesy of Mabarex, St. Laurent, Canada. With permission.
rotor. These particles agglomerate with others and dry

in a hot airstream in the fluid bed. Because of particle

recirculation in the bed, the cycle of coating, agglom-

eration and drying repeats itself, which results in a

progressive and thus uniform drying. The fine particles

are separated from the product granules in a pneu-

matic classifier and returned to the bed. The separated
Liquid
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shaft

Cold
air

Grinder

Classifier

Dryer

Exhaust

Hot air

FIGURE 20.57 Dryer-granulator.
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granules are further cooled in a rectangular flui-

dized bed attached to the cylindrical dryer-granulator.

Oversize granules are disintegrated in a side grinder,

classified pneumatically and returned to the bed.

Table 20.25 highlights the key operating parameters

for 2.5 m in diameter granulator with the bed height

about 0.3 m and the disk rotated at 450 rpm [87].
Cold

Cooler
Disk

air

Product
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TABLE 20.25
Characteristics of Dryer-Granulator

Parameter Skim Milk Albumin

Production rate, kg/s

Evaporated moisture 0.139 0.139

Dry product 0.1+ 0.01 0.0334

Moisture content, % w/w

Initial 40+ 5 15

Final 4.0 8.5

Inlet air temperature, 8C 115+ 15 115+ 5

Material temperature, 8C 57+ 3 50+ 5

Electricity consumption,

kJ/kg of water

612 552.2

Steam consumption,

kg/kg of water

2.0 1.7

Source: From Marchevsky, V.N., in Proceedings of the 12th

International Drying Symposium IDS2000 (P.J.A.M. Kerkhof,

W.J. Coumans, and G.D. Mooiweer, Eds.), 2000, Paper 195.

� 2006 by Taylor & Francis Group, LLC.
20.3.15 IR-MW FREEZE-DRYER

Freeze drying is one of the most energy-intensive,

time-consuming and hence expensive drying tech-

nologies. Direct supply of thermal energy into the

sublimation zone during freeze drying of capillary-

porous materials appears to be the most effective

method of reducing energy consumption as well as

the drying time. Figure 20.58 presents a schematic

diagram of a continuous vacuum freeze dryer for

drying of liquid feeds such as black currant juice

[88]. In contrast to the conventional batch freeze

dryers with heating plates and IR radiators, a com-

bined mode of heat supply is used here, namely IR

irradiation in the freezing and partial sublimation

zone (the upper chamber), and microwave heating

for finish drying (the lower chamber). The liquid

feed from a storage tank is pumped to the upper

chamber and dispersed by an ultrasound nozzle. Be-

cause of abrupt pressure drop to about 70 Pa, the
Condenser II

P, Pa

X, % wb
2 100

Nozzle

Freeze-
drying
chamber

Discharge



dispersed material freezes rapidly and then agglomer-

ates due to contact with a cloud of the dispersed

liquid. At the same time, the granules are partially

dried because of the infrared irradiation.

Frozen and surface-dry granules fall through a

conical collector into the lower chamber in which a

bed of particles is maintained throughout the process.

Because of MW heating, finish drying by sublimation

of the frozen water proceeds as the bed moves down

by gravity (c.f., pressure and moisture content distri-

bution along the dryer height in Figure 20.58). A

screw conveyor is used to transport the dry particles

into a vacuum lock allowing periodical discharge of

the product from a continuously operated dryer.

To facilitate removal of water vapor, a small

amount of inert gas (e.g., nitrogen, argon, or helium)

heated electrically to 20 to 30 8C is injected into the

bed of dried granules. The gas stream is fed to the

lower chamber through a porous metal-ceramic ring

embedded in the chamber wall just above the screw

conveyor. The evaporated moisture is removed from

the inert gas in two alternately operated condensers

[88]. Although the basic model of the dryer is

designed for liquid feeds, semisolid materials such as

whole or sliced berries can also be dried in such a

dryer if the spray nozzle is replaced with a screw

feeder. Table 20.26 compares the performance indices

for several dryers for black currant [89].

20.3.16 DRYER WITH A SPRING-TYPE ROTOR

Figure 20.59 presents a schematic of the contact dryer

where thermal energy supplied by conduction from

the dryer wall is complemented by mechanical energy

delivered by a spring-type rotor that disintegrates the

wet particulate material, or breaks agglomerates

when drying pasty feeds [90]. The rotor is made as a

coil spring bent at 908 with ends seated in the rotating
TABLE 20.26
Comparative Performance of Infrared, Convective and I

Parameter
Atmospheric

IR Band Dryer Con

Drying time (average), h 0.5–2.5

Energy consumption, kWh/kg of water 1.0

Surface area, m2/kg water 0.04

Initial moisture content, % wb 98

Final moisture content, % wb 2–3

Temperature, 8C 30–60

Loss of vitamin C, % 58

Source: From Lebedev, D.P., Unpublished report, 2002.
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pans. The spring is driven with a controllable speed

from 500 to 1500 rpm, depending on the material

characteristics and drying kinetics. The spring is typ-

ically made from a steel wire 3 to 10 mm in diameter,

and the mean coil diameter varies from 20 to 130 mm

depending on the dryer volume. By selecting the pitch

of the spring it is possible to grind the material to the

required size up to 15 mm. When fine powder should

be obtained, or pasty materials are to be dried, the

drying chamber can be filled with inert solids such as

corundum, ceramic, or steel balls. To avoid chocking

of the rotor the ball diameter should be larger than

the maximum distance between two adjacent coils of

the bent spring. For example, in an industrial dryer

0.05 m3 with a spring made of 6-mm wire, the 6-mm

steel balls are sufficient as the maximum gap between

two adjacent coils is 4 mm. The minimum static bed

height of inert balls securing proper circulation within

the dryer chamber is typically equal to one fourth of

the coil diameter. The material-to-balls mass ratio

may vary from 0.5 to 1.5 kg/kg. Performance charac-

teristics of the dryer-grinder are given in Table 20.27,

taking red beet as a sample material.

The dryer can be heated with steam, hot water, or

a thermal fluid. In batch operation, the cooling med-

ium can be passed in the jacket if cooling of the dry

product is required. When drying heat-sensitive ma-

terials, the dryer can also be operated under vacuum

down to about 60 Pa. The dryer-grinder can also be

operated in a continuous mode as well as with hot gas

as the drying medium. Detailed information on vari-

ous configurations of the dryer with a spring-type

rotor can be found in the monograph by Shulyak [91].

20.3.17 GRINDER-DRYER

The KDS Micronex grinder-dryer [92] is essentially

a grinder, which has the beneficial and originally
R-MW-Vacuum Freeze Dryer for Black Currant

Drying Freeze-Drying

vective Band Dryer Contact Heating MW þ Inert Gas

4–6 20–30 0.5–2.5

1.85 4.5 1.5

0.07 0.26 0.06

98 98 98

8.0 3.5 4.0

50–110 �35+ 40 �10+ 120

91 7 4
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FIGURE 20.59 Schematic diagram of the dryer-grinder: 1, drying chamber; 2, vapor exhaust; 3, condenser; 4, rotor; 5, dried

material–inert particles; 6, drive; 7, vacuum pump; 8, feed; 9, discharge; 10, heating–cooling jacket.
unintended serendipitous side effect of drying anything

that it grinds. No supplementary heat input is required,

yet it has been demonstrated to dry, for example, deink-

ing (paper) sludge from an initial moisture content of

53% wb to a final moisture content of 22% wb, at the

same time grinding it to reduce its particle size.

Figure 20.60 shows the schematic diagram of the

KDS Micronex machine and the isometric sectional
TABLE 20.27
Performance Characteristics of the Dryer

Raw material

Size

Moisture content

Product

Size

Moisture content

Drying time

Inert particles

Spring

Temperature of the heating medium

Temperature in the condenser

Pressure

Wall-to-material heat transfer coefficient

Evaporation capacity per heat transfer area

Fraction of heat from mechanical energy

Source: From Shulyak, V.A. and Berezyuk, D.I., in P

Energy-Saving Technologies for Drying and Hygro-Th

� 2006 by Taylor & Francis Group, LLC.
view of the torus. The KDS chamber encloses a set of

eight spinning chains and a stationary torus above it.

The chains are spun around in a horizontal plane by a

motor-driven hub. The velocity at the chain tips is 200

m/s. The top of the torus is concave and its bottom is

flat. Eight radially disposed baffle plates are welded at

1208 to the bottom surface of the torus. The blades

provide a surface for the particles to impinge on,
-Grinder for Red Beet

Cubes 10 mm

75% wb

0.02–0.12mm

5% wb

15 min

Steel balls 6mm

54 mm in diameter, 6-mm wire

75–908C
(�10) – (�15)8C
1–2 kPa

300–700W/(m2 K)

16–18 kg H2O/m2

10%

roceedings of the International Conference on

ermal Processing, Moscow, 2002.
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FIGURE 20.60 Schematic diagram of the KDS Micronex grinder-dryer. (Courtesy of First American Scientific Company,

Delta, BC, Canada. With permission.)
hence pulverize the product. In addition, the blades

direct the peripheral air to the flow through the

central hole of the torus.

The raw material is fed into the KDS chamber

through the inlet star valve. It slides down the con-

cave sides of the torus and falls on top of the spinning

hub. From there on, three different forces act on the

material:
� 20
1. A centripetal acceleration of 4800 gees flings

the material (and air) against the sides of the

KDS chamber. The impact pulverizes the ma-

terial. Some comminution also occurs because

the centripetal force literally pulls the material

apart.

2. Since the particles are accelerated along a ra-

dial path, the Coriolis force also plays a part in

the break-up of the material.

3. The particles also collide against the baffle

plates and the chains and with each other and

get comminuted.
The kinetic energy of impact causes heating of the

particles, so the moisture in them is flashed into

steam. The steam escapes from the particles and

then immediately recondenses into a fine mist, since

the temperatures inside KDS Micronex machine

never exceed 708C. Thus, water is removed from the
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material. The fine mist leaves the KDS Micronex

machine through the vapor vent.

The direction of air movement in the KDS cham-

ber is indicated by arrows. The airflow caused by the

chains doubles back on itself and goes out through

the cyclone duct carrying most of the material with it.

In addition to the air set in motion by the spinning

chains, air from the recirculating blower issues out as

a jet which is tangential to the torus. This jet splits

into two streams, one of which lifts up the material

between the torus periphery and the KDS chamber

and carries it above the torus and then on to the

cyclone. The other stream assists in the evacuation

of the particles through the cyclone duct, leading to

the cyclone. A vapor vent acts as the exit point for the

water mist, as mentioned earlier.

The dry particles are carried by the air in the

cyclone duct to a conventional cyclone where the air

and particles are separated. The dry particles come

out through an outlet star valve at the cyclone bottom

and the cleaned air leaves through the cyclone outlet

on the top only to be pumped back into the KDS

chamber by the recirculating blower.

Some performance data on the KDS Micronex

dryer 1.4 m in diameter are shown in Table 20.28.

The moisture content reported below is on wet basis.

The numbers in Table 20.28 were obtained when

operating the grinder-dryer rather conservatively.



TABLE 20.28
Performance Data of the KDS Micronex Grinder-Dryer

Material Feed Rate,kg/h Moisture Content,

% wb

Electricity

Consumption, kW

Product Particle

Diameter, mm

Feed Product

Deinking (paper) sludge 1000 50 15 90 Fibers

Primary þ secondary

paper sludge (50/50 mass)

489 80 28 130 Fibers

Chicken (broiler) manure 2095 15 12 150 0.60

Wood chips 980 14 7 130 0.71

Limestone 3825 <10 <5 150 0.075

Source: From Courtesy of the First American Scientific Corporation, Delta, BC, Canada. With permission.
Most of the power consumption is due to the aerody-

namic drag on the chains. Hence, reducing the power

consumption is quite possible [93].

20.3.18 MW AND RF-ASSISTED DRYERS

Though dielectric drying as presented elsewhere in

this handbook is a mature technology, a continuous

progress is noted in RF- and MW-assisted drying as it

greatly eliminates thermal lag due to heat diffusion

and provides some unique features such as [3]:

. Enhanced diffusion of liquid and vapor

moisture
. Coincidental temperature and mass concentra-

tion gradients
. Internal pressure gradient as an additional mass

transfer driving force
. Stabilized material temperature at or below the

liquid boiling point

Because of these features, a total drying cost for green

lumber dried in a combination dryer with RF heating

and hot air drying can be reduced even by half as

compared to conventional hot air kiln [94].

An advanced technique in the RF band of an

electromagnetic energy, which provides continuous

tuning of the generator to the load, is the so-called

50-ohm technology [95–97]. In contrast to conven-

tional RF generators with variable impedance, the

output impedance of the quartz-driven RF generator

used in this technology is fixed at 50 V. It permits the

use of flexible coaxial cables (50 V) so the dryer is not

physically constrained to the location of the power

source. In addition, precise control over the incident

and reflected power is possible since the impedance of

the load can easily be measured using a spectrum
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analyzer, for example. The exact value of the imped-

ance then permits the calculation of a fitted matching

unit with variable vacuum capacitors. In addition, the

use of a phase and amplitude discriminator allows the

system to be automated. Quartz-driven generator

guarantees frequency stability and hence conforms

to the authorized frequency band regulations.

A typical RF system operated with the 50-ohm

technology consists of an RF generator with 50 V

output impedance, the matching unit, and the appli-

cator (a dryer), all linked with 50 V coaxial cables

(Figure 20.61). Power specifications for the RF gen-

erator are defined according to the product that is

heated and permissible frequency of 13.56 or 27.12

MHz. The output power of the generator can be

adjusted automatically or manually by a potentiom-

eter with the incident and reflected power that is

displayed on the front panel of the generator. Because

the reflected energy can destroy the RF generator, the

system is equipped with a limiter, which adjusts

the incident power in order to restrict the reflected

power at 10% of the maximum power.

The matching unit permits the maximum of the RF

energy from the generator to be transferred to the prod-

uct. Such anoptimum power transfer (reflected power is

zero) is only possible when the input impedance of the

applicator is equal to the output impedance of the

generator. To match the impedance, two parameters

have to be adjusted: one to adjust the phase and another

to adjust the amplitude. The matching unit can be

automatic or operated manually. In most of the cases,

the characteristics of the material vary during the pro-

cess. This requires continuous adjustments on the

matching device; in such a case, the manual method is

not advised. In order to have an automatic matching

unit, it is necessary to measure the phase and the

amplitude of the system by means of a discriminator.
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FIGURE 20.61 Basic configuration of the RF 50 V technology for paper drying. (Courtesy of SAIREM, France).
The matching unit has to be as close as possible to the

applicator to minimize the losses.

The applicator is defined according to the material to

be treated (particulate materials, sheets or bands, bulk

solids), the process to be used (e.g., drying, gluing), treat-

ment to be made (curing, surface heating, hardening),

complementary energy source (hot air, infrared, heating

plates), or special applications such as vapor extraction.

Essentially, the drying characteristics of the RF

50-ohm technology are the same as that for conven-

tional RF drying. The main feature, however, is better

utilization of the electromagnetic energy, which alters

the drying rate and allows more uniform drying to be

obtained.

The energy and drying performance of the 50-ohm

technology was tested with a 190 �190 �14.3-mm

board made of mineral and cellulose components

that form the structure of foamed particles stuck in

a fibrous network with pore size ranging from 1 to

100 mm [98]. The board with initial moisture content

of about 1.6 kg/kg was placed between two vertical

200 �200-mm electrodes spaced by 40 (or 60) mm in a

477 �350 �340-mm drying cavity. The electromag-

netic energy from the 1.2-kW RF solid-state gener-

ator operated at 27.12 MHz was transmitted to the

applicator by an automatic matching device, yielding

a constant 50-ohm impedance load. Drying experi-

ments were performed for five levels of electrode volt-

age (0.8, 1.2, 1.6, 2.0, and 2.4 kV). Approximately
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0.05 m3/s of ambient air was blown through the cavity

to remove the evaporated water.

Three different methods were used to quantify the

RF energy dissipated in the product: thermal energy

balance based on the product mass and temperature

measurements; electrical losses in the matching device

(insertion losses) and inductance losses calculated from

the flow rate and temperature rise of the cooling water.

Figure 20.62 presents a comparison of the energy

transferred to the product determined with these

three methods (for the case of worst discrepancy).

These estimates have all about the same shape, which

indicates that any one of these methods can be

used for the determination of the transmitted power.

Figure 20.63 presents the normalized RF power and

drying rate plotted against the product moisture content

for several values of the electrode voltage. The normal-

ized values are here the ratios of the actual value to the

maximum value obtained in the experiment. Character-

istically, these curves are of the same shape, which indi-

cates a close relation between the RF power and the

drying rate and therefore confirms favorable energy per-

formance of the 50-ohm technology, as far as transmis-

sion and matching issues are concerned.

The main advantages of this technology are

claimed to be as follows [96]:

. The use of the quartz-driven generators yields

high stability of frequency
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. Reduction of RF radiation emitted by the ap-

plicator due to permanent tuning
. Limitation of flash risk
. Reduced power consumption as compared to

the traditional RF equipment
. Improved operation (simplified control, reduced

adjusting time, complete automation, versatile

and remote command of the system, etc.)

The RF technology appears to be well suited as a

heating source for industrial applications that require
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high power and short process times, such as paper

drying. Flexibility of the 50-ohm technology enables

one generator to be used in sequential mode with two

or three applicators. In terms of the costs of the RF

drying systems, the investments are clearly very high,

but the payback is relatively short.

Except for some special applications like drying

with sol-gel transformations [99], dielectric drying is

especially advantageous when combined with other

drying methods. Examples are hybrid technologies

such as RF-assisted heat pump drying, MW-convective
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TABLE 20.29
Characteristics of the RF-Vacuum Dryer

Operation Batch (Wood); Continuous

(Food Products)

Chamber capacity, m3 5–75

Throughput (wood), m3/year Up to 70,000

Frequency, MHz 6.78 (wood); 40.68 (food products)

RF power output, kW 20–300kW

RF power density, kW/m3 Up to 5

Vacuum Down to 3300Pa

Energy consumption,a

kWh/kg H2O

1.3 (hygroscopic materials)

1.0 (nonhygroscopic materials)

a0.7 kWh/kg free water.

Source: Courtesy of HeatWave USA. McMinnville, OR. With

permission.
drying, MW-vacuum drying, and MW-superheated

steam drying that have been verified in laboratory and

pilot tests [3].

One of the commercially successful hybrid dryers

built on the 50-ohm technology is the RF-vacuum

dryer for bulk solids such as sawn wood [100]. At

lower drying temperatures, resulting from reduced

boiling point under vacuum, wood retains mechanical

strength so it is less susceptible to drying defects such

as checking. Because moisture is removed from the

kiln as water vapor, there is a potential for increased

energy efficiency as heat is not lost with the vented

hot and humid air. An added feature of RF heating

for vacuum drying of wood is a possibility to stack

lumber in a solid pile (without stickers). This not only

reduces the load volume but also allows the use of the

load-restraining system [101], which prevents wood

from any movement during drying and thus greatly

reducing twist, bow, cap, crook, warp, and the like

defects. Characteristically shaped electrodes provide

the most uniform E-field throughout the bulk of a

drying material [102]. The end-point detection system
TABLE 20.30
Performance of the RFV Kiln for Lumber

Parameter Air-Dry Lumber

(2’’ Hemfir)

22–12%
2

Drying time, h 5

Total electricity, kWh/Mfbm 64

1m3 ¼ 0.424Mfbm.

Source: Courtesy of HeatWave USA. McMinnville, OR. With permissi
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integrated in the control circuit allows the average

moisture content and the time to complete drying to

be monitored over the entire drying cycle. Provided

with an access to Internet or Intranet, the control

system secures remote supervising of the kiln oper-

ation. Once the target moisture content is reached, the

kiln automatically stops and unloads the kiln charge.

As applied to drying of solid wood, the RFV tech-

nology has the following production advantages [100]:

. The drying rate is up to ten times higher than

that in a conventional kiln. An added benefit is

no stickering of the lumber packages.
. Accelerated drying for smaller kiln charges. The

ability to dry at the same time different species

and dimensions allows for greater production

and scheduling flexibility. The RFV kilns can

also be used for pasteurization and fixation of

preservatives.
. Improved product quality; the RFV-dried wood

retains its natural color with the appearance as

of freshly sawn wood. In addition, there is no

heat discoloration or brown staining during dry-

ing. Chemical oxidation due to contact with

drying air is practically eliminated.
. Stress-free drying at low temperature substan-

tially reduces shrinkage and this allows a reduc-

tion in green target sizes and improved lumber

yields.

Table 20.29 provides performance characteristics

of the RF-vacuum dryer whereas Table 20.30 com-

pares drying time and electricity consumption for

several wood species dried in the radio frequency

vacuum wood kiln.
20.4 CONCLUSIONS

This chapter focused on novel drying technologies

based on one or more concepts not found in

corresponding conventional drying technologies.
Green Lumber

’’ Hemfir

55–10%

4’’� 4’’ White

Pine 40–10%

1’’ and 2’’
Birch 505–508%

36 36 60

546 356 863

on.



All techniques mentioned here have found industrial-

scale applications or have been field-tested. Most of

the feedstocks considered are in the form of liquids,

pastes, sludges, or granular solids, except for the fluid

bed dryer with active solids (for drying of leather) and

the Remaflam dryer for textiles. New technologies for

drying paper are covered in the chapter on pulp and

paper drying. This chapter effectively updates several

chapters in this handbook.
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NOMENCLATURE

b width, m

d particle diameter, m

D diameter, m

f frequency, 1/s

H bed height, m

H distance between accelerating ducts, m

L dimensionless distance

n number of stages,—

n rotational speed, 1/s

N number of blades

P pressure, Pa

DP pressure drop, Pa

s pitch, m

t time, h

T temperature, K (8C)

u velocity, m/s

W mass flow rate, kg/s

x coordinate, m

X moisture content (dry basis), kg/kg or %

X’ moisture content (wet basis), %

SUBSCRIPTS

e equivalent

ev evaporation

f final
� 2006 by Taylor & Francis Group, LLC.
g gas

i inlet

m material

o outlet

r residence

0 initial/flow duct

p particle (droplet)

1 inlet (initial)

2 outlet (final)

SUPERSCRIPTS

* reference parameter

GREEK LETTERS

b angle, 8
« bed voidage

h efficiency, %

ABBREVIATIONS

db dry basis

dB decibel

E electric field

dm dry matter

ppm parts per million

rpm revolutions per minute

v/v volume by volume

wb wet basis

w/w weight by weight

LIST OF ACRONYMS

C–G Carvar–Greenfield (process)

DCCA drying control chemical additive

FB fluid bed

IS impinging stream

ISD impinging stream dryer

MVR mechanical vapor recompression

PCD pulsed combustion dryer

PFB pulsed fluid bed

PTFE polytetrafluoro ethylene (Teflon)

TLV threshold limit value

VFB vibro fluid bed

VRB vibro-rotational bed

VSD vortex spray dryer
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and Schöber, E. 1991. Proceedings of the International

Symposium on Pulsating Combustion, Monterey, Cali-

fornia. Paper B-6.
33.
 Glorius, T., Barnert-Wiemer, H., Schöber, E., and
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21.1 INTRODUCTION

The removal of moisture from solids is an integral

part of food processing. Almost every food product

is dried at least once at one point of its preparation.

The main objectives of dehydration are summarized

as follows [32].

21.1.1 EXTENDED STORAGE LIFE

A dry food product is less susceptible to spoilage

caused by the growth of bacteria, molds, and insects.

The activity of many microorganisms and insects is

inhibited in an environment in which the equilibrium

relative humidity is below 70%. Likewise, the risk of

unfavorable oxidative and enzymatic reactions that

shorten the shelf life of food is reduced.

21.1.2 QUALITY ENHANCEMENT

Many favorable qualities and nutritional values of

food or feed products may be enhanced by drying.

Palatability is improved, and likewise digestibility and

metabolic conversions are increased. Drying also

changes color, flavor, and often the appearance of a

food item. The acceptance to that change varies by

the end user.

21.1.3 EASE OF HANDLING

Packaging, handling, and transportation of a dry

product are easier and cheaper because the weight

and the volume of a product are less in its dried

form. A dry product flows easier than a wet product;

thus gravity forces can be utilized for loading and

unloading and short-distance hauling.
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21.1.4 FURTHER PROCESSING

Food products are dried for improved milling, mix-

ing, or segregation. A dry product takes far less en-

ergy than a wet product to be milled. A dry product

mixes with other materials more uniformly and is less

sticky compared with a wet product.
21.1.5 SANITATION

Drying has also been used as a means of food sanita-

tion. Insects and other microorganisms are destroyed

during the application of heat and moisture diffusion.

The sanitation aspect of drying is a time–temperature

phenomena [25]. The temperature should be at least

608C for a short duration of 3 to 5 min. Lower tem-

peratures, to a minimum of 488C, can be used for

disinfestation but the treatment duration should last

at least for 24 h or longer. Disinfestation in high

temperature rotary and tunnel dryers has been stud-

ied and results have been published by Sokhansanj

et al. [26] and Sokhansanj and Wood [24].
21.2 MOISTURE IN FOODS

The volatile part of a food item can be termed mois-

ture. Moisture, in the form of water molecules, is

bonded to various parts of the product in varying

ways as follows: (a) ionic groups, such as carboxyl

and amino acids and (b) hydrogen groups, such as

hydroxyl and amides. In high-moisture foods in

which moisture contents are more than 50% wet

basis, unbound free water exists in the interstitial

pores and in intercellular spaces. The descending



order of difficulty to remove water from the product

also follows the above order.

A food product is in equilibrium with its sur-

roundings when its internal vapor pressure is in equi-

librium with the outside vapor pressure. The moisture

content of the product at this stage is called the

equilibrium moisture content (EMC). The corre-

sponding vapor pressure in surrounding air at the

same temperature is called the equilibrium vapor

pressure. The ratio of the equilibrium vapor pressure

to the saturation vapor pressure is known as the

equilibrium relative humidity (ERH), or water activity.

A plot of EMC versus ERH usually has a sigmoid

(S) shape. The reason is that the affinity of the solid to

moisture and the ease of moisture adsorption or de-

sorption depend upon the way moisture bonds to the

solid [19]. Starting from a bone-dry solid exposed to a

humid environment, in a range of 5–10% moisture

content, a single layer of water molecules is formed.

The next stage is the formation of a multilayer of

water molecules, during which the slope of the iso-

therm curve is gradual. The last stage is filling of the

capillary pores by condensed water.

The EMC varies with temperature. Several plots of

EMC versus ERH are drawn for various temperatures.

Each plot is often called an isotherm. Samples of iso-

therms of various food items are given in Figure 21.1.
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FIGURE 21.1 Selected water sorption isotherms (1. egg

solids, 108C; 2. beef, 108C; 3. codfish, 308C; 4. coffee,

108C; 5. starch gel, 258C; 6. potato, 288C; 7. orange juice).

(From Van Arsdel, W.B. and Copley, M.J., Food Dehydra-

tion, Vol. 1, AVI Publ. Co., Inc., Westport, CT, 1973. With

permission.)
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Food demonstrates a hysteresis phenomenon dur-

ing adsorption and desorption processes. Irreversible

physical and chemical changes are responsible for

this behavior. Often the EMC of a food product in a

given condition is varied by 2% points, depending on

whether EMC is obtained by removing or adding

moisture.

EMCs of foods generally are found experimen-

tally. The following equation has been found to fit

the experimental data [20]:

Pv

M(Ps � Pv)
¼ 1

MsC
þ C � 1

MsC

Pv

Ps

(21:1)

where Pv and Ps are water vapor pressure and satur-

ated vapor pressure, respectively. C is called the

energy constant and it is temperature-dependent

[31]. M and Ms are the moisture and the EMC,

respectively. These values can be found by performing

drying experiments on a thin layer of sample of the

product and plotting Pv/M(Ps� Pv) versus Pv/Ps. The

order of magnitude of C and Ms are 13.0 and 0.10,

respectively. Ms in Equation 21.1 is considered con-

stant at which a single layer water molecules coat the

surface of the solid particles.

An equation that has been widely used in the

dehydration of cereal grains is of the form

Me ¼ E � F ln[� R(T þ C) ln(RH)] (21:2)

Values of the constants E, F, and C are given in Table

21.1. R is the universal gas constant and its value is

1.987 in SI units.

The role of moisture in food drying and storage is

expressed in terms of water activity. Water activity in
TABLE 21.1
Coefficients for Use in EMCE RH (Equation 21.2)

Product C E F

Barley 91.323 0.368149 0.402787

Beans 120.098 0.480920 0.066826

Corn 30.205 0.379212 0.058970

Rice 35.703 0.325535 0.046015

Sorghum 102.849 0.391444 0.050970

Soybean 24.576 0.375314 0.066816

Wheat, durum 112.350 0.415593 0.055318

Wheat, hard 50.998 0.395155 0.056788

Wheat, soft 35.662 0.308163 0.042360

Source: From ASAE, Standards 1984, American Society of

Agricultural Engineers, St. Joseph, Michigan, 1984. With permission.



a moist food is defined in a similar manner as the

relative humidity is defined in moist air, that is,

the ratio of vapor pressure to the saturated vapor

pressure at the same temperature.

Water activity relates to the chemical activity of

moisture in the food during drying and storage. Oxi-

dation activity is only possible at water activities

higher than 0.4 and the rate of inactivation of other

organisms requires a water activity of 0.7 or lower.

Some enzymatic activities may continue at low levels

of water activities of 0.1–0.3 but their reaction rate

decreases at low water activities.

Water activity in foods is related to moisture con-

tent using Guggenheim–Anderson–de Boer (GAB)

equation:

M ¼ MsCKaw

(1� Kaw)(1� Kaw þ CKaw)

where C, K, and Ms are constants. Their value can be

estimated from experimental data of M versus aw as

follows:

1

M
¼ b0þb1

1

aw

þb2

1

a2
w

b0 ¼�
1

CM2

, b1 ¼
1

CKMs

� 2

C2KMs

, b2 ¼
1

Ms(CK)2
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21.3 AIR–VAPOR RELATIONSHIP

Dry air and water vapor exert a certain pressure

upon each other when they are mixed. These pres-

sures are called partial pressures. The difference in

partial pressure of water vapor in the air and the

pressure of the moisture in the product is the driving

force for drying.

The interrelationships between air and water vapor

are called psychrometric properties [3]. Changes in

these properties are shown by a psychrometric chart.

A sample of the chart is given in Figure 21.2. The

psychrometric terms given in the chart are defined as

follows.
21.3.1 DRY BULB TEMPERATURE

Dry bulb temperature is the air temperature indicated

by an ordinary thermometer. It is given on the hori-

zontal axis of the psychrometric chart.
21.3.2 HUMIDITY RATIO

Humidity ratio or absolute humidity is the ratio of

the weight of water vapor to the weight of dry air.

Humidity ratios are on the vertical axis of the psy-

chrometric chart.
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21.3.3 RELATIVE HUMIDITY

The ratio of vapor pressure to saturation vapor pres-

sure is called relative humidity. Relative humidity is

an indication of the maximum moisture that the

moist air can hold at a given temperature. The 100%

relative humidity line constitutes the extreme left-side

boundary of the psychrometric chart.

21.3.4 DEW POINT

Dew point temperature is the temperature at which

condensation occurs when the air is cooled at a con-

stant humidity ratio and at constant pressure. Dew

point is read on the dry bulb axis corresponding to

the saturation relative humidity curve.

21.3.5 WET B ULB T EMPERATURE

Wet bulb temperature is the temperature shown by a

thermometer with a liquid container that is wrapped

by a dampened cloth and exposed to the moving air.

Air must blow at a speed of 5 m/s (18 km/h) over the

moistened cloth in order to obtain a correct wet bulb

temperature. Wet bulb temperatures are the slanted

lines on the psychrometric chart.

21.3.6 ENTHALPY

Enthalpy is the heat content of the moist air. Heat

content is based upon a convenient 08C. Enthalpy

lines are almost parallel to the wet bulb lines on the

psychrometric chart.
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FIGURE 21.3 Adiabatic drying on a psychrometric chart.
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21.3.7 SPECIFIC V OLUME

Specific volume is the volume of each unit weight of

the moist air. The utility of a psychrometric chart in

an adiabatic dehydration process is shown in Figure

21.3. Point 1 is the ambient air condition. Point 2 is

the air after heating to a certain temperature, T2.

Point 3 is the exit condition of drying air after it has

passed through the dryer. Note that in the drying

process, air has been cooled while taking up moisture

from the product. Often the line between points 2 and

3 is a straight line and is parallel to the wet bulb

temperature.

A psychrometric chart is quite useful when used

within its limitations. For instance, the chart in Fig-

ure 21.2 is valid only for atmospheric pressure. It also

does not handle heats of formation and crystalli-

zation or temperature of the food. When vapors

other than water are involved, a separate chart must

be used.
21.3.8 PSYCHROMETRIC CALCULATIONS

Equations used to compute properties of moist air are

as follows:

Saturation vapor pressure Ps as a function of

absolute temperature T can be given as

ln (Ps) ¼ 31:9602� 6270:3605

T

� 0:46057 ln (T)� 255:83

� T � 273:16
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H
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ln (Ps=R) ¼ Aþ BT þ CT2 þDT3 þ ET4

FT � GT2

� 273:16 � T � 533:16

R ¼ 22105649:25, A ¼ �27405:526, B ¼ 97:5413

C ¼ �0:146244, D ¼ 0:12558� 10�3

E ¼ �0:48502� 10�7, F ¼ 4:34903

G ¼ 0:39381� 10�2

Humidity ratio, H

H ¼ 0:6219Pv

Patm�Pv

, 255:38� T � 533:16, Patm¼ 101,330 Pa

Specific volume

Vsa¼
287T

Patm�Pv

, 255:38� T � 533:16, Patm¼ 101,330 Pa

Relative humidity, RH

RH ¼ Pv

Ps

The units of T are kelvin and pressures are in pascal.

One usually has the initial air conditions specified

in terms of the relative humidity and temperature.

Drying calculations are carried out in terms of the

humidity ratio. Atypical use of psychrometric equa-

tions may follow the following sequences: use T to

calculate Ps, use RH and Ps to calculate Pv, and use

Pv and Patm to calculate the humidity ratio H. For

more equations relating other properties of moist air,

see American Society of Agricultural Engineers

(ASAE) standards [25].
21.4 DRYING MODELING
AND CALCULATIONS

21.4.1 GENERAL

A mathematical model with which the dryer and pro-

cess parameters can be studied is of extreme utility to

the industry. A reliable model often will prevent or

minimize costly mistakes in prototype development.

The model also can be utilized for the control of

process, specifically in adaptive and feed-forward

control strategies. With the proliferation of low cost

and powerful computers, the simulation models are

useful. In this chapter, the emphasis is on the presen-

tation of formulas and equations rather than the

conventional charts and graphs in drying calculations.
� 2006 by Taylor & Francis Group, LLC.
The following is a list of significant parameters

that influence the performance of a dryer [2]:
1. Process air variables

(a) Airflow rate

(b) Drying air temperature

(c) Drying air humidity ratio

2. Product variables

(a) Product throughput

(b) Initial and final moisture contents

(c) Material sizes and size distribution

3. Dimensional variables

(a) Width, height, or diameter of the dryer

(b) Length of the dryer and the number of passes

(c) Dryer configuration
These variables can be controlled or adjusted. Many

variables, such as aerodynamic properties of the drying

materials, exposed surface area of the product, drying

rate characteristics, and the EMC, are specific and

cannot be controlled.

A comprehensive drying model must include all

the aforementioned variables. It must include the

psychrometric and thermal properties of air, vapor,

and liquid water. The development of a drying simu-

lation model is described in the following. Simplifying

assumptions and limitations inherent in the model are

as follows:
1. A uniform feed rate, with a uniform moisture

content

2. A uniform size product

3. No heat loss or heat gain through the dryer

walls

4. No external heat and mass fluxes other than

those between the air and the material in the

dryer
21.4.2 HEAT BALANCE EQUATION

Heat balance over a layer of drying particles over the

time interval dt, with 08C as the reference temperature

for enthalpy, is written as [29]:

Energy lost by air ¼ energy gained by material

AG dt(i� i0)¼Ad dz[(CpþMCw)(T 0g�Tg)þdMCwT 0g]

(21:3)

Refer to the Nomenclature for definitions.

The enthalpy i can be expressed as

i ¼ 1005Ta þ Xa(1820Ta þ 2,501,000) (21:4)
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FIGURE 21.4 Drying curve for high-moisture foodstuff.

(Sweeney, J.P. and Marsh, A.C., J. Am. Diet. Assoc. 59,

238, 1971. With permission.)
Let

F ¼ d dz

G dt
(21:5)

Then

T 0a(1005þ 1820X 0a)¼ Ta(1005þ 1820Xa)

þT 0g[F (CpþM0Cw)]

þTg{�F [Cpþ (M0 � dM)Cw]}

þ 2,501,000(Xa�X 0a) (21:6)

21.4.3 HEAT TRANSFER EQUATION

The heat transfer equation describes what happens

to the heat that is transferred from drying air to

material. This heat raises the temperature of solids

and evaporates moisture from the product:

Hdt
(Ta þ T 0a)� (Tg þ T 0g)

2

¼ d[(Cp þM0Cw)(T 0g � Tg)þ (� dM)(i0v � CwTg)]

(21:7)

where the enthalpy of the water vapor (iv
0 ) at Ta

0 is

given by

i0v ¼ 1820T 0a þ 2,501,000 (21:8)

21.4.4 MOISTURE BALANCE

Taking a moisture balance over a time interval dt for

the layer dz yields

A dz d(M �M0) ¼ AG dt(X 0a � Xa) (21:9)

Equation 21.6 through Equation 21.9 must be solved

simultaneously for a particular configuration of

dryer. The configuration may involve stationary

batch, concurrent flow, or counterflow, or it may be

a crossflow dryer. In each instance, the values of dz

and dt are chosen such that the model predicts the

physical setup. Equation 21.6, Equation 21.7, and

Equation 21.9 describe the air temperature Ta, air

humidity Xa, grain moisture content M, and grain

temperature Tg
0. An additional relationship is needed

to describe the drying rate of material. The drying

rate will be described in the following section.
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21.4.5 DRYING RATES

Moisture is transferred from inside a moist material

to the outside surface, where it evaporates. High-

moisture foods with a moisture content of more

than 50% wet basis may demonstrate two distinct

drying rates: (a) a constant drying rate and (b) a

falling drying rate [21]. The curve in Figure 21.4

depicts these two periods. The methods of estimating

drying rates for each period are different. The mois-

ture content at which the food material demonstrates

a change from constant rate drying to falling rate

drying is called the critical moisture content. There

may be several critical moisture contents for a par-

ticular food item.

21.4.6 CONSTANT RATE DRYING PERIOD

During constant rate drying, moisture is always avail-

able at the surface such that resistance to moisture

removal is only the rate at which the moisture can

evaporate. The constant rate drying period is de-

scribed by the relationship

dM

dt
¼ HA(Ta � Tw)

L
¼ KmA(Xw � Xa) (21:10)

where H and Km are coefficients that describe heat

transfer and moisture transfer conditions at the surface.

Heat transfer and moisture transfer are physical phe-

nomena that are similar in their mathematical represen-

tations. Therefore, the relationships similar to those



estimating H values can be used to find the Km values.

Coefficients H and Km are related to each other by

Lewis number Le as

Le ¼ H

Km Cp

(21 :11)

Under conditions in which pressures are in the range

of atmospheric (about 100 kPa) and temperatures are

under 100 8C, Le is nearly equal to 1. Hence, Km can

be found from H values as

Km ¼
H

Cp

(21 :12)

The heat transfer H can be estimated using equations

published in standard textbooks [30] (see Section

21.4.8).

Several empirical formulas for drying rate

during a constant rate period have been developed

with experimental data. For example, the following

experimental relationships are given in high-tempera-

ture alfalfa drying. When Ta > 200 8C,

dM

dt
¼ �K0 ¼ 0:03066 þ 0:0004113 Ta (21 :13)

Equation 21.13 signifies the fact that at temperatures

beyond 200 8C, the rate of drying is constant as long as

the drying temperature remains constant.

21.4.7 FALLING R ATE DRYING P ERIOD

After all the water at the surface of the material has

been exhausted, the moisture is diffused from the

internal parts of the product to the surface. The

amount of water at the surface becomes progressively

scarce. As a result the drying rate will be slower as

time progresses. The following relationship can be

used to describe the rate of drying:

dM

dt
¼ �KA

dP

dx 
(21 :14)

where K is a moisture transfer (diffusion) coefficient

and d P/d x is the driving force for the moisture move-

ment in terms of water vapor pressure within the

product. The moisture can be in the form of vapor

or of liquid or a combination of these forms.

It is difficult to solve Equation 21.14 for many prod-

ucts. A modified form of this equation is presented as

d M

dt
¼ p2 D

4L2
x

(M � Me) (21 :15)
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Diffusion coefficient D is constant for the entire fall-

ing rate period. Lx is the thickness of the solid.

A variation of Equation 21.15 is proposed when the

ratio ( M � Me)/( Mi � Me) is greater than 0.6, as

dM

d t
¼ H( Ta � Tw)

2dLx L

M � Me

Mi � Me

(21 :16)

The applicability of Equation 21.16 is limited to slab

or geometrically well-defined products. A much sim-

pler expression for the average moisture content of

food material is written as

dM

dt
¼ �k( M � Me) (21 :17)

In writing Equation 21.17, two assumptions have

been made: (a) the distribution of moisture within

the product is uniform and (b) the drying rate is much

dependent on the drying constant k and the equilibrium

moisture Me. The value of k must be found experimen-

tally. Usually a thin layer of product is fully exposed to

a highly controlled hot air. Equation 21.17 is fitted to

the experimental drying data.

A solution to Equation 21.17 takes the form of Mr

¼ exp(� kt) or its variation Mr ¼ exp(�ktn). ASAE

[28] publishes values of k and n for a number of foods

(ASAE Standard S448 — Thinlayer Drying of Agricul-

tural Crops). ASAE [28] also describes a standardized

experimental technique for estimating the drying con-

stants k and n.

When the assumption of ‘‘uniformity of moisture

in the product’’ is no longer valid because of the

product size, then the following procedure must be

used to calculate drying rate and drying times. As it

was mentioned earlier, moisture transfer is analo-

gous to heat transfer. Therefore, the well-established

methods of heat transfer calculations can be utilized

for drying (moisture transfer) calculations. For ex-

ample, the moisture gradients can be estimated

using moisture transfer graphs similar to those of

Heisler charts for heat transfer. The charts for find-

ing moisture content at the center of an infinite slab,

cylinder, and sphere are given in Figure 21.5. The use

of these charts has been demonstrated by numerical

examples in Ref. [5].

As an alternative to the charts, empirical equa-

tions have been developed. The data for the develop-

ment of these equations are essentially those of the

charts. The equations for use are as follows. For a

slab-shaped food product,

Mc ¼ Rp exp (�SpF0) (21:18)
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FIGURE 21.5 Moisture content distribution during dehydration, at the center of (a) an infinite slab; (b) a cylinder; and (c) a

sphere. (From Ramaswamy, H.S. and Lo, K.V., Simplified Relationships for Moisture Distribution during Drying of Regular

Solids. ASAE Paper No. 81–103. American Society of Agricultural Engineers, St. Joseph, Michigan, 1981. With permission.)
For a cylindrical food product,

Mc ¼ Rc exp (�ScF0) (21:19)

For a spherical food product,

Mc ¼ Rs exp (�SsF0) (21:20)
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where Mc is the moisture content dry basis at the

center of the slab, cylinder, or sphere. Other constants

are defined as

Rp¼0:2884A(M)þ0:007927A(M2)�0:05287A2(M0:5)

þ0:01696A2(M=3)�0:09581[A(M2)]0:5þ1:0018

(21:21)



Sp ¼ 0:4608 A( M) � 0:08319 A( M2) þ 0:03752 A( M3)

þ 0:8153 A(M=3) þ 0:2439 A2( M0:5) þ 0:001745

(21 :22)

Rc ¼ 0:7398 A(M=3) � 0:01723 A(M3)

� 0:2151 A2(M=3) þ 1:004 (21 :23)

Sc ¼ 0:6517 A(M) þ 2:3186 A( M=3)

þ 0:5124 A2(M0 :5) þ 0:004211 (21 :24)

Rs ¼ 1:0847 A(M=3) � 0:2204 A2( M0:5)

� 0:1222 A2( M=3) þ 0:1041[A( M)]0 :5 þ 0:9806

(21 :25)

Ss ¼ 0:1970 A( M2) þ 51 ;772 A( M =3) þ0:6585 A2(M0 :5)

þ0:3960 A(M) A(1=M) þ 0:003257

(21 :26)

where A is arctangent function, F0 is Dt/(Lx)
2, and M

is mass transfer resistance ratio defined as ( Dd/Km Lx)

and it is similar to ( K/ HLx) in heat transfer. Equation

21.18 through Equation 21.26 are valid for 0.1 < Mc

< 40. For a full description, see Ref. [4].

21.4.8 HEAT T RANSFER C OEFFICIENT

The heat transfer coefficient describes the rate of heat

transfer between a food product and the flowing gas.

It is mainly dependent on the gas flow and solid

configuration. For a laminar flow over a flat food

product, Nusselt number, Nu, can be estimated by

Nu ¼ 0:664(Re)0:5( Pr)0:33 (21 :27)

Heat transfer coefficient H can be found from

H ¼ Kf Nu

Lx

(21 :28)

For natural or free convection, in which the tempera-

ture differential is the main cause of heat transfer

from the surface of a solid to air, the following rela-

tionships can be used:

Nu ¼ k(GrPr) a (21 :29)

The constants for vertical flat surfaces and vertical

cylinders are as follows: for 104 < Gr Pr < 109, k ¼
0.59 and a ¼ 0.25, and for 109 > Gr Pr, k ¼ 0.021

and a ¼ 0.4; for a horizontal cylinder, k ¼ 0.525 and

a ¼ 0.25, when Pr > 0.5 and 103 < Gr < 109. Gr and
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Pr are Grashof and Prandtl numbers, respectively.

These numbers are defined in the Nomenclature.

The heat transfer equation for a granular product

in which airflows through the mass can be estimated

by the following equation. For Re > 350,

H ¼ 1:06 Re�0 :41 (21 :30)

and for Re � 350,

H ¼ 1:95 Re�0 :51 (21 :31)

Theunitsof H inEquation21.30andEquation21.31are

Btu/(h ft2 8F). 1 Btu/(h ft2 8F) is equal to 5.678 W/m2 K.
21.5 PHYSICAL AND THERMAL PROPERTIES

Drying calculations are based on air and material

properties and conditions. The air properties were

discussed in Section 21.3. The material properties

will be reviewed in this section. These properties are

divided into two groups: thermal properties and phys-

ical properties. Physical properties are important in

the selection of the right drying system for the food

material.

21.5.1 SPECIFIC HEAT

Specific heat is the amount of heat energy needed to

raise the temperature of a unit weight of material by

one degree. The specific heat of meat is given by

Cp ¼ 0:4þ 0:006M (21:32)

where M is the percentage moisture content, dry

basis. This formula has also been used for juices.

A more general equation to calculate the specific

heat of food from the specific heat of its constituents

is given by

Cp ¼ 0:34Xc þ 0:37Xp þ 0:4Xf þ 0:2Xa þ 1:0Xm

(21:33)

where Xc, Xp, Xf, Xa, and Xm are mass fractions

(decimal) of carbohydrates, protein, fat, ash, and

moisture content, respectively. A simplified formula

is of the form

Cp ¼ 0:5Xf þ 0:3Xs þ 1:0Xm (21:34)

where Xs, Xm, and Xf are mass fractions of solids,

moisture, and fats, respectively.



21.5.2 THERMAL CONDUCTIVITY

Thermal conductivity is a material property indicat-

ing the ease and speed with which heat can be trans-

ferred through the food item. Thermal conductivity

changes with moisture content. The following equation

has the widest use:

K ¼ Kl

1� (1� aKs=Kl)
b

1þ (a� 1)b

" #
(21:35)

where

a ¼ 3Kl

2Kl þ Ks

(21:36)

b ¼ Xs

Xs þ Xl

(21:37)

where Kl is the thermal conductivity of the liquid

component of the product, Ks is the thermal conduct-

ivity of the solids, Xl is the mass fraction of the liquid,

and Xs is the mass fraction of the solids.

A more specific equation, which has been applied

to fruit juices and sugar solutions, is

K ¼ (307þ 0:645T � 0:001T2)[0:46þ 0:054(%M)]10�3

(21:38)

where T is temperature in 8F and K is in Btu/(h�ft�8F).

Thermal conductivity of a bulk of material filled

with air can be estimated by the equation

K ¼ Kgvf þ Ks(1� vf ) (21:39)

where vf is the void fraction, Kg is the thermal con-

ductivity of air, and Ks is the thermal conductivity

of solids.

Other physical properties required in dryer calcu-

lations are dry density dd, wet density wd, and density

d, at any moisture content:

d ¼ ddþ (wd)Md (21:40)

where Md is the dry basis moisture content.
21.5.3 PARTICLE SIZE

The size of food particles and its variation play a very

important role in the design of a drying system. Par-

ticles can be defined as fine or coarse. The size of a

particle influences the movement and residence time

in the dryer. The size also controls the rate and

amount of moisture removed or held by the material.
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A powder with an average size of 50 mm holds

more moisture than a larger granular product with

an average size of 5 mm.

Particle size and its variations are measured by

passing the material through standard sieves. The

mass fraction of material kept on each sieve is plotted

against the sieve size. This plot usually takes the form

of a normal plot from which a mean and standard

deviation for the particles can be calculated (see

Standard S319.2 in Ref. [25]). Since particle size usu-

ally has a wide range, a logarithmic scale is used to

express the size of particles.

Another important size factor in drying is the

specific surface area that is defined as the ratio of

surface area of particles in a unit volume or a unit

of mass. One may estimate the surface area of a

particle from pD2, where D is the diameter of

sphere of the same volume as that of the particle.

The surface area per unit volume can be estimated

from Ref. [26].

A ¼ 6lw

rpDp

where l is a shape factor that is about 1.75 for most

irregular shaped particles, w is the mass of particulate

material (kg), rp is the particle density (kg/m3), and Dp

is the particle size (m) determined by sieving technique.
21.5.4 DENSITY

The density of food material is expressed in two ways,

solid density and bulk density. Solid density is the

mass of the solid over the volume of the solid exclud-

ing the air voids:

rs ¼
m

Vs

Bulk density is the mass of solids over the bulk vol-

ume of the solids including inter- and intraparticle air

voids:

rb ¼
m

V

Solid density is measured by a method by which air

voids can be excluded from measurements. Air com-

parison pycnometry uses differential air pressure for

volume measurements.

Bulk density is measured by filling a container of

known volume with particles. The mass of the particles

in the container is then measured. Care must be paid

to a uniform packing method to fill the container.



TABLE 21.2
Food and Feed Products and the Most Suitable
Dryer Types

Product Dryer Type

Vegetables, confectionery, fruits Compartment

and tunnel

Grass, grain, vegetables, fruits,

nuts, breakfast cereals

Conveyor band
The bulk density and solid density values are

used in the following equation to estimate the bulk

porosity of the granular food materials:

« ¼ 1 � rb

rs

Bulk density of moist food material ranges from 0.3

to 0.5.
Grass, grain, apple, lactose, poultry

manure, peat, starch

Rotary

Coffee, milk, tea, fruit purees Spray

Milk, starch, predigested infant foods,

soups, brewery, and distillery by-products

Film drum

Cereal grains Moving or

stationary

packed beds

Starch, fruit pulp, distillery

waste products, crops

Pneumatic

Coffee, essences, meat extracts,

fruits, vegetables

Freeze and

vacuum

Vegetables Fluidized bed

Juices Foam mat

Apples and some vegetables Kiln
21.6 METHODS OF DRYING

Drying methods have been evolved around every prod-

uct’s specific requirement. The process takes many

forms and uses many different kinds of equipment. In

general, drying is performed by two basic methods: (a)

adiabatic processes and (b) nonadiabatic processes. In

adiabatic processes, the heat of vaporization is supplied

by the sensible heat of air in contact with the material to

be dried. In nonadiabatic processes, the heat of evapor-

ation is supplied by radiant heat or by heat transferred

through walls in contact with the material to be dried.

Dehydration may also be accomplished by mechanical

dewatering. However, in this chapter, dehydration due

only to adiabatic or nonadiabatic as defined above will

be described.

In all drying methods, the product must be

brought in contact with a medium, which is often

air, in order to remove the moisture from the product

surface and its surroundings.
21.7 DRYERS

21.7.1 INTRODUCTION

The diversity of food products has introduced many

types of dryers to the food industry. Some of the

products to be dehydrated and possible dryer types

are listed in Table 21.2.

Methods of supplying heat and transporting the

moisture and the drying product are the basic vari-

ations among different types of dryers. In general, the

types of dryers and their operational design charac-

teristics are reviewed.
21.7.2 SUN DRYING

Throughout the world, sun drying is a popular drying

method. The sun’s radiant heat evaporates moisture.

The traditional drying method consists of spreading a

thin layer of the product on a smooth pad. The prod-

uct is stirred and turned over at intervals. Drying

proceeds well in warm, dry weather. The temperature
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of the product during sun drying ranges from 5 to

158C above ambient temperature, and drying time

may extend up to 3–4 weeks, as for raisins and apri-

cots. Color, shape, and the initial and desired final

moisture conditions of the product influence product

temperatures and drying time.

Sun drying is widely practiced in grain drying.

Figure 21.6 shows the relative absorptivity of various

grains compared with the absorptivity of an ideal

black surface, which is 1 on the scale in Figure 21.6.

Solar energy is also used to dry fruits and grains

indirectly. In this method, a solar collector captures

solar energy and raises the air temperature. The

warmed air is directed to a conventional batch

or continuous dryer. In a flat-plate air-type solar

collector, the temperature rise is usually about

58C over a 24-h period for airflows used in the near-

ambient temperature drying of granular products.

The air may be heated further by conventional fuels

if high-temperature drying is desired. Overdrying and

susceptibility to spoilage are major problems in solar

drying of deep beds of cereal and oil seeds.

21.7.3 CABINET DRYERS

A cabinet dryer can be a small batch tray dryer.

Heat from the drying medium (hot air) to the food

product is transferred by convection. The convection
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FIGUREE 21.6 Relative solar absorbance of several grains. (From Arinze, E.A., Schoenau, G., and Bigsby, F.W., Solar

Energy Absorption Properties of Some Agricultural Products, ASAE Paper No. 79–3071, American Society of Agricultural

Engineers, St. Joseph, Michigan, 1979. With permission.)
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FIGURE 21.7 Schematic illustration of a cabinet dryer (1.

circulating fan, fully reversible; 2. heater batteries; 3. vented

air inlet ports; 4. vented air exhaust ports; 5. adjustable

louver walls; 6. truck space). (From Heldman, D.R., Food

Process Engineering, AVI Publ. Co., Inc., Westport, CT,

1975. With permission.)
current passes over the product, not through the

product. It is suitable for dehydration of fruits, veget-

ables, and meat and its products.

The main feature of a cabinet dryer is its small size

and versatility. The main problem with cabinet dryer

is difficulty in even distribution of heated air over or

through the drying material. The minimum airflow

between the trays is maintained at 2.5 m/s [34] to

ensure uniform drying. Cabinet dryers vary in cap-

acity from a few to 20,000 kg/day of dried fruits

and vegetables.

It is relatively easy to set and control the optimum

drying conditions in cabinet dryers. For this reason,

various heat-sensitive food materials can be dried in

small batches. The heat source is usually steam bat-

teries or steam coils. The air from a centrifugal fan is

passed through the coils and then baffled across the

trays loaded with the product. The trays may either

be loaded onto trolleys in stacks of 10–12 or may be

stacked individually into the slots of the cabinet. The

movement of trays may be manual or mechanically

assisted depending on the size and capacity of the

dryer. The hot air in almost all cabinet dryers is

introduced at the top, and provision is made to re-

cycle the air so that its total drying potential is utilized

by the time it discharges to the atmosphere.

A schematic illustration of a cabinet dryer and its

principle of operation are shown in Figure 21.7.

21.7.4 TUNNEL DRYERS

Tunnel dryers are of many different configurations in

general having rectangular drying chambers. The
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number of tunnels in a dryer is quite variable and

can be as high as 100. Truckloads of the wet material

are moved at intervals into one end of the tunnel.



The whole string of trucks is periodically advanced

through the tunnel until these are removed at the

other end of the tunnel. Air movement, circulation,

and heating methods vary in tunnel dryers. Three

different arrangements, namely, counterflow, parallel

flow, and combined flow, are shown in Figure 21.8.

These dryers are simple and versatile in compari-

son with other types of dryers. Food pieces of any

shape and size can be handled. If solid trays are

incorporated, fluids can also be dried.

In the three-tunnel dryer arrangement, wet loads

are moved at intervals into outer wet tunnels. At

the end of the wet tunnels, the trolleys are alter-

nately loaded to the central dry tunnel. This in

effect reduces the residence time in the dry tunnel

to half the time spent in wet tunnels. Dry tunnels

are normally operated at a lower temperature than

wet tunnels to prevent long exposure of the pro-

duct to high temperatures and to save energy. The

range of wet tunnel temperatures is 99–104 8C and

of dry tunnel temperatures is 65–718C for drying of

root vegetables.
Exhaust
air Direction of air fl

Trucks progress i
this direction

Wet trucks
inserted

Directi

Side entrance
for wet trucks

HeaterFresh air
inlet

Blower Truck
thi

Air exhaust
stack

Recirculation
damper

Side entrance
for wet trucks

Recirculated air

FIGURE 21.8 Schematic illustrations of tunnel dryers. (From

Inc., Westport, CT, 1975. With permission.)
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21.7.5 BELT DRYERS

The belt dryer is particularly suitable for cut veget-

ables. The main components of this dryer consist of

finely woven wire mesh supported on rollers to form a

belt trough, a duct supplying hot air at the bottom of

the trough, and a rotary cleaning brush. The arrange-

ment of these components is shown in Figure 21.9.

The belt trough is inclined sideways at an angle of 15–

208 to facilitate the gravity unloading of dried prod-

uct. The airflow rate provides an air cushion but not

so high as to fluidize the product. Soft materials can

be dried without mashing or rounding their cut edges.

Since the product is partly supported by the hot air, it

requires relatively uniform size wet material. If ma-

terial is not of uniform size, large particles may not be

supported well and small particles may be blown out

of the trough.

The drying air passes through material at the rate

of 0.6–1.4 m/s. About 60 to 90% of air is recirculated

in each section. Temperatures are usually limited by

the heat sensitivity of the material but seldom exceed
ow
Side exit

for dry trucks

Heater Fresh air
inlet

Blower
n

on of air flow

s progress in
s direction

Exit for
dry trucks

Exhaust
air

Fresh air
inlet

Heater

Blower

Side exit for
dry trucks

Heldman, D.R., Food Process Engineering, AVI Publ. Co.,



Feed chute

Rotary

brush

Hot-air duct

Water spray

Endless wire-mesh belt

FIGURE 21.9 Schematic cross section of belt trough dryer.

(From Van Arsdel, W.B. and Copley, M.J., Food Dehydra-

tion, Vol. 1, AVI Publ. Co., Inc., Westport, CT, 1973. With

permission.)
300 8C. A higher temperature may damage the lubri-

cation of the conveyor’s moving parts. The fan power

is about 1 kW/m of the belt width.

The main problem in these dryers is that the sticky

materials will lodge and stick to the chains and links

of the band. The band must be washed frequently to

prevent air blockage.
21.7.6 CONVEYOR B AND DRYERS

A conveyor band dryer consists of single or several

perforated wire mesh aprons or conveyor bands as

the main component. The wet material is fed evenly

at the feed end and is conveyed along the length of the

dryer.As in abelt troughdryer, hot air is forced through

the bed of moving material. However, unlike the belt

trough dryer air is not forced at high rates to support

wet material. The dried product is continuously dis-

charged at the end of the dryer. The air characteristics,

such as temperature and relative humidity, may be

adjusted throughout the passage to satisfy the drying

characteristics of the product. The direction of move-

ment of air through the permeable bed of the product

may be either upward or downward. The thickness of

the bed of the product is kept at 25–250 mm. This thin

product layer and higher airflow rates result in the

uniform drying of the product. Two configurations of

band dryer (two stage and multideck) are shown in

Figure 21.10.
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21.7.7 SPRAY DRYERS

Spray dryers are used for dehydrating fluids. The fluid

is introduced in the heated airstream in spray form.

Dried product is separated from the airstream and is

collected for further processing. The design of spray

dryers ranges from very simple to very complex, de-

pending upon the fluid. The main differences in the

designs are the variations in atomizing devices, in

airflow patterns, in air-heating systems, and in separ-

ating and collecting systems.

The main components of a spray dryer are a

drying chamber, an atomization, and dispersion de-

vice to introduce fluid in small droplets into the dry-

ing chamber, an air-heating and blowing system, and

a device to separate and collect the dried product

from the air. Air heating may be done by direct firing

of gas or liquid fuels in the airstream or by indirect

heating through a heat exchanger. Direct firing may

contaminate the product; the indirect system results

in lower efficiency. Two configuration of spray dryers

are shown in Figure 21.11.

Pressure spray heads, two-fluid nozzles, and cen-

trifugal atomizers are used for dispersion of the fluid

particles. Dried product is separated by different

methods depending on the make of the dryer. Some

dryer designs use cyclone separators; others employ

settling chambers. In a cyclone separator, air is intro-

duced tangentially at the top, swirls downward, and

reverses the direction of flow to exhaust from the

top. In the settling chamber, direction of airflow is

changed to facilitate the separation of dried product

under force of gravity.

DESIGN E QUATIONS FOR S PRAY DRYERS

21.7.7 .1 En ergy Re quirement s

Energy requirement in horsepower (hp) for three dif-

ferent types of the atomizers is given as follows.

1. Pressure nozzles

E ¼ 7QP� 10�4 (21:41)

where Q is the liquid flow rate (gal/min) (U.S. gallon)

and P is the pressure drop over the nozzle (psi).

2. Air blast atomizer

E ¼ 0:136GTa[0:5M2
c þ 2:5(1� P0:286)] (21:42)

where G is the air mass flow rate (lb m/s), Ta is the

temperature (R), Mc ¼ Mach number, as defined in

the Nomenclature.

3. Rotary atomizers

E ¼ 42:5Q(DN 0)2 � 10�12 (21:43)



Extruder Exhaust fans Exhaust fan
feeder

Dry
product
discharge

Circulating fan

Circulating fan

Sealing partition Transfer section

Feed
Exhaust
fan

Exhaust
fan

Exhaust
fan

Conveyor

Product
Discharge

False floor

False floor

False floor

FIGURE 21.10 Schematic views of a two-stage (top) and multideck (bottom) conveyor band dryer. (From Gardner, A.W.,

Industrial Drying, Leonard Hill, London, 1971. With permission.)
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FIGURE 21.11 Two configurations of spray dryers.
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where Q is the liquid flow rate (lb m/h), N is the

rotation speed of the atomizer (rpm), and D is the

diameter of the atomizer (ft).

21.7.7.2 Droplet Size

The droplet size obtained after the atomization pro-

cess is given by

MD ¼ B

C

FNyd

sin (T)P
(da)

�1=6 (21:44)

where MD is the mean droplet diameter (mm), B is the

constant, varies from 26.3 to 43 and is found experi-

mentally, C is the discharge coefficient for a nozzle

size, ~0.4, FN is the fluid number, a constant repre-

senting the flow rate divided by the square root of the

pressure differential, ~0.8, T is the angle of the spray,

~120, P is the pressure gradient, psi, ~100, d is the

liquid density, lb m/ft3, ~60, da is the air density, lb m/

ft3, ~0.065, and y is the surface tension, dyn/cm, ~50.

21.7.7.3 Heat and Mass Transfer Coefficients

Heat and mass transfer coefficients in spray drying

can be found from the following formulas:

Nu ¼ 2þ K1Re1=2Pr1=3 (21:45)

Sh ¼ 2þ K2Re1=2Sc1=3 (21:46)

where Nu is the Nusselt number, Sh is the Sherwood

number, Sc is the Schmidt number, and K1 ¼ K2 ~

0.52 ¼ 0.60.

21.7.7.4 Drying Time

The drying time required for a droplet to vanish

completely during drying is given by

tc ¼
dlLD2

0

8Kf (Ta � Tw)
(21:47)

where dl is the liquid density, L is the heat of vapor-

ization, D0 is the initial droplet diameter, Kf is the

thermal conductivity of air at droplet and air inter-

face, Ta is the air temperature, and Tw is the wet bulb

temperature.

The drying time for a droplet to reach from diam-

eter D1 to D2 is given by

tc ¼
L

8Kf (Ta � Tw)
(d1D

2
1 �D2D

2
2) (21:48)
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where the diameter D2 is the droplet diameter at the

end of the constant drying rate period and d1 and d2

are densities of the product at the stages 1 and 2.

The drying time during the falling rate period is

given by

tf ¼
dpDcL(Mc �Me)

6HdT
(21:49)

where dp is the particle density, Dc is the diameter at

the critical moisture content Mc, Mc is the critical

moisture content (db), Me is the equilibrium moisture

content (db), and dT is the time-averaged tempera-

ture difference between particle and air during the

falling rate period.
21.7.8 FREEZE DRYERS

Upon heating of substances in the frozen state, lique-

fication generally precedes vaporization. However,

in a process called sublimation, the liquid state is

bypassed and frozen particles are changed directly

to the vapor state. Freeze dryers work on the principle

of direct evaporation of the ice in the product to be

dried. For direct sublimation, the temperature and

the vapor partial pressure is the ice point below

the triple point of water. The triple point of water

is at approximately 08C and 4.59 mm Hg absolute

pressure.

The process of freeze drying is completed in

two stages: (a) freezing and (b) high-vacuum drying.

Both these stages are highly expensive; therefore,

freeze drying is feasible only for highly valued foods

such as fish, meat, chicken, and coffee. This method

may also be a necessity for highly heat-sensitive food

products. The drying is done at low temperatures;

therefore, the heat degradation of the nutrient is

minimal and the product obtained is of high quality.

The dehydration of vegetables is possible with this

method.

Design equations in freeze drying:

The drying time required to freeze dry the product

can roughly be estimated by either of the following

equations:

1. Formula based on heat transfer

t ¼ LL2
x

4K(Ta � TI )
(21:50)

where Lx is the thickness of the product (ft), L is the

latent heat of sublimation (Btu/lbm), K is the thermal

conductivity of product (Btu/(8F�ft�h)), Ta is the air

temperature (8F), and TI is the ice temperature (8F).



2. Formula based on mass transfer

t ¼ BL2
x

16K
(21:51)

where B is the mass of water per unit volume of the

product (lb/ft3) and K is the thermal conductivity of

the material.

21.7.9 DRUM DRYERS

In drum dryers, the surface of a pair of rotating hot

drums is coated with the liquid or semiliquid form of

the product. Drums are heated by steam or by direct

firing inside the drum. The drums rotate slowly and

over the course of about 3008 of rotations the product

is dried. The dried product is scraped off with doctor

blades in flakes or sheets.

Drum dryers are classified on the basis of

the number of drums as single-drum dryers and

double-drum dryers. A typical feed arrangement for

a drum dryer is given in Figure 21.12. The product is

collected in the trough and is conveyed toward one end

of the drum. By completely enclosing the system, these

dryers may be operated under vacuum for heat-sensi-

tive materials that may otherwise spoil at atmospheric

pressure.

Foods containing high amounts of sugars may still

be in the molten stage when they approach the doctor

blades. High-velocity air flowing countercurrent to the

drum rotation, a blast of chilled air directed on the

product just preceding the doctor blades, and a supply

of low-humidity air near the scraping and collecting

area are special features to deal with viscous materials.

21.7.10 FOAM MAT DRYERS

Foam mat dryers can only be used to dehydrate liquid

foods that are capable of forming stabilized foams.

This requirement imposes a restriction on the wide

applicability of the method in the food industry be-
Doctor
blade

FIGURE 21.12 A typical feed arrangement of a drum dryer.
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cause only a few foods, such as whole milk, have a

foam-stabilizing capability. Fruit juices have been

dried successfully by adding foam stabilizers. Vege-

table gum and soluble protein have successfully been

used in the food industry as foam-stabilizing agents.

The liquid food is first foamed and then spread in

mats on a perforated or solid support to be dried in

hot airstreams. Foaming is accomplished by agitating

the fluid product with the airstream. The foam struc-

ture is required to last during drying so that the dried

product is easily ground to powder. The thickness of

the foam layer is maintained at about 0.1–0.5 mm.

The layer is dried in a few minutes at temperatures of

about 65–708C. The foamed product is spread

on perforated floor craters as the airstream is forced

through the bed. The cratering of foam exposes more

surface to the airstream when air passes through the

holes of the screen and through cratered product

around the screen hole.

21.7.11 VACUUM DRYERS

In vacuum drying, the boiling point of water is lowered

below 1008C by reducing the pressure. If the atmos-

pheric pressure is reduced 100 times, then the boiling

point will be around 08C. The degree of vacuum and

the temperature for drying depend on the sensitivity of

the material to drying rate and temperatures.

Vacuum drying is one of the most expensive

methods of drying. Its costs are comparable to freeze

drying but are higher than other methods. Because they

are expensive, vacuum dryers often serve as a secondary

dryer. The moisture content of high-moisture food is

reduced to 20–25% by a conventional method, such as

hot air drying, and then vacuum is applied to bring the

moisture down to 1–3%.

Because of the reduced pressures, transfer of heat

depends on methods other than convection. Radi-

ation and conduction are other modes; however, con-

duction may not be efficient because the drying

materials shrink, thus reducing the contact area.
Feed
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FIGURE 21.13 Pressure drop through fluidized beds: (a)

pressure drop through perforated base plate; (b) pressure

drop through granular bed; (c) combined pressure drop (a

and b). (From Gardner, A.W., Industrial Drying, Leonard

Hill, London, 1971. With permission.)
This method of drying is not very common in the

food industry because of high costs. The method has

been applied for dehydration of citrus juices, apple

flakes, and various heat-sensitive products in which

the ascorbic acid retention is important.

The product is dried under vacuum at low tem-

peratures. Temperatures range between 35 and 608C.

Vacuum-dried products are quite hygroscopic. Spe-

cial care is needed during packing of the materials to

protect against absorption of moisture. This method

could be applied to batch as well as to continuous

systems. In batch systems, product in trays is dried in

a compartment maintained at pressures reduced

below atmospheric pressure.

In continuous systems, the product is spread over a

stainless steel belt and passed through a vacuum vessel

with the help of rollers. The dried product is collected at

the other end. This method is also used in conjunction

with foam mat drying, described previously.

The vacuum drying technique is also used for the

extraction and concentration of essences and flavors.

21.7.12 FLUIDIZED BED DRYERS

The drying air is introduced at high velocities through

the particulate material. The velocity is raised to the

point that the particulate material is fully suspended

in the hot airstream. All particles are completely ex-

posed to drying air, resulting in high rates of heat

transfer. The high rate of heat transfer results in

instantaneous evaporation of moisture at the entry

point. The dryer mainly consists of a chamber with

a perforated bottom through which the air is forced at

high velocities. If a glass window is made in the

chamber, the start of fluidization can be observed visu-

ally. If this is not possible, then the flattening of the

pressure drop curve with increasing air velocity indi-

cates the onset of fluidization (Figure 21.13). This sys-

tem is more suitable for batch drying but could also be

applied to continuous drying of particulate materials.

Food materials that are suitable for fluidized bed

drying have the following characteristics:
� 20
1. The average particle size should be between 10

mm and 20 mm. Very fine particles tend to

lump together.

2. The particle size distribution should be reason-

ably narrow. A wide range of particle sizes

makes the selection of a gas velocity nearly

impossible. A vibrated fluid bed sometimes

overcomes this problem when it is impossible

to have a uniform size material.

3. The particle shape must be regular.

4. A lump of particles must disintegrate easily

upon fluidization.
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21.7.13 MICROWAVE DRYERS

In microwave drying, the product is exposed to very

high-frequency electromagnetic waves. The transfer

of these waves to the product is similar to the trans-

fer of radiant heat. As a result of high-frequency

waves, water molecules are polarized and tend to

change orientation. In the process of orientation,

sufficient heat to expel moisture from the product

is generated.

Microwave generators designed for drying oper-

ate under two frequencies, 100 and 900–2500 MHz.

As the frequency is increased, the heat generated by

the system is decreased. Microwave applications have

tended to be in tempering, blanching, and cooking of

food. However, there are some new installations for

drying purposes. The drying of pasta is perhaps the

best known of these, in which microwave is used

because normal drying must be very slow to avoid

surface cracking of this diffusion-limited material.

Since high-frequency heating evaporates water inside

the material and causes convecting cooling on the

surface, the outside surface remains wet until the end

of the drying cycle; hence, cracking does not occur.

Another advantage of microwave is an increase in

the rate of killing of bacteria due to the speedy tem-

perature rise. Microwave drying under vacuum is

becoming an established method of drying citrus

fruit concentrates.



21.7.14 S UPERHEATED STEAM DRYING OF FOODS

Superheated steam drying has long been recognized

as a drying method that leads to nonpolluting and

safe drying at low energy consumption. The principle

of the process is based on using superheated steam for

drying coupled with a vapor recompression cycle to

recover heat. The schematic of the system is shown in

Figure 21.14. It consists of a heat treatment chamber,

a compressor, a heat exchanger, and a number of

blowers. The drying medium is superheated steam

that runs in a closed loop picking up moisture from

product in the heat treatment chamber and condens-

ing the evaporated water in a heat exchanger. Part of

the saturated steam is bled off from the main recyc-

ling line, compressed, and its heat is transferred to the

recycled steam to the treatment chamber. The warm

condensate can be used for heating purposes or dis-

carded.

Superheated steam drying has been credited with

the following advantages:
FIG

� 20
1. Improved drying efficiency, as much as 50%

less than conventional systems

2. Pollution free, because it is a closed system no

particulate or obnoxious gases are emitted to

the environment

3. No product oxidation, because there is no dir-

ect contact of hot oxygen with the product

4. Phytosanitary; steam heat is superior to dry air

in destroying all stages of insects, molds, and

other microorganisms
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URE 21.14 Schematic of superheated steam dryer.
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5. Better degree of control of the dryer operation;

by adjusting the quantity of steam bled into the

compressor, the degree of dryness of the final

product can be adjusted

6. Superior nutritional quality of feed; steam

treatment and hydrolysis of product improve

digestibility of feeds by animals
Several plants based on the vapor recompression

cycle have been constructed and tested in Europe.

One system uses a horizontal conveyor band in

a tunnel drying setup (Bertin, France). Another

manufacturer has developed a fluidized bed dryer

using high pressure steam (NIRO, Denmark). The

results of both systems have been encouraging.

21.7.15 CONTINUOUS PACKED BED DRYER

The mixed flow dryer is a continuous dryer shown

in Figure 21.15. The dryer consists of one or two

rectangular columns. A typical column is 762 mm

thick. A series of inverted V-shaped ducts are stag-

gered traversal within the column. One row of these

ducts are open to the inside plenum of the dryer

and the other group are open to the outside. Grain

flows from top to the bottom around these ducts.

In this design, grain is mixed somewhat as it flows

downward.

The central plenum is divided into a heating ple-

num and a cooling plenum by a divider. Grain is dried

in the top section of the column (about 3 m length).

The grain is cooled in the bottom section (about 1.2 m
w
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FIGURE 21.15 Mixed flow dryer. (Courtesy, PAMI, Humboldt, Saskatchewan, Canada.)
length). A single blower pushes the outside air

through the grain columns. Air on the top is heated

with a burner placed in the dryer plenum. Part of the

air from the blower enters the lower section for cool-

ing. A grain auger levels the grain on the top of the

dryer for even grain flow. Table 21.3 lists typical

conditions for a mixed flow packed bed dryer.
TABLE 21.4
Operating Temperature, Energy Used to Evaporate
1 kg of Water, and Throughput Capacity (5% Point
Moisture for Wheat, Barley, and Canola; 10% Point
21.8 NUTRIENT LOSSES DURING
DEHYDRATION OF FOOD PRODUCTS

Many food products of nutritional importance,

such as fruit juices, milk, eggs, and vegetables, are

dehydrated in the food industry. During dehydration,
TABLE 21.3
Factors That Influence Food Quality during Drying

Chemical Physical Nutritional

Browning reaction Rehydration Vitamin loss

Lipid oxidation Solubility Protein loss

Color loss Texture aroma loss Microbial survival
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the product is generally above room temperature

but well below sterilization temperature. The added

heat and exposure time of the product at elevated

temperatures affect the nutrient quality of the food

products. The types of food degradation during dry-

ing are listed in Table 21.4 [27]. The influence of

drying parameters on the food degradation will be

discussed below.
Moisture for Corn)

Grain Drying

Temp. (8C)

kJ/kg Water

Removed

Throughput

(t/h)

Wheat 90 4700 9.1

Barley 93 5100 8.1

Canola 72 4600 3.2

Corn 110 4400 5.3

Holding capacity of the dryer was 19.1m3.



In terms of chemical kinetics, the loss of nutrient

can be visualized as the decomposition of a particular

chemical compound. This decomposition for a single

monomolecular reaction may be expressed by

N �!k 
DN (21 :52)

where N is the nutritive compound, DN is the com-

pound formed after decomposition of N, and k is the

reaction rate constant, dependent on temperature.

The dependence of k on temperature is often

described by

k ¼ k0e 
E = RT (21 :53)

where k0 is the constant, E is the activation energy of

the reaction, R is the gas constant, and T is the

absolute temperature.

Since Equation 21.52 represents the loss of nutrient

N, the rate of loss of the nutrient can be described as

d[N]

dt
¼ �k[N] (21 :54)

where [N] is the concentration of compound N and

d[N]/d t is the rate of loss of nutrient N.

Now if it is assumed that the constant k is a true

constant and the concentration of N changes only

because of the reaction, then Equation 21.54 may be

integrated with appropriate boundary conditions to

give Equation 21.55:

� ln
[N]

[N]0
¼ kt (21 :55)

where [N]0 is the initial concentration of nutrient N.

As the temperature of the product increases, the

reaction rate constant is increased (Equation 21.53).

The dependence of reaction constant on temperature

implies that low-temperature dehydration would pro-

duce products with less nutrient disintegration. The

vacuum and freeze dehydration processes thus would

result in less nutrient degradation compared with

other drying processes. A longer constant rate drying

period also increases nutrient retention because,

owing to evaporative cooling, product is at rather

lower temperatures.

The moisture in the product can be held as

bound or free water. Water acts as solvent for

the chemicals of nutritional importance present

in the product. As water is removed, the concen-

tration of the chemicals increases. The loss of nutrient

described in Equation 21.52 through Equation 21.55

is concentration dependent and thus would increase

as dehydration progresses. On the other hand, some
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of the water-soluble compounds may act as cata-

lysts to the decomposition process. These catalytic

effects are greatly reduced as the moisture is removed.

The increased viscosity of the solution hinders the

mobility of the catalyst.

Some nutrients, such as riboflavin, are not very

soluble in water. During the dehydration process,

these compounds form saturated solutions and may

be precipitated. Precipitation minimizes the loss of

nutrients because of the reduced concentration.

The scarcity of the kinetic data precludes pre-

dicting exactly the interaction of water and chemical

degradation of the nutrients. A brief review of the

qualitative aspects and nutrient retention during

dehydration is presented next.
21.8.1 PROTEINS

Not much information is available to quantitatively

describe the losses of proteins during the dehydration

process. The effects of heat treatment on the compo-

sition and nutritive value of herring meal are pre-

sented in Table 21.5. Because of scattered conditions

used in these experiments no set pattern could be

established, but it could be seen that the available

lysine and pepsin digestibility is substantially de-

creased as the moisture content of the meal during

heating was increased or the heating time was pro-

longed. The data also indicate that the high-tempera-

ture–high-moisture contents do not affect the

nutritional value of the proteins significantly. Studies

based on rat net protein utilization (NPU) have

shown no significant difference between freeze drying

and rapid drying cod meal at 110–1158C.
21.8.2 MILK LYSINE LOSS

The loss of milk lysine in spray drying ranges from 3

to 10%, whereas in drum drying the loss ranges from

5 to 40%. During spray drying, product particles are

small and are dried rapidly. Even though the air

temperatures may be high, the milk particles are not

heated to high temperatures. In drum drying, the milk

particles at medium to low moistures are in contact

with the hot drum, and therefore the loss of lysine is

greater.

21.8.3 WATER-SOLUBLE VITAMINS

Unstable water-soluble vitamins, such as ascorbic acid,

are sensitive to drying. The loss of ascorbic acid is

dependent on the presence and type of heavy metals,

such as copper and iron, light, water activity level in

the product, dissolved oxygen, and the temperature of



TABLE 21.5
Effect of Heat an d Mo isture on Fish Meal

Conditions of Treatment Percentage of Freeze-Dried Control

( 8C) Moisture (%) Time (min) Available Lysine (%) Pepsin Digestibility (%) 
NPU

Rats (%) Chicks (%)

96 7.7 30 94 88 — 98.6

8.8 60 96 84 — 102.0

10.8 120 87 76 — 98.1

36.0 60 87 71 97.7 98.6

116 6.4 120 94 78.1 95.3 96.6

7.5 60 100 78.2 97.0 98.8

8.4 30 96.0 80.0 97.4 99.7

132 2.5 120 97 58.4 91.8 97.1

Source: From Sweeney, J.P. and Marsh, A.C., J. Am. Diet. Assoc. 59, 238, 1971.

TABLE 21.6
Thiamine Losses in Drying

Product Conditions Loss (%) Ref.

Freeze-dried pork �40 8C 5 11

Freeze-dried chicken 1000 mm Hg  5  11

Beansa Air dried 5 13

Cabbage Air dried 9 13

Corn Air dried 5 13

Peas Air dried 3 13

Snap beans Air dried 5 14

Beets Air dried 5 14

Corn Air dried 5 14

Peas Air dried 5 14

Rutabagas Air dried 5 14

Carrots Air dried 29 14

Potato Air dried 25 14

Bean powders Double-drum

dried at 938C

for 30 s

20 15

aThe loss reported for vegetables does not include blanching loss.
drying. The losses of ascorbic acid during drying have

been between 10 and 50%.

A significant difference has been found in the loss

of ascorbic acid when food product is dried on metal

trays versus wood trays. The difference was attributed

mainly to the faster heat transfer rate and thus faster

drying through the metal tray. However, the losses

were less with the metal grid compared with the wood

grid under similar drying conditions.

Many studies of the losses of thiamine have

been reported. Depending on the moisture content

of the product and the exposure temperatures and

time, losses up to 89% have been reported. At 63 8C,

20 h are required for a 50% loss of thiamine in

dried pork. It has also been shown that for samples

held at 498C at moisture contents of 0, 2, 4, 6, and

9%, the losses of thiamine were 9, 40, 80, 90, and

89%, respectively. Thiamine losses during drying

from different sources have been summarized in

Table 21.6.

The loss of other water-soluble vitamins is also

reported to vary widely from one study to another.

Results from some of these studies are summarized in

Table 21.7.

In general, it can be said that losses of water-

soluble vitamins during conventional drying are less

than 20%. For vegetable dehydration, the losses are

less than 5% for all vitamins except ascorbic acid.

21.8.4 FAT -SOLUBLE VITAMINS

Fat-soluble vitamins are expected to degrade by the

oxidation mechanism. The degradation is superim-

posed by direct thermal reactions during drying of

the food products. This is evidenced by comparing

air drying and freeze drying of carrots (Table 21.8).
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For freeze-dried orange juice, losses of b-carotene

of the order of 4% have been reported. Losses of

other fat-soluble vitamins, such as A, D, and E, dur-

ing drying have been negligible. Losses of vitamins up

to 5% have been reported in oilseed drying. It could

be concluded that the vitamin losses during drying are

mainly related to water-soluble vitamins.

In cereal drying, not much work has been done on

the quality aspects of drying. Most of the literature is

based on germination loss due to heat treatment. The

recommendations for safe drying temperatures are

varied over a wide range among different countries.



TABLE 21.7
Losses of Vitamins during Drying

Vitamin Product Loss (%) Ref.

Vitamin B6 Freeze-dried fish 0–30 16

Pantothenic acid Freeze-dried fish 20–30 16

Riboflavin, niacin,

and pantothenic acid

Vegetables <10 14

Riboflavin Freeze-dried

chicken

4–8 10

Pyridoxine, niacin,

and folic acid

Double-drum

dried at 938C

for 30 s; bean

powder

20 15
In England, for seed or malting grains, it is recom-

mended that the inlet hot air temperature should not

exceed 40 and 438C for moisture contents of less than

and greater than 24% wet basis, respectively.

21.8.5 NONENZYMATIC BROWNING

A model describing the rate of nonenzymatic brown-

ing in skim milk for the range of temperature from 35

to 1308C and 3 to 5% db moisture content. The equa-

tion takes the following form:

dB

dt
¼ k0 exp � E

RT

� �

with

k0 ¼ exp 38:53þ 15:83

m

� �
,

E

R
¼ 13157:19þ 90816:51

m3

where dB/dt is the rate of nonenzymatic browning, k0

is the Arrhenius constant, E is the activation energy

(kcal/mol), R is the gas constant, T is the absolute

temperature (K), and m is the moisture content (% db).
TABLE 21.8
Losses of Carotene in Drying Carrots

Drying Process Average loss (%)

Total b-Carotene trans-b-Carotene Ref.

Tray air drying 26 40 17

Freeze drying 10 20 18
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NOMENCLATURE

a constant

a local velocity of sound, m/s

A cross-sectional area of the dryer, m2

A arctangent

B mass of water per unit volume of product,

kg/m3

C energy constant

C constant

C discharge coefficient of nozzle

Cw specific heat of water, J/(kg 8C)

Cp specific heat of dry product, J/(kg 8C)

d density of dry product, kg/m3

da density of air, kg/m3

dl density of liquid, kg/m3

dd dry density, kg/m3

dM moisture removed, kg/kg

dP/dx vapor pressure gradient, Pa/m

dt time step, s

dT temperature increment, 8C
dz small segment along dryer, m

D diffusion coefficient, m2/s

D diameter of atomizer orifice, m

D0 initial droplet diameter, m

DN compound formed after decomposition of

nutritive compound N

d1 density of product at stage 1, kg/m3

d2 density of product at stage 2, kg/m3

D1 diameter of droplet at stage 1, m

D2 diameter of droplet at stage 2, m

E constant

E activation energy of reaction, J

E energy requirement, hp

F constant

FN fluid number

g acceleration due to gravity, m/s2

G air mass flow rate, kg/(m2�s)
H volumetric heat transfer coefficient, W/(m3 8C)

Hw absolute humidity at wet bulb temperature

(saturation temperature), kg/kg

i enthalpy, J/kg

iy enthalpy of water vapor, J/kg

k drying constant, l/s

k reaction rate constant

k0 drying constant, l/s

Km mass transfer coefficient

K moisture transfer (diffusion) coefficient

K thermal conductivity of foodmaterial, J/(mhK)

Kf thermal conductivity of air at droplet and air

interface, J/(m h K)

Kg thermal conductivity of air

Kl thermal conductivityof liquidportion, J/(mhK)

Ks thermal conductivity of solid portion, J/(m h K)

K1 constant



K2 constant

L latent heat of vaporization, J/kg

Lx thickness of solid, m

m mass, kg

M moisture content, dry basis, kg/kg

Mr mass resistance ratio

Mc moisture content at the center of slab-shaped,

cylindrical, or spherical food particles, kg/kg

Md dry basis moisture content, kg/kg

MD mean droplet diameter, mm

Me equilibrium moisture content

N nutritive compound before decomposition

[N] concentration of nutrient N, kg/m3

N0 rotation speed of atomizer, rpm

(p) constant, 3.14159

P pressure drop over nozzle, Pa

Pa atmospheric pressure, Pa

Pv water vapor pressure, Pa

Ps saturation vapor pressure, Pa

Q liquid flow rate, gal/min

R universal gas constant, 1.987

RH relative humidity, decimal

Rc constant for cylinder

Rp constant for infinite plate

Rs constant for sphere

Sc constant for cylinder

Sp constant for infinite plate

Ss constant for sphere

t time required to freeze dry the product, min

tc drying time during constant rate period, min

tf drying time during falling rate period, min

T temperature, K

T angle of spray, rad

Ta air temperature, 8C
Tg product temperature, 8C
TI ice temperature, 8C
Ts surface temperature, 8C
Tw wet bulb temperature, 8C
Tinf temperature at free stream conditions, 8C
u velocity, m/s

V volume, m3

Vs volume of solid particle, m3

vf void fraction

wd density of moist product, kg/m3

Xa humidity ratio in the air, kg/kg

Xa mass fraction of ash, decimal

Xc mass fraction of carbohydrates, decimal

Xf mass fraction of fat, decimal

Xl mass fraction of liquids, decimal

Xm mass fraction of moisture, decimal

Xp mass fraction of protein, decimal

Xs mass fraction of solids, decimal

Xw mass fraction of water, decimal

y surface tension, dyn/cm

Gr Grashof number, g(Ts�Tinf) Lx
3/2
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Le Lewis number, H/KmCp

Mc Mach number, u/a

Nu Nusselt number, HLx/K

Pr Prandtl number, Cpm/K

Re Reynolds number, duLx/m

Sh Sherwood number, KmLx/ D

a volume coefficient of expansion, 18C
m dynamic viscosity, kg/(m�s)
n kinematic viscosity, m2 s

rs particle (solid) density, kg/m3

rb bulk density, kg/m3

Prime (0) means one step further into the dryer.
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22.1 INTRODUCTION

Raw foods generally originate from two major

sources: plant and animal kingdom. Fish and seafood

are the edible flesh for a number of species of animal

source. The preservation of foods by drying is the

time honored and most common method used by

humankind — one of the most important methods

for the food-processing industry. The Mesopota-

mians made salted dried fish as early as 3500 BC [38].

The sundrying of fish and meat was practiced as long

ago as 2000 BC and dried vegetables have been sold

for about a century and dried soups for much longer

[22]. Tannahill [86] noted that dry fish became par-

ticularly important when the Roman church banned

the eating of meat on Fridays and during Lent.

Drying in earlier times was done in the sun, now

many types of sophisticated equipment and methods
are used to dehydrate foods. During the past few

decades, considerable efforts have been made to

understand some of the chemical and biochemical

changes that occur during dehydration and to de-

velop methods for preventing undesirable quality

losses [57]. Foods can be divided into three broad

groups based on the value added through processing

by drying. In the case of cereals, legumes, and root

crops, very little value is added per ton processed.

More value per unit mass is added to foods such as

vegetables, fruits, and fish, and considerably more to

high-value crops such as spices, herbs, medicinal

plants, nuts, bioactive materials, and enzymes [3].

Fish muscular tissue consists mainly of muscle

fibers or cells (86–88%, v/v) and some extracellular

space (interstitial space, 9–12% and capillary space,

2–3%). The muscle cells consist of mainly fibrils

(working units of cell, 65%), sarcoplasma (transport



and regulatory space filled with liquid and functional

units, 20–23%), and finally connective tissue (6%).

The muscle cells or fibers, each has a diameter 0.1 to

0.2 mm [89].
22.2 DRYING PRETREATMENT

22.2.1 SALTING OR CURING

22.2.1.1 Salting Preservation

Curing was originally developed to preserve certain

foods by the addition of sodium chloride. In food

industry, the application of cured is related only to

certain meat, fish, and cheese products. Today

sodium chloride, sodium and potassium nitrite or

nitrate are considered curing salts. Salting is one of

the most common pretreatments used for the fish

products. Salting converts fresh fish into shelf-stable

products by reducing the moisture content, and acting

as a preservative. In combination with drying, these

processes contribute to the development of character-

istic sensory qualities in the products, which influence

their utilization as food [29,79]. Although curing was

originally a mechanism for preservation by salting,

over several millennia additional processes concomi-

tant with curing have evolved, notably fermentation,

smoking, drying, and heating. Curing may have dif-

ferent connotations: in meat salt and nitrite or nitrate

are always added; in fish salt is always added, but

nitrite only rarely; and in cheese, which always con-

tains salt, but infrequently contains nitrate, and the

term curing is applied to the production of desirable

proteolytic and lipolytic changes. In the past half-

century, cured products have been developed that

are not stable unless refrigerated. Indeed, most

cured meat products must be refrigerated to remain

safe and wholesome, and during the past two decades

even the packaging of many classes of cured products

has become important in extending the period during

which the product remains wholesome [81]. Cured

meats can be divided broadly into three groups: un-

heated, mildly heated (pasteurized to center tempera-

ture of 65–758C), and severely heated (shelf stable

after heating to 100–1208C) [81].

In addition to the curing salts and related pro-

cesses mentioned above, additives collectively known

as adjuncts are used in many cured meat

products. These include ascorbates, phosphates,

glucono-D-lactone, and sugars. Adjuncts are used

primarily to obtain or maintain desirable changes,

the ascorbates in connection with color and the others

in connection with pH, texture, and in some cases

flavor. Adjuncts may also affect safety. The concen-

tration of each curing agent depends on the nature of
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the food products and on the technology used in

individual countries [81].

Salting can be done by placing fish in salt solution

or by covering with dry salt. During salting, water is

removed from the flesh, salt enters the tissues of the

fish, and the body juices become a concentrated salt

solution. When enough salt enters, it interacts with all

proteins causing coagulation. When the tissue cells

shrink because of the loss of a large share of the

moisture content, the fish flesh loses most of its trans-

lucent appearance and does not feel sticky to the

touch. At this stage, the salter would say it is struck

through [34].

22.2.1.2 Salting Process

Fish are salted over the temperature range of 0–388C.

Higher the temperature, faster the salt infusion, and

quicker the process reaches at equilibrium. The os-

motic dehydration process (i.e., salting) can be char-

acterized by equilibrium and dynamic periods [64].

In the dynamic period, the mass transfer rates are

increased or decreased until equilibrium is reached.

Equilibrium is the end point of osmotic process,

i.e., the net rate of mass transport is zero. In general,

fish absorbs salt faster as the brining tempera-

ture increases. It is best to standardize brining at

a cool temperature (1.1–1.78C) to achieve consistent

and predictable results and to discourage bacterial

growth. Using ice in the brine makeup water is a

good way to accomplish this, but caution must be

taken to make sure that no ice remains in the finished

brine. Brining in a cold room is also a good way to

keep brines cool and is advisable for long brining

times [30].

In general, salt absorption is affected by brine

concentration and temperature, brining time, thick-

ness and geometry of fish, texture and fat content of

fish, species, and fish quality [30]. Fish flesh absorbs

salt faster from higher salt brine concentration. Brine

greater than 15.8% tended to remove moisture from

the fish, which can be advantageous in some prod-

ucts. However, strong brines and short times may not

allow even distribution of salt into the center of the

fish geometry before smoking. Dry salting has the

advantage of removing moisture, but has the disad-

vantage of uneven salt absorption. Dry salting is a

technique, which covers fish with a thin layer of salt

(0.64–1.27 cm) between layers [30]. Tilapia was pro-

cessed by dry salting (ratio fish/salt, 3:1) varying salt-

ing time (0–24 h), air-drying time (6–20 h), and drying

temperature (40–608C). The critical salting times for

attaining minimum moisture were 20.5, 12, and 8.5 h,

respectively, for products air dried at 40, 50, and

608C. The hardness, color, and overall acceptability



of salted dried Tilapia were found to be dependent on

the process variables, salting time, drying time,

and temperature [44]. Diffusivity of manganese ion

in cured pork was varied from 0.42�10�10 to

1.0�10�10 m2/s [24]. Salt diffusion in pork meat

was found in the range of 3.6�10�10 to 1.2�10�10

m2/s (temperature �2 to 368C) and for fat it was

0.07�10–10 m2/s [94]. Salt has a profound effect on

the ultrastructure and hence moisture binding of fish

muscle. It has more effect compared to freezing,

drying, or heat treatment [89].

Soft-textured fish tend to absorb salt faster than

tough or firm-textured fish. Frozen flesh absorbs neg-

ligible salt, thus need thawing. Mishandled fish with

gaping (separated flesh fibers) may have decreased

brining times. High fat content fish absorb salt slower

than low-fat fish. However, they may need less salt to

obtain adequate final water phase salt content. Fat

content in flesh varies at different locations on the

body of the fish. Salmon, for example, tend to

have less fat at the tail. Different species of fish have

different flesh characteristics and may absorb salt at

different rates. Salting times should be specific for each

species. Moreover, geometrical shapes of fish having

different thicknesses and widths along the length also

pose difficulties in controlling the salting process and

causes nonuniform salt distribution. Frozen-thawed

fish or low-quality fish have flesh characteristics,

which may affect (usually increase) the rate of salt

absorption. The rate of freezing affects flesh cell

structure and therefore the subsequent rate of salt

absorption [30]. In some cases, for example, in case

of salmon, the fish is soaked overnight in fresh water or

for a period of 12–16 h before curing. The water is

changed two or three times. About 10 or 12 h of

freshening should be sufficient but a more thorough

soaking may be required to satisfy some markets.

Salting or solute addition process affects the air-

drying process by reducing water diffusion rate [65].

The concentration of salt has also great influence on

the rate of surface evaporation [40]. In addition, de-

pending on the salt concentration and relative humid-

ity, the salted fish may reabsorb moisture from the

environment during storage [44].

22.2.2 COOKING

Cooking before drying has been recommended for the

dehydration of fish. The bacterial load on the final

product can thus be much reduced, and cooked fish

can be minced and spread evenly on drying trays with

much less trouble than raw fish. However, the forma-

tion of a superficial pellicle (case-hardening), which

may considerably retard drying, is avoided by

precooking. It is clear that more severe the initial
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conditions of cooking, the more stable is the subse-

quently dehydrated product [5].

When an animal or plant is killed, its cells become

more permeable to moisture as pointed out by Potter

[54]. When the tissue is blanched or cooked, the cells

may become still more permeable to moisture. Gen-

erally, cooked vegetable, meat, or fish dried more

easily than their fresh counterparts, provided cooking

does not cause excessive shrinkage or toughening [54].

Cooking also results in a decrease in water-holding

capacity of meat products [83].
22.3 SMOKING

22.3.1 SMOKING PRESERVATION

Smoking of foods is one of the most ancient, and in

some communities one of the most important food-

preserving processes. The use of wood smoke to pre-

serve foods is nearly as old as open air-drying. Al-

though not primarily used to reduce the moisture

content of food, the heat associated with the gener-

ation of smoke also causes an effect of drying. Smok-

ing has been mainly used for meat and fish. The main

purposes of smoking are: it imparts desirable flavors

and colors to the foods; and some of the compounds

formed during smoking have preservative effect (bac-

tericidal and antioxidant) due to presence of a num-

ber of compounds [19,57].

Smoking is a slow process and it is not easy to

control the process. Smoke contains phenolic com-

pounds, acids, and carbonyls and smoke flavor is

primarily due to the volatile phenolic compound

[10,20,34]. Wood smoke is extremely complex and

more than 400 volatiles have been identified [43].

Guillen and Manzanos [26] identified around 140

compounds in liquid smoke prepared from Thymus

vulgaris wood. Polycyclic aromatic hydrocarbons are

ubiquitous in the environment as pyrolysis products

of organic matter. Their concentrations in smoked

food can reach levels hazardous for human health,

especially when the smoking procedure is carried out

under uncontrolled conditions [46]. Wood smoke

contains nitrogen oxides, polycyclic aromatic hydro-

carbons, phenolic compounds, furans, carbonylic

compounds, aliphatic carboxylic acids, tar com-

pounds, carbohydrates, pyrocatechol, pyrogallols, or-

ganic acids, bases, and also carcinogenic compounds

like 3:4 benzpyrene. Nitrogen oxides are responsible

for the characteristic color of smoked food whereas

polycyclic aromatic hydrocarbon components and

phenolic compounds contribute to its unique taste.

All the three are the most controversial chemicals

from a health perspective [43].



Commercial processors have therefore adjusted

processing conditions to produce the lower salt and

moisture products that will sell in today’s markets.

One result of these changes in processing practices is

that processing conditions must be standardized, con-

trolled, monitor, and documented so that the poten-

tial for producing toxic, or even lethal, food products

is eliminated. This is especially true for seafood prod-

ucts which may contain food-poisoning organisms of

marine origin that are more difficult to control than

those from land sources. Clostridium botulinum type

E is the most notorious of these marine organisms

and most smoked seafood produced are designed to

eliminate the potential of toxin production from this

bacteria species [30].

Color development in smoked fish is a complex

process. Maillard type with glycolic aldehyde and

methyglyoxal in the dispense phase of smoke is the

dominant role [87]. Hot-smoked fish produced by

exposing the fish to sawdust smoke gave good flavor

and poor color [1]. Several types of synthetic colors

have been used to color kippers in England [75].

Paprika has also been used as a seasoning and to

impart color to smoked fish [1]. Abu-Bakar and

Abdullah [1] used caramel to improve the acceptable

color of hot-smoked Spanish mackerel (Scombero-

morus spp.), chub mackerel (Rastrelliger kanagurta),

kurau (Polynemus spp.), skinless squid (Loligo spp.)

mantle. Spanish mackerel, chub mackerel, and squid

immersed in brine containing 0.4, 2.0, and 0.6% cara-

mel (w/v), respectively, for 30 min at 258C produced

most acceptable color. Smoked products with golden

yellow to light brown were preferred by the panelists.

The use of wood smoke in preventing lipid oxida-

tion in meat and fish products has been investigated

[6,39]. Polyphenols derived from the smoke acted as

antioxidants. Woolfe [95] found that smoke drying

initiated lipid oxidation in herring Sardinella aurita

as evidenced from peroxide values. The site of initi-

ation was bounded by lipids in contact with the

proteins and final moisture content was the predomin-

ating factor affecting the rate of oxidation. Sheehan

et al. [80] found that level of fats in raw salmon affects

texture, oiliness, and color of smoked salmon during

storage. Cold smoking, hot smoking, or combination

of both did not significantly affect the saltiness,

smoke flavor and color, but significant differences

were observed on texture and appearance. These

were sufficient to give overall acceptance of the

product [20].

Fat has an important influence on the nutritional

quality of the product, as well as on the eating qual-

ity, assessed in terms of texture, flavor, and taste. It

was also claimed that a high degree of fat in the

connective tissue, between the myomers, can interfere
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with the perceived color [18]. In case of smoked sal-

mon, neither the fat content, which varied from 140 to

210 g/kg, nor the estimated fat deposits (7–12%)

affected significantly the sensory properties (color,

consistency, odor, and taste) of smoked fillets [72].

Cold-smoked fish is lightly preserved fish product,

which undergoes a mild salt cure and cold smoking at

temperatures below 288C. It is sold as sliced, vacuum-

packed, ready-to-eat product stored at 3–88C. Freshly

packaged cold-smoked product is not sterile and

ultimately quality at room temperature storage spoils

mainly due to microbiological activity [28].

All smoked fish must be stored chilled or vacuum-

packed to prolong shelf life. Hansen and Huss [28]

identified the microflora on spoiled, sliced, and

vacuum-packed cold-smoked salmon from three

different sources. Lactic acid bacteria dominated the

microflora, in some cases large number of Enterobac-

teriaceae were also present. The microflora on cold-

smoked salmon appeared to be related to the source

of contamination, i.e., the raw material and the smo-

kehouse rather than specific for the product.

22.3.2 SMOKING PROCESS

The traditional methods of smoked food preservation

typically produced high salt and low moisture content

products that are not desirable to most modern con-

sumers. The traditional method of smoking fish uses

hot smoke, from a range of woods, passed over the

fish to partially dry it and impart the flavor and

aroma of the smoke. Disadvantages of this method

include a lack of control over the process and the

finished product with consequent health concerns if

the surface of the fish is not properly dried. Smoking

process involves extensive handling of raw and fin-

ished products. Fillets are manually turned in the

smokehouse to expose cut surfaces and skin for even

smoking and drying exposure.

Smoked food is prepared with two basic proced-

ures. One cooks the product (hot smoking) and the

other does not (cold smoking). Cold smoking devices

have one basic function of applying smoke to the

product. Hot smoking devices have the added function

of applying heat. Since preservation of fish usually

requires moisture removal, systems designed for hot

or cold smoking fish have the added function of dehy-

dration. Air movement in a smokehouse is essential to

the application of smoke and heat, and removal of

water from the product. Traditional smokehouse

used natural (gravity) convection to circulate air,

whereas modern equipment uses forced (mechanically

produced) convection [30]. The hot smoke process for

smoking fish differs from the cold smoke process in a

fundamental way. The cold smoke process requires



that the fish reaches an internal cooking temperature

below 358C, whereas the hot smoke process cooks the

fish to the center at 62.88C for at least 30 min, and

hence there should be at least 3.5% water phase salt in

fish for both processes. Between those two extremes

are temperatures that can create an environment fa-

vorable to growth of food-poisoning bacteria. As an

additional safety margin, hot-smoked fish should al-

ways be cooled to less than 3.38C immediately after

smoking and held at that temperature until consumed

to prevent growth of food-poisoning bacteria. Both

hot- and cold-smoked fish are preserved primarily by

control of salt and moisture content (water phase salt).

Smoke deposition is effective only in controlling sur-

face spoilage [30]. Cold smoking salmon processors

are required to maintain temperatures below 32.28C
for a maximum of 20 h.

The conditions in cold smoking do not completely

eliminate normal harmless food-spoilage bacteria.

Cold-smoked fish is not a fully preserved product

and, for the same safety reasons as with hot-smoked

fish, must be chilled to 3.38C and held there until

consumed. Yellowfin tuna of 4�4 cm block took 45

min (in 16% brine) to absorb enough salt to reach

final water phase salt when the final product reached

60% moisture. For kingfish, the brining time was over

100 min. Large salmon take about the same time and

small salmon take much less time, perhaps only 15 to

20 min [30]. Cold smoking at 37.88C would enable

microbiological proliferation if salting is insufficient

and smoke deposition and dehydration rate is slow.

Cold smoking at low humidity and rapid airflow

retarded microflora by showing a slight decrease in

surface counts. Hot smoking at 71.18C, on the other

hand, caused a very large reduction in count of vege-

tative microorganisms [20]. Counts of aerobic micro-

organism on the surface layer of samples stored at

�12.28C were very low (<10 per gram) and there were

no significant increase in count with prolonged stor-

age. Samples stored at 3.38C showed increasing num-

bers with prolonged storage with a very steep

exponential rise after 40 d of storage. Mold growth

was apparent after 45 d at 3.38C on some samples

[20]. Although the heat treatment in 71.18C process is

lesser than what is required to inactivate bacterial

spores, the product is of excellent quality and had

reasonable storage stability under refrigeration [20].

The product quality of smoked fish depends on

how fast it can be dried, cooked, and smoked by

deposition of smoke on the product. A smokehouse

is simply a drying oven with the ability to apply

smoke. The smoke density, surface moisture, air hu-

midity and temperature, and air circulation affect the

smoke deposition [30]. The accumulation of surface

moisture forms uneven smoke deposition. A relative
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humidity of 60% at a temperature of 71.18C produced

maximum smoke deposition in some species [13]. The

temperature and humidity need to be controlled at

various stages of smoking cycle. While smoke density

can be increased by reducing air rejection from the

system (closing dampers), the same action raises rela-

tive humidity, thus reduced the drying rate. It is useful

to be able to generate high smoke density even at high

rejection rates. Modern automatic hot plate auger

smoke generators are capable of producing large

quantities of smoke if properly operated. Species of

wood affect smoke deposition and flavor. Most pro-

ducers have their own preference based on their

markets [30].

The hot smoking of fish requires five steps, each

with different goals and operating conditions. These

steps are surface drying, smoking, drying, heating or

cooking, and cooling. Surface drying is the removal of

surface moisture leaving a protein coating (pellicle)

on each piece of fish so that it accepts an even smoke

deposit. Producing a dense smoke atmosphere and

conditions where smoke is deposited evenly on the

surface of each piece can insure good flavor, color,

and surface preservation. Often color does not

develop until after the surface of the fish reaches

54.4 to 608C during the cooking step. Evenly drying

the fish to reduce moisture, raise the water phase salt,

and establish final texture are critical steps in produ-

cing safe products. Heating each piece of fish to at

least 62.88C and holding that temperature for at least

30 min are also critical steps in safe smoked fish.

Cooling the fish below cooking temperature (48.9–

608C) in the smokehouse as quickly as possible is

needed. Further cooling to less than 3.38C to reduce

growth of food-poisoning bacteria is recommended.

A suitable sanitary refrigerated room is usually more

practical and cost effective than a refrigerated smoke-

house. Cold smoke procedures do not use step 4 of

heating or cooking. Usually these five cycles take 8–

12 h period. Cycles of 4 h or less are possible with thin

and lightly smoked products [30]. The differences in

process employed depend primarily upon the type of

fish and regional preferences for a particular product.

Different schedules for different fish species are

specified [20]. Smokehouse is equipped with a smoke

generator where smoke is passed over water to

remove tar and solid particles. Good Manufacturing

Practice (GMP) from U.S. Food and Drug Adminis-

tration (FDA) sets minimum standards for time

and temperature smoking cycles, salt and moisture

content, manufacturing, holding and shipping tem-

peratures, process monitoring and record keeping,

and packaging.

More modern methods of smoking fish use

formulations of liquid smoke to provide flavor and



a range of methods of drying to reduce water activity

on the surface. In these methods, the fish are dipped

in smoke solutions before drying. Most drying

methods use heat to change the relative humidity of

the air passing over the fish. This is an inefficient use

of energy and in addition the heat drives off many of

the aromatic chemicals that go to make up aroma,

flavor, and color of the product. This could be over-

come by using energy-efficient heat pump drier, where

drying is performed in a closed chamber.

Smoke solution are available either as condensed

products from the dry distillation of wood or synthet-

ically prepared mixtures of phenols. The use of smoke

condensates offers some advantages. They are easily

applied and their concentration can be controlled.

They can be analyzed, purified if necessary, and the

antimicrobial activity can be evaluated. Sunen [84]

identified the minimum inhibitory concentration of

smoke wood extracts against spoilage and pathogenic

microorganisms associated with food. He found that

the effectiveness in inhibition varied with the type of

commercial liquid smoke. Synthetic smokes are more

nearer to actual smoke curing and harmful compon-

ents can be eliminated from synthetic smokes [11].

The odor, composition of flavor compounds, and

antimicrobial activity of the smoke are recognized to

be highly dependent on the nature of wood. Some

studies have recognized beech and oak woods as

those which produce wood smoke with the best sens-

ory properties [25]. Further herbs, spices (bay leaves,

black peppers, cloves, coriander seed, and spice), or

pinecones may also be added to produce unique aro-

matic smoke flavors [33,34]. Bacteriocin treatment

was found effective inhibiting Listeria monocytogenes

on salmon packaged under vacuum or modified

atmosphere [85].

22.4 DRYING CONDITIONS

22.4.1 PROCESSING

Drying processes can be broadly classified based on

the water removing method applied, as (a) thermal

drying, (b) osmotic dehydration, and (c) mechanical

dewatering. In thermal drying, a gaseous or void

medium is used to remove water from the material,

thus thermal drying can be divided into three types:

(a) air-drying, (b) low air environment drying, and (c)

modified atmosphere drying [57]. In osmotic dehydra-

tion, solvent or solution is applied to remove water,

whereas in mechanical dewatering, physical force is

used to remove water. Consideration should be given

to many factors before selecting a drying process.

These factors are (a) the type of product to be dried,

(b) properties of the finished product desired, (c) the
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product’s susceptibility to heat, (d) pretreatments

required, (e) capital and processing cost, and (f)

environmental factors. There is no one best technique

for all products [15,57].

Drying reduces the water activity, thus preserving

foods by avoiding microbial growth and chemical

reactions causing deterioration. The heating effects

on microorganisms and enzymes activity are also im-

portant in the drying of foods. Dehydration preserves

fish by destroying enzymes and removing the mois-

ture necessary for bacterial and mold growth. The

deterioration or spoilage of fish flesh is particularly

due to bacteria. Fatty fish cannot be dehydrated by

ordinary dehydration process, and is not possible to

store it in the usual way. Fish oils or fats are drying

oils, which rapidly absorb oxygen from the air and

harden just as paints harden on exposure to air. Fatty

fish must be dehydrated quickly in a vacuum, and

must be stored in vacuum or in an atmosphere of an

inert gas [34].

Earlier only sundrying was used for fish. Whereas

climate is not particularly suitable for air-drying or

better quality is desired, mechanical air-drying is

mainly used. Nowadays, solar and mechanical air-

drying is widely used commercially. Fish and seafood

can be dried by using convection, vacuum, and freeze-

drying methods. Convection air-drying is widely used

due to its low cost of equipment and operation com-

pared to vacuum and freeze-drying system. In gen-

eral, dehydration in vacuum and freeze-drying gave

the best results, but this method was considered too

expensive.

Factors that affect the rate of drying are tempera-

ture, humidity, air velocity and distribution pattern,

air exchange, flesh characteristics, and flesh thickness.

Removing moisture from fish flesh is a process of

surface evaporation and therefore requires heat. In

general hotter the air temperature, the faster is the

moisture evaporation. Heating the surface too fast

can produce a hard crust (mostly dried soluble

protein), which retards movement of moisture. This

phenomenon (case-hardening) can severely reduce the

rate of drying and must be avoided. Dry air picks up

moisture from the surface of flesh faster than humid

air. The relative humidity (a measure of dryness) is

lowered when air temperature is raised. Drier must

expel air to get rid of moisture, thereby allowing new,

lower humidity air to enter the system. The rate that

air is exhausted from a drier affects the entrance of

new air and therefore affects the relative humidity

and rate of drying. This is the primary way the mois-

ture gets out of the drier after it has evaporated from

the fish. The rate of surface evaporation from fish is

proportional to the velocity of air passing over it. In

general, the higher the velocity, the higher is the rate



TABLE 22.1
Quality Characteristics of Dried Foods

Microbial Chemical Physical Nutritional

Pathogens Browning Rehydration Vitamin loss

Spoiling Oxidation Solubility Protein loss

Toxin Color loss Texture Functionality

loss

Aroma

development

Aroma loss Fatty acid

loss

Porosity

Shrinkage

Pores’

characteristics
of evaporation. Increased air velocity also increases

the heating rate of the fish with further increasing

evaporation [30]. In case of haddock and herring,

the higher the temperature of the air during drying,

the more stable is the product [5]. During drying in air

at 80 to 908C, deterioration of the protein or nonfatty

part produces substances having antioxygenic prop-

erties. Thus, drying at 80 to 908C gave more stability

to the fat in fish.

The drying temperatures as high as 968C can be

used in the initial drying stage without harmful effect.

As the product becomes drier, it is necessary to use a

lower temperature in order to prevent scorching and

in the later stages temperatures above 638C are inad-

visable. Relative humidity between 10 and 40% has

no noticeable effect on the quality of the product.

Low humidity and high initial drying temperature

are helpful in increasing the rate of drying [34]. The

results of British Food Investigation Board advised a

maximum temperature of 708C should be used [34].

The fish are usually placed on mesh trays as one

layer and hanged from a string for better air circula-

tion over the fish. The air circulation can be horizon-

tal or vertical to the fish layers. Factors such as

texture of meat, fat content, and species differences

affect migration of moisture from the center to the

outside of the piece that is dried, therefore affect the

drying rate. In general, firm and high oil content flesh

dries slower than soft and low-fat flesh. However,

high oil content flesh has less moisture to begin with

and may require less drying [30].

The recent applications on energy-efficient heat

pump drying, the modified atmosphere drying, could

be used for better quality and process efficiency. The

use of heat pump dryer offers several advantages over

convectional hot air dryers for the drying of food

products, including higher energy efficiency, better

product quality, the ability to operate independently

of outside ambient weather conditions, and zero en-

vironmental impact [57]. In addition, the condensate

can be recovered and disposed of in an appropriate

manner, and there is also the potential to recover

valuable volatiles from the condensate [52].

22.4.2 PACKAGING

Dry products are characterized by long shelf life,

which is mostly due to the low water activity of the

products. Thus, fungal and bacterial growth is seldom

a problem under normal storage conditions [53]. The

requirement of packaging depends on the types of

dried products. The low water content dictates that

the products should be kept under dry conditions.

A good moisture barrier is the key to successful pack-

aging of dry products. The effects of water activity on
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the product stability are reviewed by Rahman and

Labuza [67]. Furthermore, increased water activity

in the package or ingress of oxygen may accelerate

oxidative deterioration. Oxidation in storage may

cause serious problem in dried fish products. Light

was also found to cause deterioration in the stored

product. Usually plastic bags are usually used for

dried fish. The best results can be obtained with non-

fatty fish packed in hermetically sealed containers and

stored in a cool place. In many cases, sacs of desiccant

or oxygen absorbers are used inside the bags contain-

ing dried fish. Antioxidant treatment packaging ma-

terials can also increase the shelf life. Low-grade dried

fish also stored in open atmospheric storage condi-

tions. Other changes taking place in dehydrated lean

fish include development of a tough texture, darken-

ing of color, and a burnt flavor and odor [34].

22.5 QUALITY CHANGES IN FISH
DURING DRYING

Initial freshness plays an important part in determin-

ing the stability of dehydrated fish; the fresher the raw

material, the more stability is the dehydrated product.

The quality characteristics of dried foods can be

grouped as microbial, chemical, physical, and nutri-

tional (Table 22.1).

22.5.1 MICROFLORA IN DRIED FISH

Fishes are prone to rapid microbial spoilage, thus

adequate care must be taken in drying the fish. Mi-

crobial standards are usually based on the total num-

ber of indicator organisms or number of pathogens

[70]. The microbial load and its changes during drying

and storage are important information for establish-

ing a standard that will ensure food safety. Poor

processing, handling, and storage practices often

result in a limited storage life of the dried salted fish



[91]. In case of foods to be preserved by drying, it is

important to maximize microorganism inactivation

for preventing spoilage and enhanced safety. On the

other hand, in the case of drying bacterial cultures,

minimum inactivation of microorganism is desired.

Thus, types of detrimental effects of drying may be

desirable or undesirable, depending on the purpose of

drying process [57].

Rillo et al. [70] studied the microbiological quality

of commercially available dried mackerel in Philip-

pines. Their analysis included total plate count, yeast

and mold counts, and tested for pathogens like coli-

form, Salmonella, Streptococcus, Staphylococcus, Vib-

rio, and Clostridium. The microbial load for dried

mackerel ranged from 3�103 colonies per gram sam-

ple to too numerous to count. No evidence of spoilage

was detected when the samples having water activity

from 0.72 to 0.74. The isolates found were Alcali-

genes, Bacillus, Leuconostoc, Micrococcus, Halobac-

terium, Flavobacterium, Halococcus, Aspergillus, and

Penicillium. All the samples were positive for coli-

form, Streptococcus, and Staphylococcus. Vibrio and

Clostridium were not detected while Salmonella was

detected only in some samples. Brining and drying

decreased the microbial load but did not eliminate

the pathogens. Wheeler et al. [91] studied the common

fungi involved in spoiling of dried salted fish in Indo-

nesia. They studied the mycoflora of dried salted fish

with emphasis on visible spoiled fish and spoilage

fungi. A total of 364 isolates from 74 fish was cultured

and identified. Wheeler and Hocking [92] studied the

effect of water activity and storage temperature on

the growth of fungi associated with dried salted fish.

Waliuzzaman et al. [90] studied the microbial growth

in trevally (Caranx georgians) during heat pump de-

humidifier drying at low temperatures. The tempera-

ture and relative humidity were varied from 20 to

408C and 0.20 to 0.60, respectively. It was found

that microorganisms did grow during drying of highly

perishable products such as fish. Lower temperatures

gave lower count regardless of relative humidity of

drying. Sulfur-producing organisms were a significant

portion of the total flora of fish drying. Rahman et al.

[59] studied the microfloral changes in tuna mince

during convection air-drying between 40 and 1008C.

The drying temperature of 508C or below showed no

lethal effect on the microflora and showed a signifi-

cant growth. The drying temperature of fish must be

at or above 608C to avoid microbial risk in the prod-

uct. The actual optimum temperature above 608C
should be determined based on other quality charac-

teristics of the dried fish. Recently the use of heat

pump dryer is receiving attention in the food industry

due to its several advantages. Potential improvements

in the quality of dried products are major advantages
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in using heat pump drying. One of the main reasons

of quality improvements in heat pump dried products

is due to its ability to operate at lower temperatures.

Adequate measure should be considered when using

heat pump drying below 508C for highly perishable

products such as fish [59].

Reducing the water activity of a product inhibits

growth, but does not result in a sterile product. The

highest possible drying temperatures should be used

to maximize thermal death even though low drying

temperatures are best for maintaining organoleptic

characteristics [49]. Other alternative is to use high

drying temperature initially at high moisture content

and then drying at low temperature. It is usual to

estimate D-value at a specified temperature (isother-

mal conditions) by maintaining other parameters

(such as moisture content) constant. This ideal situ-

ation cannot be simulated in the destruction process

of microflora during drying. This is due to the change

of moisture in the sample during drying process, thus

destruction is caused by a combination of tempera-

ture and water loss. The microbial deactivation kin-

etics depends on several factors: variety, water

content (i.e., water activity), temperature, compos-

ition of the medium (acidity, types of solids, pH,

etc.), as well as heating method [35,42,76]. Models

to predict the D-values were also developed as a

function of temperature, pH, and water activity for

isothermal conditions [12,23]. These models could not

be used in case of drying conditions since the level of

water content does not remain same for each tem-

perature studied. Bayrock and Ingledew [8] measured

the D-values for the changing moisture content (i.e.,

drying) and for moist conditions (i.e., no change of

moisture during heating). They estimated the D-values

from the slope of log N versus time of drying and

found that D-values for drying condition were much

higher than the values from the moist heat. This

indicated that heat resistance of microorganism in-

creased significantly during drying compared to the

moist heat conditions. During drying of tuna, Rah-

man et al. [58] found that decimal reduction time (D-

value) for natural microflora varied from 12.66 to

2.64 h when drying temperature varied from 60 to

1008C, respectively. As expected the values were de-

creased with the increase of temperature, which indi-

cates that increase in drying temperature increased

the lethal effect. The D-values at 1008C was much

lower than the drying temperature at 908C or below.

This may be due to the high drying rate at 1008C.

Bayrock and Ingledew [7] also pointed that higher

drying rate at high temperature may be the main

cause of microfloral destruction. Rahman et al. [61]

investigated the changes of endogenous bacterial

counts in minced tuna during dry heating (convection



drying) and moist heating (heating in a closed cham-

ber) as a function of temperature. The D-values for

total viable counts decreased from 2.52 to 0.26 h for

moist heating and 2.57 to 0.34 h for dry heating,

respectively, whereas temperature was maintained

constant within the range 60–1408C. In both cases,

increasing temperature caused significant decrease

in D-values, whereas the effect of heating methods

was not significant. Thus the heat resistance charac-

teristics of microorganisms in fresh tuna mince was

not depended on the changing medium moisture

content. They also identified types and characteristics

of endogenous microbes present in fresh and dried

tuna meat. It showed that the predominant microbes

in the dried tuna were moderate osmotolerant and

heat sensitive.

22.5.2 BROWNING REACTIONS

Browning reactions change color, decrease nutritional

value and solubility, create off-flavors, and induce

textural changes. Browning reactions can be classified

as enzymatic or nonenzymatic with the latter remain-

ing more serious as far as drying process concerned.

Two major types of nonenzymatic browning are cara-

melization and Maillard browning. In addition to the

moisture level, temperature, pH, the composition of

all parameters affect the rate of nonenzymatic brown-

ing. The rate of browning is more rapid in the inter-

mediate moisture range and decreases at very low and

very high moistures. Browning tends to occur primar-

ily at the center of drying period. This may be due to

migration of soluble constituents toward the center

region. Browning is also more severe near the end of

drying period when the moisture level of sample is

low and less evaporative cooling is taking place,

which results in the product temperature rises. Several

suggestions are found to reduce browning during dry-

ing. In all cases, it was emphasized that product

should not experience unnecessary heat when it is in

its critical moisture content range [49].

Maillard-type nonenzymatic browning reactions

in processed meat products also contribute to their

external surface color [78]. Pearson et al. [50,51] dem-

onstrated that the main browning reaction involves

the reaction of carbonyl compounds with amino

groups, although lesser amounts of carbonyl brown-

ing also occur. Muscle usually contains small

amounts of carbohydrates in the form of glycogen,

reducing sugars, and nucleotides, whereas the amino

groups are readily available from the muscle proteins.

Browning occurs at temperatures of 80–908C and

increases with time and temperature [16]. A loss of

both amino acids and sugars from the tissue occurs as

a result of the browning reaction. Lysine, histidine,
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threonine, methionine, and cysteine are some of the

amino acids that may involved in browning [31].

Potter [54] identified that Maillard browning pro-

ceeds most rapidly during drying if moisture content

is decreased to a range of 15–20%. As the moisture

content drops further, the reaction rate slows so that

in products dried below 2% moisture further color

change is not perceptible even during subsequent stor-

age. Drying systems or heating schedules are gener-

ally designed to dehydrate rapidly through the 15–

20% moisture range so as to minimize the time for

Maillard browning. In carbohydrate foods, browning

can be controlled by removing or avoiding amines

and conversely in protein foods by eliminating the

reducing sugars [47,48,50,51].

22.5.3 LIPID OXIDATION

Fish oils or fats are more unsaturated than beef or

butterfat, and they are usually classified as drying oils

because they contain considerable proportions of

highly unsaturated acids. The behavior of drying

oils toward atmospheric oxygen is well known, and

oxidation is a serious problem for commercial drying

of fatty fish and seafood. The flesh of some fatty fish,

such as herrings, contains a fat prooxidant that is not

wholly inactivated by heat [5].

Lipid oxidation is responsible for rancidity, devel-

opment of off-flavors, and the loss of fat-soluble vit-

amins and pigments in many foods, especially in

dehydrated foods. Factors which affect oxidation

rate include moisture content, type of substrate

(fatty acid), extent of reaction, oxygen content, tem-

perature, presence of metals, presence of natural anti-

oxidants, enzyme activity, UV light, protein content,

free amino acid content, and other chemical reac-

tions. Moisture content plays a big part in the rate

of oxidation. At water activities around the mono-

layer (aw � 0.3), resistance to oxidation is greatest.

The elimination of oxygen from foods can reduce

oxidation, but the oxygen concentration must be very

low to have an effect. The effect of oxygen on lipid

oxidation is also closely related to the product poros-

ity. Freeze-dried foods are more susceptible to oxygen

because of their high porosity. Air-dried foods tend to

have less surface area due to shrinkage, and thus not

affected by oxygen [59]. Minimizing oxygen level dur-

ing processing and storage and addition of antioxi-

dants as well as sequesterants were recommended in

literature to prevent lipid oxidation [49].

Antioxidants added to the herrings before drying

are ineffective, but the addition to the air during drying

of wood smoke, which contains some of the simple

antioxygenic phenols, stabilizes the fat of the

dehydrated products very considerably [5]. Oxidation



of the fat normally occurs during dehydration. Her-

rings dried at 80 to 908C compared to lower tempera-

ture were found to be more stable during storage [5].

One factor that may be important is the production of

browning products, which have antioxidant activity.

The effectiveness of nonenzymatic browning products

in preventing lipid oxidation was demonstrated and it

is one of the mechanisms hypothesized by Karel [36]

to prevent lipid oxidation.

The effect of water on the destruction of the pro-

tective food structure in some specific dehydrated

foods is probably involved in prevention of lipid oxi-

dation in heated meat systems [36]. In systems in

which there are both surface lipids and lipids encap-

sulated within a carbohydrate, polysaccharide, or

protein matrix, the surface lipids oxidize readily

when exposed to air. The encapsulated lipids, how-

ever, do not oxidize until the structure of the encap-

sulated matrix is modified or destroyed by adsorption

of water [82]. Another reason is the increase of oxy-

gen diffusion by increasing molecular mobility above

glass–rubber transition [71].

22.5.4 CHANGES IN PROTEINS

The protein matrix in muscle has marked effect upon

its functionality and properties [77]. The nonfatty part

of fish is very susceptible to changes caused by high

temperature of initial cooking, drying, and storage.

Every process involved in the conversion of muscle to

meat alters the characteristics of the structural elements

[83]. Several functional properties may originate from

the same internal change of proteins that form the

tissue. Denaturation is defined as loss of natural prop-

erties such as tertiary or quaternary structure (amino

acid sequence, primary structure and peptide strands in

a protein, secondary structure). In addition to tempera-

ture, ionic environment in the tissue promotes changes

in hydrogen bonding and disulfide links [89]. Heating is

believed to cause the denaturation of the muscle pro-

teins even below 608C, but not enough to greatly shear

resistance [78]. The decrease in shear observed at 608C
was attributed to collagen shrinkage. Hardening at 70–

758C was believed to be due to increased cross-linking

and water loss by the myofibrillar proteins, whereas

decreasing shear at higher temperatures may indicate

solubilization of collagen [16].

After 1 h at 508C, the collagen fibrils of the endo-

mysium appear beaded, which is brought about by

their close association with the heat-denatured non-

collagenous proteins in the extracellular spaces. Heat

denaturation of the lipoprotein in plasmalemma re-

sults from a temperature of 608C for 1 h. The break-

down products of the plasmalemma are large granules

and are often associated with the basement lamina,
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which appears to survive intact even after heating at

1008C for 1 h [73,74].

Heating produces major changes in muscle struc-

ture. Voyle [88] reviewed modifications in cooked tis-

sue observable with the scanning electron microscope.

Alternation in muscle structure due to heating includes

coagulation of the perimysial and endomysial connect-

ive tissue, sarcomere shortening, myofibrillar fragmen-

tation, and coagulation of sarcoplasmic proteins

[32,88]. Heating and drying intensify the detachment

of the myofibrils from the muscle fiber bundles, which

is caused mainly by electrical stunning or stimulation

and improper conditioning following slaughter [14].

22.5.5 SHRINKAGE AND PORE FORMATION

Rahman [56] provides the present knowledge on the

mechanism of pore formation in foods during drying

and related processes. The glass transition theory is

one of the proposed concepts to explain the process of

shrinkage and collapse during drying and other related

process. According to this concept, there is negligible

collapse (more pores) in material if processed below

glass transition and higher the difference between the

process temperature and the glass transition tempera-

ture, the higher the collapse. The methods of freeze-

drying and hot air drying can be compared based on

this theory. In freeze-drying, since the temperature of

drying is below Tg’ (maximally freeze concentrated glass

transition temperature), the material is in the glassy

state. Hence shrinkage is negligible. As a result the

final product is very porous. In hot air drying, on the

other hand, since the temperature of drying is above Tg’,
the material is in the rubbery state and substantial

shrinkage occurs. Hence the food produced from hot

air drying is dense and shriveled [2]. The values of Tg’ for

fish and meat varied from �11 to �158C [9]. State

diagram of tuna meat was developed by measuring

freezing curve, glass line, and maximal freeze concen-

tration conditions (Xw’ and Tm’ ) [60]. Rahman [68] pro-

vided recent reviews on the development of state

diagram. However, the glass transition theory does

not hold true for all products. Other concepts such as

surface tension, structure, environment pressure, and

mechanisms of moisture transport also play important

roles in explaining the formation of pores. Rahman [56]

hypothesized that as capillary force is the main force

responsible for collapse, counterbalancing of this

force causes formation of pores and lower shrinkage.

The degree to which a dehydration sample rehy-

drate is influenced by structural and chemical changes

caused by dehydration, processing conditions, sample

preparation, and sample composition. Rehydration is

maximized when cellular and structural disruption such

as shrinkage are minimized [49]. Chang et al. [15]



illustrated the morphological changes that occur in

the appearance of the muscle fiber bundles during

cooking and drying convectionally in heated rotary

dryer. They found that after cooking the fibers are

bound together in a compact bundle. The bundle size

is gradually reduced by the effects of heating and

tumbling during the early stage of predrying in the

modified clothes dryer. Apparent bundle size is

expanded with the endomysial capillary moisture

that is removed during drying.

The apparent shrinkage during processing can be

defined as the ratio of the apparent volume at given

conditions and initial apparent volume of the materials

before processing. The apparent shrinkage coefficient

indicates the overall volume shrinkage of a material.

Two types of shrinkage usually observed in the case of

food materials are isotropic and anisotropic shrinkage.

Isotropic shrinkage can be described as the uniform

shrinkage in all geometric dimensions of the materials.

Anisotropic shrinkage is described as the nonuniform

shrinkage in different geometric dimensions. In many

cases, it is important to estimate the changes in all

characteristics geometric dimensions to characterize a

material. In case of muscle, such as fish and seafood,

shrinkage in the direction parallel to muscle fibers was

significantly different from that perpendicular to the

fibers during air-drying [4,66]. This is different from the

very isotropic shrinkage of most fruits and vegetables.

The generic shrinkage model was developed by

Rahman [69]. Food materials can be considered as

multiphase systems (i.e., gas–liquid–solid systems).

When the mixing process conserves both mass and

volume, then the density of the multiphase system can

be written as

1

rT

¼
Xn

i¼1

Xi

( rT)i
¼ j

where (rT)i and rT are the true densities of component

i and composite mixture, respectively, Xi is the mass
Water content

P
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ity

(a)

FIGURE 22.1 Change of porosity as a function of water conte

content and then increase and (b) porosity increase with water
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fraction of the component i and n is the total number

of components present in the mixture. Miles et al. [45]

and Choi and Okos [17] proposed the above equation

for predicting the density of food materials. However,

this equation has limited uses in the cases where there

is no air phase present and no interaction between the

phases. Rahman [69] has extended the theoretical

model, introducing the pore volume and interaction

term into the above equation and the equation for

apparent density is

1

ra

¼ j

1� «ex � «a

where «ex and «a are the excess volume fraction due to

interactions, and void or pore volume fraction or

porosity, respectively. The shrinkage can be written as

Sa ¼
Va

V 0
a

¼ j (1� «ex � «a)

j0 (1� «0
ex � «0

a)

where Va is the apparent volume of the material. This

model is applied successfully during air-drying of

calamari [63]. The formation of pores in foods during

drying can be grouped into two generic types: one

with an inversion point and another without an in-

version poin t (Figur e 22.1 and Figu re 22.2) . Figu re

22.2a shows that during drying initially pores are

collapsed and reached at a critical value, and further

decrease of moisture causes the formation of pores

until completely dried. Opposite condition exists in

Figure 22.2. Figure 22.2 shows that pores increased or

decreased as a function of moisture content. Pore

formation in the case of calamari and squid meat

showed type 2A [63,66]. Most of the porosity is pre-

dicted from the density data or from empirical correl-

ation of porosity and moisture content. Mainly

empirical correlations are used to correlate porosity.

Rahman et al. [63] developed the following correl-

ation for open and closed porosity in calamari meat

during air-drying up to zero moisture content as
Water content
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(b)

nt (with inversion point). (a) Porosity decrease with water

content and then decrease [56].
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FIGURE 22.2 Change of porosity as a function of water content (no inversion point). (a) Porosity decrease with water

content and (b) porosity increase with water content [56].
«op ¼ 0:079� 0:164yþ 0:099y2

«cp ¼ 0:068� 0:216yþ 0:138y2

where y ¼ Xw/Xw
0. Rahman [69] developed apparent

porosity of squid mantle meat during air-drying up to

zero moisture content as

«a ¼ 0:109� 0:219yþ 0:099y2

Rahman [62] developed a theoretical model (ideal

condition) to predict porosity in foods during drying

based on conservation of mass and volume principle,

and assuming that volume of pores formed is equal to

the volume of water removed during drying. As

expected the ideal model may not be valid in many

practical cases. The ideal model is then extended for

on-ideal conditions, when there is shrinkage, collapse,

or expansion, by defining a shrinkage expansion coef-

ficient. In addition to porosity, Rahman et al. [59]

studied the characteristics of pores in dried tuna pro-

duced by air-, vacuum-, and freeze-drying. Pores in

different dried tuna samples were characterized by

porosimetry as the total intruded volume, total surface

area, pore size range, average diameter, and nature of

the pore size distribution curves.

22.5.6 REHYDRATION

Rehydration is a process of moistening dry material.

Mostly it is done by abundant amount of water. In

most cases, dried fish is soaked in water before cook-

ing or consumption, thus rehydration is one of the

important quality criteria. In practice, most of the

changes during drying are irreversible and rehydra-

tion cannot be considered simply as a process revers-

ible to dehydration [41].

In general, water absorption is fast at the begin-

ning and thereafter slows down. A rapid moisture

uptake is due to surface and capillary suction.
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Rahman and Perera [57] and Lewicki [41] reviewed

the factors affecting the rehydration process. These

factors are porosity, capillaries and cavities near sur-

face, temperature, trapped air bubbles, amorphous

crystalline state, soluble solids, degree of dryness,

anions, and pH of soaking water. Porosity, capillar-

ies, and cavities near surface enhance the rehydration

process, whereas the presence of trapped air bubbles

gives a major obstacle to the invasion of fluid. Until

the cavities are filled with air, water penetrates to the

material through its solid phase. In general, tempera-

ture strongly increases the early stage of water rehy-

dration. There is a resistance of crystalline structures

to solvation, which causes development of swelling

stresses in the material, whereas amorphous regions

hydrate fast. Presence of anions in water affects vol-

ume increase during water absorption.

22.5.7 SOLUBILITY

Many factors affect the solubility such as processing

conditions, storage conditions, composition, pH,

density, and particle size. It was found that increasing

product temperatures is accompanied by increasing

protein denaturation, which decreases solubility.

Thus, more protein is denatured and its solubility gets

decreased [49]. Removal of water by evaporation

results in the formationof an amorphous state product.

22.5.8 TEXTURE

Factors that affect texture include moisture content,

composition, variety or species, pH, product history

(maturation or age), and sample dimensions. Texture

is also dependent on the method of dehydration and

pretreatments. Purslow [55] stated that meat texture is

affected by the structure of the solid matrix. He con-

cluded that it is important to have a fundamental

understanding of the fracture behavior of meat and

how it relates to the structure of the material. Stanley



[83] stated that many researchers now believe that the

major structural factors affecting meat texture are

associated with connective tissues and myofibrillar

proteins. Moreover, two other components muscle

membranes and water also deserve consideration not

because of their inherent physical properties, but ra-

ther as a result of the indirect influence they have on

the physical properties. It should be noted that sarco-

plasmic proteins may be important for the same rea-

son, although little information on their role is

available. He suggested that these structures merit

particular attention.

Kuprianoff [37] referred to the possible adverse

effects of removing bound water from foods as (i)

denaturation of protein by concentration of the sol-

utes, (ii) irreversible structural changes leading to

textural modification upon rehydration, and (iii) stor-

age stability problems. Stanley [83] stated that the

water-holding capacity of muscle is related to its

sorption properties. The bound water in the muscle

is primarily a result of its association with the myofi-

brillar proteins as indicated by Wismer-Pedersen [93].

Protein–water interactions significantly affect the

physical properties of meat [27]. Changes in water-

holding capacity are closely related to pH and to the

nature of muscle proteins.
22.5.9 NUTRITIONAL VALUE

The dehydration of food is one of the most important

achievements in the human history making them less

dependent upon a daily food supply even under

adverse environmental conditions [21]. In general,

losses of vitamin B are usually less than 10% in

dried foods. Dried foods do not greatly contribute

to dietary requirements for thiamin, folic acid, and

vitamin B-6. Although vitamin C is largely destroyed

by heating–drying, meat per se is not a good source

[16]. Even though most amino acids are fairly resist-

ant to heating–drying, lysine is quite heat labile and

likely to be borderline or low in the diet of humans

and especially so in developing countries where high-

quality animal proteins are scarce and expensive [21].
22.6 CONCLUSION

In this chapter a brief overview of fish drying is pre-

sented. The main focus is given to drying methods,

pretreatment, and quality characteristics. In many

cases, pretreatment is important to achieve desired

level of quality. The microbial, chemical, physical,

and nutritional quality characteristics related to fish

and seafood are also summarized.
� 2006 by Taylor & Francis Group, LLC.
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23.1 INTRODUCTION

Grain has been an important agricultural commodity

and primary food source for centuries. The present

distribution of the world’s population has made

strong demands on grain-handling technology. Irre-

spective of whether it is international trade or de-

mands within a country, grain needs low moisture

levels for safe storage. Drying has always been the

most common method of preserving grain. In the

days of premechanization of agriculture, enough

grain was usually stored by hanging ears of corn in

barn lofts and attics to meet the needs of a commu-

nity. As mechanization of agriculture spreads to meet

the needs of a population that was rapidly growing

and urbanizing, mechanical methods for drying large

quantities of grain were needed. Grain now travels

thousands of miles either in large grain-carrying ships
, LLC.
or in different types of carriers on wheels, and must

reach its destination in a high-quality state. Proper

drying of these huge quantities of grain is a prerequis-

ite to safe storage and delivery.

In 1999, an estimated 884 million metric tons of

coarse grains were produced in the world [1]. Assum-

ing harvested grain moisture and storage moisture to

be in the range of 20–30% and 10–13%, respectively,

70–197 million tons of water had to be removed from

this crop. This water-removal process is very energy

consumptive. Therefore, it becomes evident that the

efficiency of grain drying, with respect to both energy

and time, has important economic consequences for

both grain producers and consumers.

Further, there are several advantages for making

the grain dryer a standard part of the harvesting

system in the Western agricultural sector. First,

when a grain dryer is used, extra hours of harvesting



in harvest days each year are possible, potentially

reducing the farmer’s overall machinery investment.

Second, earlier harvesting is possible with a grain

dryer, allowing a crop to be harvested nearer to its

ideal moisture content for minimizing field loss. This

permits farmers to do a better job of weed control

through timely chemical application and tillage prac-

tices for the following year’s crop. Third, weather

damage and losses due to wildlife may be reduced

by harvesting at the tough or damp stages and then

drying the grain. Last, proper drying and aeration of

tough or damp grain reduces or eliminates spoilage

problems during storage due to hotspots and insect

infestation. Not all grain dryers are suitable to a given

geographical area and farm. The choice of a system

depends upon the annual volume produced, the mar-

keting pattern, the type of farm, and the kind and

capacity of existing facilities. This chapter is intended

to provide an introduction of the various types of

grain dryers presently available on the market so

that the reader may understand how a particular

dryer is selected for a given farming operation. An

attempt has also been made to indicate the import-

ance of solar drying, nonconventional methods of

drying, and some aspects of hay drying.
23.2 CROP CONDITIONING

Although the purpose of this chapter is primarily to

discuss ‘‘heated air’’ dryers, some mention will be made

about the four crop moisture reduction methods, usu-

ally called crop conditioning, as they are sometimes

used in place of or in combination with heated-air

drying.

23.2.1 AERATION

Aeration consists essentially of moving small

amounts of unheated air through a pile of grain to

equalize the grain temperature and to prevent mois-

ture migration in bins exposed to drastic changes in

ambient temperature. It may also be used to cool

grain after drying, to keep damp grain cool until it

can be dried, to remove storage odors, or to distribute

fumigants in the grain mass.

Aeration is usually carried out in a storage bin

that is equipped with a fan, duct system, and perfor-

ated floor along with exhaust vents to provide escape

for moist air. Whether the ventilating air is blown

upward or sucked down through the grain is largely

a matter of choice. Upward ventilation is more com-

monly used, although there are advantages and dis-

advantages to each of these methods. An important

advantage of using upward ventilation is that it
� 2006 by Taylor & Francis Group, LLC.
allows storage temperatures to be measured easily

because the warmest grain is always at the top of the

pile. The recommended airflow rate for normal aer-

ation of shelled corn, soybeans, and small grains at

125 Pa (0.5 in. of water) is 5 m3/h per m3 of grain

(0.1 cfm/bu) [2]. However, for aerating damp grain at

500–750 Pa (2 to 3 in. of water), flow rates of ap-

proximately 50 m3/h per m3 of grain (1 cfm/bu) are

needed [3].

It is important to note that the aeration fan should

not be run when the relative humidity of the ambient

air is too high. For example, during fall and winter

the operator should select days when the average

relative humidity is less than or equal to 70% [4] and

the air temperature is more than �1.18C (308F). It

should be further noted that bins of 40 m3 (1000 bu)

or less generally do not require aeration if the grain

put in the bins is dry.

23.2.2 NATURAL-AIR DRYING

Natural-air drying employs a similar setup but higher

airflow rates than those used for aeration. Typical

rates for a storage depth of 1.2 to 1.8 m (4 to 6 ft)

of small grains, peas and beans, and shelled and ear

corn are, respectively, 150 to 250 m3/h per m3 of grain

(3 to 5 cfm/bu) and 250 to 500 m3/h per m3 of grain (5

to 10 cfm/bu) [2].

23.2.3 IN-STORAGE DRYING WITH

SUPPLEMENTAL HEAT

In-storage drying with supplemental heat involves

drying of a relatively large batch of grain in situ (i.e.,

in the storage bin). It is carried out in bins of varying

capacity up to 100 tons [5]. Ventilation is accom-

plished by blowing slightly heated air, 4–128C (7–

228F) above ambient temperature through a duct

system or through one centrally placed cylinder, as

is the case for batch drying. Drying by this method

usually requires continuous operation of the ventila-

tion system for about 1 to 3 weeks.

In-storage drying may also be carried out on a bar

floor provided with a powerful and a satisfactory

system of floor and lateral ducts. Airflow rates range

from 80 to 165 m3/h per ton of grain. The advantages

of this method are low cost and simplicity.

23.2.4 MULTISTAGE DRYING

The term multistage drying refers to any process that

uses high-temperature drying in combination with

aeration or natural-air drying. An outline of two

such processes, dryeration and combination drying,

follows.



23.2.4 .1 Dry eration

Dryera tion is the term refer ring to the tw o-stage

process by which grain is dried in a heated-air dr yer

to within about 2% of its ‘‘dr y’’ moisture content and

then moved to and store d in an aerat ing bin for abo ut

10 h [3]. This allows time for mois ture within the

kernels to move to the outsid e for ea sier remova l.

Aeration at airflow s in the order of 25– 50 m 3/h pe r

m 3of grain (0.5–1 cfm/bu) is then maint ained for abo ut

12 h. The advan tages of this syst em are as foll ows:
� 20
1. The ability to use higher drying temperatures as

the grain does not remain in the high-temperature

dryer until it is completely dry.

2. Capacity increa ses of up to 60% of the grain

drying syst em are pos sible as no cooling time in

a high-t empera ture drye r is requ ired.

3. The last few moisture percent age poin ts, which

are esp ecially difficult to remove , are remove d

in the bin using the heat a lready con tained

within the grain, resulting in fuel saving s of

20% or more.

4. The grain qualit y is impr oved by c ooling the

grain imme diately after it c omes out of the

dryer.
If the a ir is blow n up through the grain, there is

often a consider able amount of con densatio n on the

roof an d walls of the bin. The grain must theref ore be

moved to another bin for stora ge. The amount of

conden sation on the roof can be reduced by pulling

the air down throug h the grain or by coo ling the grain

immed iately afte r it comes out of the dryer.

23.2.4 .2 Com bination Dry ing

Comb ination dr ying is an extension of the dryeration

process an d is used prim arily for drying grains wi th

very high harvest mois ture ( >2 5%) [6]. A high -

tempe rature dr yer is used to reduce the grain mois ture

content to ab out 19–23% . The g rain is then mo ved to

a bin dryer in whi ch drying is completed using natural

air or sup plemental heat. With this method, the

output of the high-temper ature dry er is increa sed to

two or three times that obtaine d when it is us ed for

complet e dr ying. In add ition, energy requir ements

may be red uced by as much as 50%. Air flows for the

bin dry ing porti on of the pro cess are betw een 4 5 and

90 m3/h per m 3of grain (0.9 and 1.8 c fm/bu).

The selec tion of dr yeration or combinat ion dr ying

will de pend on the amount of grain to be dried, its

initial moisture con tent, and the cost of energy and

capital invest ment involv ed. If small amou nts of grain

at relative ly low moisture co ntents are to be dried, the
06 by Taylor & Francis Group, LLC.
purchase of eq uipment for co mbination drying would

not be war ranted. Com binati on drying is more suited

to high-m oisture con tents an d large volume s of grain.

In all cases, for bin s 100 m3 or large r, aerat ion duc ts

large enough for airflow s of at least 36 m 3/h per m 3of

grain (0.7 cfm/bu) sho uld be provided. Bec ause fully

perfor ated bin floors allow the great est varie ty of

options , their install ation should be seri ously consid-

ered on all large , new stora ge bins.
23.3 ARTIFICIAL HEATED-AIR DRYING

An impor tant co nsider ation when dealing with any

heated air pr ocess is drying tempe ratur e. Sug gested

drying tempe ratures vary depen ding on what the

grain’s use is to be. Table 23.1 lists a few recomm end a-

tions for natural - an d heated- air drying and the

maximu m drying tempe ratures to be used on grain

for seed, commer cial use, and anima l feed. Drying

time and airflow rate are also impor tant. How ever,

these vary accordi ng to the drying tempe ratur e and

type of dr yer use d.

The two major types of he ated-air grain dryers are

bin dr yers and portabl e dryers . Bi n dryers are avail -

able in batch, recir culating, and continuous categor -

ies, whereas portable dryers are available commonly

in recirculating and nonrecirculating types.

23.3.1 BIN DRYERS

Bin dryers are manufactured in many sizes and cap-

acities and are used to obtain various drying rates.

They are usually operated with lower airflow rates

than other types, and hence are generally more energy

efficient although slower than most other types of

dryers. The general philosophy of bin dryer size se-

lection is to be able to dry as much grain in 24 h as

will be harvested in a normal day.

23.3.1.1 Batch Dryers

The least expensive setup for drying is the one using the

‘‘batch-in-bin’’ process. The main components of this

system are a bin with a perforated floor, a grain

spreader, a fan and heater unit, a sweep auger, and

an unde r-floor unl oading auger (Figur e 23.1). The

heater fan starts when the first load of grain is put in

and continues to operate as long as is required to lower

the average grain moisture content to the desired level.

Drying rate depends on several variables, such as

drying time, grain depth, temperature of the heated

air, and airflow rate. Final depth is selected by noting

the pressure drop in a manometer. Airflow rates are

determined from charts supplied with fan unit. Usu-

ally, a rate of 450 m3/h per m3 of grain (9 cfm/bu) is



TABLE 23.1
Recommendations for Drying Grain with Natural Air and Heated Air

Ear Corn Shelled Corn Wheat Oats Barley Sorghum Soybeans Rice Peanuts

Maximum moisture content of crop at harvesting for satisfactory drying:

With natural air, %a 30 25 20 20 20 20 20 25 45–50

With heated air, %a 35 35 25 25 25 25 25 25 45–50

Maximum moisture contentb of

crop for safe storage in a

tight structure, %a

13 13 13 (Seed wheat, 12%) 13 (Seed oats, 12%) 13 12 11 12 13

Maximum relative humidity of

air entering crop that will dry

crop down to safe storage

level when natural air is used

for drying, %

60 60 60 60 60 60 65 60 75

Maximum safe temperature of

heated air entering crop for

drying when crop is to be

used for seed, 8C

43 43 43 43 41 43 43 43 32

Sold for commercial use, 8Ca 54 54 60 60 41 60 49 43 32

Animal feed, 8Ca 82 82 82 82 82 82

Source: From Hall, C.W., Drying and Storage of Agricultural Crops, AVI Publishing Company, Inc., Westport, Connecticut, 1980, pp 366–367. With permission.
aMoisture contents on wet basis: (a) higher temperatures than those listed may be used when the corn is dried under carefully controlled conditions so that the

maximum temperature of the kernels does not exceed 548C at any time; (b) if there is any possibility that the crop may be sold, use the lower temperature as listed for

commercial use.
bThe products are to be stored for long periods, the moisture content should be 1–2% lower than shown in this tabulation.
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Fan and
heater

Perforated floor

Grain
spreader

Unloading
augerGrain

FIGURE 23.1 A typical batch dryer bin.
recomm ended for efficien t drying. For a given grain

depth, rais ing the air tempe rature speeds up dry ing

but increa ses the chance of over drying near the floor .

Hence, a safe air tempe ratur e is ch osen for the crop

that has to be dried co nsider ing its initial mois ture

content (Table 23.1) .

Bef ore storing, newl y dried grain must be co oled.

This is done by sh utting off the he at and using the

dryer fan to blow coo l air ov er the grain, or by

transferr ing the warm grain to an aerat ed storage

bin and letting it cool there.

One varia tion of the ba tch-in-bi n process is to use

alternate he ating an d cooling cycles . This reduce s the

moisture diff erential between the drier grain ne ar the

perfor ated floor and the damper grain near the top of

the grain column.

Som e bin dryers ha ve overhead , perforated, co ne-

shaped drying floors supporte d abou t 1 m below the

roof (see Figure 23.2). A hea ter fan unit is inst alled
Perforated ceiling

Fan
and
heater

Unloading
auger

Hot air Hot air

Cool grain

Warm grain

FIGURE 23.2 A bin dryer with an overhead drying floor.
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below the perfor ated floor that blow s warm air up

through the grain.

W hen one batch of dry grain is drop ped to a per-

forated floor at the bottom of the bin, where it is coo led

by an aeration fan, the nex t ba tch is loaded and dried

on the dryer floor abo ve. Cool, dr y grain is trans ferred

to another stora ge bin via an au ger under the floor .

The advantag e of this system is that drying can co n-

tinue as the grain is be ing cooled and trans ferred .

Ver tical sti rring augers may be added to bin

dryers , whi ch not only pr omote more unifor m drying,

but also permit a higher airflow rate, thus increa sing

the drying rate for a given crop. Although sti rring

augers may result in slightl y low er fuel effici encies ,

the increa sed drying rate, redu ction in over drying at

the bottom , and the large r ba tch size outw eigh this

disadva ntage.
23.3.1 .2 Re circulat ing Drye rs

In the recirc ulating type of dryer, grain is constant ly

mixed whi le drying. One examp le of a recir culating

dryer is shown in Figure 23.3. A slant ed floor cau ses

the grain to move toward a verti cal auger situated in

the center of the dryer. The auger picks up the grain

and deliv ers it to the top of the grain bin. The result is

a mo re unifor mly dried crop than that obtaine d using

nonrecir culating types.

The dryer shown in Figure 23.4 is used as a recir-

culating batch or continuous flow dryer. When used as

a recirculator, an ‘‘under grain’’ sweep auger moves

grain to the center of the perforated bin floor where it

is picked up by a vertical auger and delivered to a grain

spreader. When the dryer is operated as a continuous

flow dryer, the grain traveling up the vertical auger is

transferred to an aeration bin via an inclined auger.
Fan and
heater

Unloading
auger

Perforated floor

Grain

Recirculating auger

FIGURE 23.3 A recirculating batch bin dryer.
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Transfer auger

Fan and
heater

Continuous
sweep auger

Grain spreader

Grain recirculation

FIGURE 23.4 A recirculating bin dryer.
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Heat

Heat

Cool
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heater
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FIGURE 23.6 Heat recovery systems: (a) reverse cooling;

(b) one-way airflow.
23.3.1.3 Continuous Flow Dryers

Although there are many types of continuous flow

dryers, one of the more common types uses two to

four vertical grain columns through which hot air is

forced perpendicularly to grain flow (Figure 23.5).

The grain is loaded at the top and passed down to

both sides of the hot and cold plenums before enter-

ing the unloading augers. Grain flow rate is controlled

either manually or by a thermostat near the outside of

the grain column. As fan capacity is decreased or

column width increased, more efficient use of heat

results; however, the grain moisture differential be-

tween the inside and outside layers increases.

Some continuous flow dryers use three fans and

three plenums, each with individual temperature con-

trols. These may be run with two heating sections and

one cooling section or else all three with heat, in

which case the grain must be cooled in an aerated

bin (Figure 23.6a and Figure 23.6b).
Feed suger

Perforated
wallsHeated air

Cooling air

Unloading
auger

Grain

FIGURE 23.5 A typical stationary continuous flow dryer

with an air recirculating system.
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Farm Fans, Indianapolis, Indiana,* has a series of

dryers of this type that they term continuous multi-

stage dryers, ranging in capacity from about 5 to

27 tons/h (265 to 1220 bu/h) based on drying and

cooling corn from 25% to 15% moisture.

A number of companies recycle drying or cooling

air. Two common techniques of accomplishing this

are shown in Figure 23.6. Some manufacturers use

the system shown in Figure 23.6a. Here, ambient

temperature air is drawn through the grain in the

cooling section and then passed through the fan

heater unit of the midsection. This system results in

more energy saving than the system shown in Figure

23.6b due to the fact that air from the first heating

section is recycled. Its disadvantage is that chaff and

fine material may be drawn into the midsection hot

air plenum, necessitating frequent cleaning.

Most continuous flow dryers are of the stationary

type, although some of the smaller-size dryers are

portable. For example, Gilmore and Tatge Manufac-

turing Company, Incorporated, Clay Center, Kansas,

make a concentric cylinder type portable dryer that

handles 7.8 ton/h (350 bu/h) based on moisture re-

moval from 20.5% to 15.5%. Grain column width on

many of these dryers is 0.30 m as compared to the

0.45 m found on the GT-Tox-o-Wik recirculating

batch dryers. It should be noted that the moisture

differential across the grain column is lowered as its

width is decreased. A thinner column therefore means

that, for a given average moisture content, the inner

layer is less overdried. Thus, using a continuous flow

dryer might be of some benefit when drying heat-

sensitive small grains such as wheat, oats, and barley.

Another type of continuous flow dryer is the par-

allel flow dryer in which the grain moves in the same
*Mention of proprietary products in this article does not imply any

recommendation or endorsement of their particular brands.



direction as the hot airflow. This results in more

unifor m drying and reduces the danger of heat dam-

age. Furtherm ore, as no screens are used in parall el

flow dryers , smal l seed crops can be dried withou t

leakage .

Cont inuou s flow dryers are not well suited for the

drying of smal l quantities of diff erent types of grains

because startup an d emp tying of these dryers is inef-

ficient . Accur ate mois ture control is difficul t to

achieve until a unifor m flow is establis hed. Cont inu-

ous flow dryers are best in situati ons in whi ch large

quantit ies of grain must be dried witho ut frequen t

changes from one type to another.

23.3.2 PORTABLE DRYERS

Portabl e dryers gen erally app eal to the farmer who

has grain bins scattered in various locations, or who

does custom drying off the farm. Portabl e dryers

without a proper grain- handling system may be used

to fill an imm ediat e need in an emerg ency sit uation;

howeve r, they are nor mally not used wher e drying is

benefic ial but not ne cessary due to the inconveni ence

of setup and dism antling of the syst em. The tw o types

of portabl e batch dryers are nonrecir culat ing and

recircu lating.

23.3.2 .1 Nonre circ ulating Dryers

Most nonrecir culating types of drye rs are of the fully

enclosed concentri c cyli nder type. These are loaded at

the top and drying is acco mplished by blo wing hot air

radially throu gh a column of grain. Similar to the

batch- in-bin drying syst em, the insi de grain layer

(the layer near the hot air plenu m) beco mes ov erdried

as the outsi de layer remai ns unde r-dried. Never the-

less, as the grain is remove d from the dryer, the damp

and the dry grain are mixe d so that a satisfac tory

produc t resul ts for furt her use.

Othe r types of portabl e nonr ecirculati ng batch

dryers exist, such as wagon or truck-bo x dryers .

These use a he ater fan unit simila r to that used for

bin drying, an d whi ch is con nected to smal ler air

ducts susp ended at mid- height of the box or located

on its floor. If suspend ed air ducts are used, exh aust

ducts on the floor a re a necessi ty.

Thes e types of automa tic dr yers are e quipped wi th

thermo stats or timers to con trol heatin g and unlo ad-

ing cycles. No manual sup ervision is requ ired if a

complet ely mechan ized grain- handling system is us ed.

23.3.2 .2 Re circulat ing Dry ers

Portable recirculating batch dryers are essentially the

same as nonrecirculating models except for a central
� 2006 by Taylor & Francis Group, LLC.
auger that picks up grain near the bottom of the column

and deposits it at the top (see Figure 23.7). A complete

recirculation of grain occurs roughly every 15 min.

M ost common dryers of this type co me in sizes

ranging from 10 to 18.5 m 3 (300 to 525 bu) bin ca p-

acity. These dryers are often used by medium -size

farms in easte rn North America that cannot afford a

more expensive continuous flow model. The dryers

may be used for virtually any crop, provided that the

maximum safe drying temperature is not exceeded.

Howeve r, their disadva ntage is that constant au gering

can cause damage to certa in seed s such a s be ans,

peas, an d malting barley, especi ally when they are

nearly dry.
23.4 DRYER SELECTION

The selec tion of a co ntinuous flow, batch, or batch- in-

bin dr yer dep ends large ly on the amount of grain to be

dried an d the facilities alrea dy availab le with a farm er

when the dryer is purchased . For exampl e, a farme r

who alrea dy ha s a go od size stora ge bin and only a

small volume of grain to store woul d likely use an in-

storage dryer rather than pur chase a portabl e dry er

and ‘‘wet grain’ ’ holding bin. Thi s syst em, howeve r,

would not be suitable for farms large r than 160 ha.

The recomm endati ons concerning the type of sys-

tem to be used can be made based on the annual pro -

duction of a given farm, as illu strated in Tabl e 23.2.

Although the capacity range presented here is for corn,

it can also be extended to other grains and cereals. It

must be further noted that these recommendations

were made for farmers in the area of central United

States. For eastern Canada, where temperatures are

cooler and humidity is higher, the figures for natural-

air drying presented inTable 23.2 are slightly higher. In

Quebec, for example, corn at harvest may have 35%

moisture content with an average around 30%,

whereas in western Canada and the midwestern

United States, it is usually harvested at moisture con-

tents in the low20% range. This factor should therefore

be considered when selecting a suitable drying system.

The crops most often dried in Canada and the

United States by artificial means are corn (maize) and

beans. Wheat, oats, and barley are harvested in the dry

season and usually come off the field at a moisture

content suitable for safe storage. If need be, the grain

may be dried with natural air on sunny, warm days.

Most of the dryers in Canada are found in Quebec

and Ontario [7]. Many of these are portable batch

types. Larger, continuous flow models may be found

at co-ops across the country or on the larger farms in

southwestern Ontario, where farmers are growing

320–360 ha of their own crop.
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Recirculating
auger

Hot air
      plenum

FIGURE 23.7 A typical portable batch dryer.
23.5 SOLAR ENERGY IN DRYING

An alternative drying method encouraged in hot, dry

countries of Asia and Africa is solar drying. Solar

heat is trapped with a solar collector constructed
TABLE 23.2
Recommended Drying System Based on the Annual
Farm Production at Harvest

Annual Production Type of Drying

Systema

22 to 60 tons (100 to 2700 bu) Natural-air drying

60 to 445 tons (2700 to

20,000 bu)

Natural-air drying

with supplemental heat

445 to 1556 tons (20,000 to

70,000 bu)

Batch-in-bin dryers

Above 1556 tons (>70,000 bu) Portable and continuous

flow dryers

aBased on D.I. Chang, D.S. Chung and T.O. Hodges, Grain Dryer

Selection Model, Am. Soc. Agr. Eng. Paper No. 79–3519, St.

Joseph, Michigan, 1979.
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from an aluminum sheet painted black. The collector

may be fixed to the drying bin in such a way that an

airspace exists between it and the bin wall. Energy

absorbed by the collector heats the ventilating air by a

few degrees as it is forced through the airspace. In

North America, these types of dryers have been

known to operate satisfactorily with grain moisture

contents up to 25%, even on cloudy days [5]. The

reason for this is that solar energy comprises of

about half visible light and half infrared rays, with

the latter having the ability to penetrate the clouds.

On rainy days and nights supplemental heat may be

supplied electrically.

In countries where harvesting time occurs at the

beginning of the dry season, the most popular method

of drying is exposure to the sun. Crops are often left to

dry in the field before harvesting. In some countries,

various crops are dried on scaffolds or inverted

latticework cones. Another method is to lay paddy,

maize, cobs, and other crops on heaps of stubble

and then to cover them with stubble. At the village

level, probably the most common practice is to

spread the harvested threshed or shelled crop on the

ground or on a specially prepared area (e.g., matting,



sacking, mud and cow dung mixture, or concrete)

exposed to the sun.

In humid countries, initial crop drying may take

place as outlined above; however, further drying is

accomplished by placing the crop in a ventilating

storage area. A more effective type of drying than

sun drying is shallow-layer drying. This form of dry-

ing may be achieved by spreading the produce in a

layer on the ground or on wire bottom trays that are

supported above the ground. Cribs may also be con-

structed for drying maize on the cob or unthreshed

legumes and cereals. These are usually oriented so

that the long axis is facing the prevailing wind. They

often have roofs or wide overhangs to protect the

drying crop from rain.

In most warm, developing countries, a commercial

dryer is too expensive and not essential enough for a

single farmer to consider its purchase. China, India,

and countries on the continent of Africa are examples

of places where solar drying by direct exposure or by a

cheaply constructed collector is employed.
23.6 ARTIFICIAL DRYING IN DEVELOPING
COUNTRIES

Where humidity is too high to allow grain to be

adequately dried by natural means, it is necessary to

supply heat to the drying crop. The most popular

forms of artificial drying may be categorized accord-

ing to the depth of grain that is dried. These are: (a)

deep-layer drying; (b) in-sack drying; and (c) shallow-

layer drying.

Deep-layer dryers consist of silo bins (rectangular

warehouses) fitted with ducting or false floors

through which air is forced. Depths of up to 3.5 m

of grain may be dried at onetime [8].

An in-sack dryer ismade of a platform that contains

holes just large enough to hold jute sacks full of grain.

Heated air is blown up through the holes (and grain) via

a heater or fan unit. The platform may be constructed

from locally available material. A typical oil-fired unit

that deals with two to five tons of grain is equipped with

a fan that delivers 9700m3/h of air heated to 148C above

ambient temperature and consumes about 4.5 l of oil

per hour [8]. For two-ton loading, the moisture removal

rate is about 1% per hour.

Shallow-layer dryers are those consisting of trays,

cascades, or columns in which a thin layer of grain is

exposed to hot air. In these dryers, the hot air stream

is at the highest safe temperature and the amount of

drying is determined by the length of time the grain is

allowed to remain in the dryer, either as a stationary

batch or as a slow-moving stream. Due to the fact

that the layer of grain that is dried is thin (less than
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about 0.20 m), no significant moisture gradient de-

velops through the grain [8]. This means that the

drying temperature is limited only by the possibility

of heat damage to the grain.

Another simple but effective type of artificial

dryer utilizes a locally built platform dryer in which

the products of combustion of local fuel are not

allowed to pass through the grain. The heated air

passes through the produce by means of natural-air

movement or convection currents. One such dryer

built at Mokwa, Nigeria, uses a pit (which became

the hot air plenum) covered by the drying floor, the

firebox being located outside the plenum chamber.

Yet another type of dryer is the horizontal dryer,

which contains a number of chambers, each being

divided by horizontal, equidistant, screen-bottomed

trays placed on horizontal pivots. Damp grain is

placed on the top tray in a layer 0.16–0.18 m deep

and is tipped to the next set of trays after an initial

drying period. Because this type of dryer is normally

operated as a batch dryer, it is an advantage to have

two cooling chambers per unit so that one batch may

be loaded into the dryer as the other is removed from

the machine. A typical setup of this type would in-

clude a double drying chamber, a cleaning unit, and

augers or elevating units for filling the dryer and

elevating the grain to storage.
23.7 NONCONVENTIONAL METHODS

Recent increases in the cost of fossil fuels have

prompted researchers to investigate and develop

more energy efficient dryers [9–12]. One attempt

at reducing fuel cost was to pass unheated air

through large beds of absorbent material such as

silica gel before passing it through the grain. The

problem with this was that the gel itself had to be

dried at high temperatures, making the operation

expensive.

Heat pump dehumidifiers in drying equipment

have been shown to offer many benefits. The removal

of moisture from, and the subsequent transfer of the

latent heat to the drying air enable drying at lower

temperatures, lower cost and operation even under

humid ambient conditions. Electrical heat pumps

cause minimum environmental pollution.

Other methods related to enhancement of heat

transfer techniques are also studied. Particle–particle

heat transfer is one such technique that has led to the

design of many experimental dryers. Richard and

Raghavan have dealt with this topic extensively [13].

They discuss the theoretical aspects, experimental data,

and demonstrate the potential of this method. The

main advantage of this type of dryer is its rapidity.



Following this concept, a continuous flow conduction

grain processor or dryer was developed in the late 1980s

at McGill University, Quebec, Canada; it is shown in

Figure 23.8 and fully described in a paper and two

patents by Pannu and Raghavan [14–16]. It is based

on particle–particle heat transfer and was designed to

control mixing and heating time and provide ease of

separation of the grain and the particulates.

The dryer consists of three concentric conical

drums rotating about a common axis. The inner

cone is fitted with a propane burner and buckets to

carry the heat transfer medium toward the hottest

part of the flame. The particulate medium then flows

into the second drum, where it is mixed with moist

grain and is carried in the opposite direction by the

helical walls of the second drum. As the mixture

proceeds toward the opposite end, it is separated by

screen mesh, the grain carried on to the second cone

outlet as the particulate medium drops into the outer

cone and is recirculated to the heating chamber. The

outer cone is insulated with R-10 glass wool to reduce

heat losses. Grain residence time, and therefore the

heating and moisture removal rates, is controlled by

adjusting the rotating speed of the unit.

The dryer performance can be adjusted by varying

different parameters such as the heating medium,

medium and grain mass ratio, grain moisture, med-

ium temperature, and angular velocity. The possibil-

ity of improving drying performance by using zeolites

(molecular sieves) rather than sand was investigated

[17]. It was found that the difference in moisture

removed between the molecular sieves and sand was

a function of residence time. When using sand, the
F
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FIGURE 23.8 Schematic diagram of conduction grain processo
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relative humidity in the dryer reached saturation

within 2 min (>90%), whereas it dropped to a steady

value of 10–20% when zeolites were used. Thus the

differences in moisture removal increased with time.

The high heat transfer efficiency makes the unit,

using sand as a particulate, suitable for heat treat-

ment applications such as pasteurization, precooking,

insect eradication, and other applications in which

moisture removal is not a priority. With zeolites as

the transfer medium, moisture removal rates double,

thus bringing drying efficiency up to the standards.

The enhanced drying performance using molecu-

lar sieves is encouraging. However, questions can be

raised as to possible hazards associated with synthetic

zeolite residues and as to nutritional quality of corn

dried at higher temperatures.

The moisture removal increase was 50–130%

higher for zeolites than sand, depending on the oper-

ating conditions. Upon nutritional analysis, no differ-

ences were found in digestibility or acceptability, as

indicated by daily feed intake [18]. Unavailable pro-

teins tended to increase with medium temperature;

however, the increase was not significant.
23.8 HAY DRYING

Hay is also an important crop, like grain and cereals.

In Canada and the United States, it is estimated that

in any given year, 30% of hay is lost during harvesting

and storage. Proper drying and handling techniques

might reduce these losses. The hay is usually field

dried to approximately 40% moisture and then dried
B
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to 20% with barn hay dryers. By employing suitable

management techniques for barn drying systems, har-

vest losses can be reduced, produce can be harvested at

its optimum stage of growth, and storage losses can be

minimized. Although these advantages are acceptable,

the number of barn drying systems has not increased in

recent years because of the difficulty of providing a

handling system compatible with the harvesting

method. Forced-air drying and heated-air drying

systems are generally used for hay drying. Further

information on hay drying is given in Ref. [19].
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de sèchage et de traitement à la chaleur d’un matériau a

l’état granulaire. Canada Patent No.1 254381, 1989.
16.
 Raghavan, G.S.V. and Pannu, K.S. Method and appar-

atus for drying granular material. U.S. Patent

No.4597737, July 1, 1986.
17.
 Raghavan, G.S.V., Alikhani, Z., Fanous, M., and

Block, E. Enhanced grain drying by conduction heating

using molecular sieves. Trans. of the ASAE, 1988 31(4):

1289–1294.
18.
 Alikhani, Z., Raghavan, G.S.V., and Block, E. Effect of

particulate medium drying on nutritive quality of corn.

Can. Agric. Eng., 1990 33: 79–84.
19.
 Hall, C.W.Drying andStorage of Agricultural Crops. AVI

Publishing Company, Inc., Westport, Connecticut, 1980.

pp 258–290.





24 Grain Property Values and Their
� 2006 by Taylor & Francis Grou
Measurement
p

Digvir S. Jayas and Stefan Cenkowski
CONTENTS

24.1 Introduction.......................................................................................................................................... 575

24.2 Physical Properties................................................................................................................................ 576

24.2.1 Bulk Density (Test Weight)................................................................................................... 576

24.2.2 Particle Density ..................................................................................................................... 577

24.2.3 Porosity ................................................................................................................................. 577

24.2.4 Projected Area....................................................................................................................... 578

24.2.5 Roundness ............................................................................................................................. 578

24.2.6 Equivalent Volume (Equivalent Diameter) ........................................................................... 578

24.2.7 Sphericity............................................................................................................................... 579

24.2.8 Surface Area.......................................................................................................................... 579

24.2.9 Emptying and Filling Angles of Repose................................................................................ 579

24.2.10 Friction Coefficients against Structural Materials................................................................. 580

24.3 Hygroscopic Properties......................................................................................................................... 580

24.3.1 Moisture Measurement ......................................................................................................... 580

24.3.2 Measurement of Equilibrium Moisture Content................................................................... 580

24.3.3 Analysis of EMC–ERH Data................................................................................................ 582

24.4. Thermal Properties............................................................................................................................... 583

24.4.1 Specific Heat.......................................................................................................................... 583

24.4.2 Thermal Conductivity and Diffusivity .................................................................................. 586

24.4.3 Convective Heat Transfer Coefficient ................................................................................... 589

24.4.4 Latent Heat of Vaporization ................................................................................................. 591

24.4.5 Heat of Respiration............................................................................................................... 592

24.5 Electrical Properties.............................................................................................................................. 593

24.5.1 Dielectric Properties .............................................................................................................. 593

24.5.2 Capacitance- and Resistance-Based Measurements .............................................................. 595

24.5.3 Measurements based on Electrical Conductivity................................................................... 595

24.6 Optical Properties ................................................................................................................................. 596

24.7 Aerodynamic Properties ....................................................................................................................... 598

List of Symbols .............................................................................................................................................. 599

References ...................................................................................................................................................... 600
24.1 INTRODUCTION

The world produces annually about 2 billion tonnes (Gt)

of grains and oilseeds [1] that are handled and stored

on- and off-farm for periods of up to 3 y. Often the

storage period may be longer than 3 y, for example,

when the grain is stored for potential famine relief. To

design handling, inspection, and storage systems for
, LLC.
grains and oilseeds, data on many properties of indivi-

dual seeds and seeds in bulk are needed.Theproperties of

interest are: bulk and particle densities, porosity, round-

ness, sphericity, friction coefficients of grains against

commonly used bin wall materials, emptying and fill-

ing angles of repose, equilibrium moisture content

(EMC), specific heat, thermal conductivity, dielectric

constant, electrical conductivity, reflectance, terminal



TABLE 24.1
Approximate Bulk Density of Grains and Other Seeds

Seed Bulk Density (kg/m3)

Alfalfa 772

Barley 618

Beans Lima dry 721

Buckwheat 618

Canola (rapeseed) 669

Corn shelled 721

Lentils 772

Oats 412

Peanuts, unshelled

Virginia type 219

Spanish 322

Rice, rough 579

Rye 721

Sorghum grain 721

Sunflower seed (nonoil) 309

Sunflower seed (oil) 412

Soybeans 772

Timothy seed 579

Wheat 772

Source: From ASAE, D241.4 Feb. 93, Density, specific gravity,

and mass–moisture relationships of grain for storage, 40th ed.,

Standards, Engineering Practices, and Data (Am. Soc. Ag. Eng.),

St. Joseph, MI, 1993, pp. 408–410. With permission.
velocity, and drag coefficient. There are many

methods of measuring these properties. In this chap-

ter, only the methods that are currently in use or

widely accepted methods are described. Representa-

tive property values for common grains and oilseeds

are summarized from the published literature.

The properties of grains and oilseeds are measured

on representative samples and are affected by many

factors such as moisture content, growing location,

amount and type of foreign material in the sample,

and conditions of the surroundings. Many properties

also depend on other properties. For example, ther-

mal conductivity of bulk grain depends on its bulk

density. Care must be taken in obtaining a represen-

tative sample because the great care taken in measur-

ing a property will only give a good property value for

the sample used. Ideally, representative samples from

many different growing locations, growing years, and

cultivars should be used to arrive at a grain property

value that can be used in engineering design. Unfor-

tunately, such studies become cost prohibitive and

coordinated efforts among world scientists are needed

to improve on the database for grain properties. At

times, results of a well planned and executed project

on measurement of grain properties become less use-

ful when incomplete information about the sample is

given in the published literature. Therefore, when

reporting, a complete description of the sample

should be given. For example, usefulness of data on

bulk density of wheat without knowing at least its

moisture content and class of wheat may be dimin-

ished considerably for an engineering design.

24.2 PHYSICAL PROPERTIES

24.2.1 BULK DENSITY (TEST WEIGHT)

Bulk density is defined as the ratio of the mass of the

sample to the volume occupied by the bulk sample and

is expressed in the units of kg/m3. The bulk volume

includes the volume of intergranular air and grain. In

the grain trade, the term test weight is used, which is

defined as the mass of a measured volume of grain

expressed in kg/hL (lb/bu). Standard methods for de-

termining test weights are used by regulatory agencies

around the world (e.g., Canadian Grain Commission

[2]). The bulk density values reported in the literature

are usually determined for clean grain at a specified

moisture content by using the equipment and proced-

ure for determination of test weight. The values thus

determined are lower than the values that are expected

in storage. The bulk density of grain in storage can be

affected by the method used for filling the structure

and by the amount and type of foreign material in the

grain. For example, a bin filled using a spreader gives a
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higher bulk density than a bin filled using a spout, or

increasing the drop height during spout filling in-

creases the bulk density. Also, the presence of foreign

materials that are finer and heavier than grain kernels

increases storage bulk density.

Bulk density of a clean grain sample (for corn, the

sample is not cleaned) is determined by filling a 500-

mL metallic container (90 mm diameter and 78 mm

high) from a funnel with a 38.1 mm opening and

having a flat slide gate. The opening of the funnel is

maintained at 44.1 mm above the top of the con-

tainer. Grain required to fill the container plus a

small additional amount are loaded into the funnel

whereas its gate is closed. When the gate is opened,

the sample flows freely from the funnel into the center

of the container and fills the container to overflowing.

The grain in the container is leveled by striking off the

excess grain with a round rod (19-mm diameter hard-

wood) using three equal zigzag movements at an

angle to the direction of movement of approximately

458. The mass of the grain in the container is meas-

ured and the bulk density (kg/m3) or the test weight

(kg/hL) is calculated (Canadian Grain Commission

[2]). The bulk density for common grains and oilseeds

are summarized in Table 24.1 (ASAE [3]).



TABLE 24.2
Porosity and Particle Density of Selected Seeds

Seed Cultivar Moisture Content (% wet basis) Porosity (%) Particle Density (kg/m3)

Barley Coast (6 rows) 10.3 57.6 1130

Barley Hannchen 9.7 44.5 1260

Barley Synasota 9.8 45.4 1210

Barley Trebi (6 rows) 10.7 47.9 1240

Barley White hullness 10.4 39.5 1330

Buckwheat Japanese 10.1 41.0 1100

Canola Tobin 6.5 38.4 1150

Canola Westar 6.7 38.9 1100

Corn, mixed Yellow and white 9.0 40.0 1190

Corn, shelled Yellow, dent 25.0 44.0 1270

Corn, shelled Yellow, dent 15.0 40.0 1300

Flaxseed 5.8 34.6 1100

Grain sorghum Blackhull kafir 9.9 36.8 1260

Grain sorghum Yellow milo 9.5 37.0 1220

Millet Siberian 9.4 36.8 1110

Oats Iowar 9.7 51.4 950

Oats Kanota 9.4 50.9 1060

Oats Red Texas 10.3 55.5 0990

Oats Victory 9.8 47.6 1050

Rice Honduras 11.9 50.4 1110

Rice Wataribune 12.4 46.5 1120

Rye Common 9.7 41.2 1230

Soybeans Wilson 7.0 33.8 1130

Wheat, hard Turkey, winter 9.8 42.6 1300

Wheat, hard Turkey, winter (yellow) 9.8 40.1 1290

Wheat, soft Harvest Queen 9.8 39.6 1320

Source: From ASAE, D241, 4 Feb. 93, Density, specific gravity, and mass–moisture relationships of grain for storage, 40th ed.,

Standards, Engineering Practices, and Data (Am. Soc. Ag. Eng.), St. Joseph, MI, 1993, pp. 408–410. With permission.

*Symbols are defined in the List of Symbols.
24.2.2 PARTICLE DENSITY

Two other terms true density and kernel density are

used as synonyms to the particle density. Particle dens-

ity is defined as the ratio of the mass of a sample to the

volume occupied by the kernels (excluding the inter-

granular air) of the sample. The kernel volume can be

determined using either of these two methods: liquid

displacement method (LDM) and air comparison

pycnometer (ACP) (e.g., Model 930, Beckman Instru-

ments Inc., Fullerton, CA). In the LDM, a known

mass of grain is poured into a graduated cylinder

filled with a liquid to a known level. The change in

the volume of the liquid is determined by subtracting

the initial liquid volume reading from the final liquid

volume reading. The liquid should not be sorbed

(adsorbed or absorbed) by the solid particles; there-

fore, toluene is commonly used for grains and oil-

seeds. The main problem with the LDM is that tiny

air bubbles on the surface of the solid particles may

be present and included in the volume of the particles.
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Also, liquid may not displace all the intergranular air.

The ACP measures the true volume of the solid par-

ticles. The particle densities of some grains are given

in Table 24.2 (ASAE [3]).
24.2.3 POROSITY

The terms percent voids, percent airspace, percent

pore volume, and porosity are used interchangeably

in the literature. Porosity is defined as the ratio of the

volume occupied by the intergranular air to the total

volume of the bulk sample and is expressed in per-

cent. Usually, the porosity is calculated from the bulk

and particle densities of a sample and thus can be

considered as a derived quantity*:

� ¼ 1� rb

rt

� �
� 100: (24:1)



Porosit y can be measur ed directly using a method

describ ed by Day [4]. The por osities for common

seeds a re given in Tabl e 2 4.2 (ASAE [3]) .

24.2.4 PROJECTED A REA

Kernels of all grains and oilseeds, when dropp ed on a

flat horizont al surfa ce, rest in their most stable pos -

ition. The area covered (viewed from the direction

perpend icular to the surfa ce) by a kernel in its most

stable posit ion is defined as the project ed area (mm 2)

and can be determ ined by tracin g the kernel on a

graph paper and by esti mating the numb er of squ ares

in the enclosed tracin g. A planimeter can also be used

for quantific ation of the area. The lengt h an d width of

the minimum rectangle that encloses the pro jected

area are de fined as princip al major and minor ax es

or lengt h and wi dth of grain kernels, respectivel y. The

length obta ined by traci ng along the circum ferenc e of

the project ed area is defi ned as the perimeter of a

kernel. The projecte d area, lengt h, width, an d perim -

eter of kernels can be measu red easily using a digit al

image process ing system [5] and the values for many

seed types are given in Table 24.3.

24.2.5 ROUNDNESS

Roundn ess of a grain kernel is de fined as the ratio of

the kernel’ s projected area in its most stabl e position

to the area of the smallest circum scri bing circl e:
TABLE 24.3
Physic al Dimens ions of Var ious Seeds

Seed Projected Area (mm2) Perime

Mean SDb Mean 

Wheat (HRS)c 15.0 2.2 14.6 

Barley 23.0 2.9 20.5 

Canola 2.4 0.5 5.1 

Brown mustard 1.9 0.3 4.5 

Yellow mustard 3.9 0.6 6.8 

Oriental mustard 2.4 0.3 5.1 

Laird lentils 36.0 3.6 21.8 

Eston lentils 16.0 2.0 14.5 

Pea beans 40.0 4.6 23.4 

Green peas 35.0 3.3 21.6

Black beans 45.0 5.7 25.3

Buckwheat 19.0 2.9 16.5

Flaxseed 6.4 0.5 10.1

aRefer to Section 24.4.4.
bSD¼ Standard deviation based on n¼ 1000.
cHRS, Hard red spring.

Source: From Shatadal, P., Jayas, D.S., Hehn, J.L., and Bulley, N.R., C
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R ¼ Ap

Ac

(24 : 2)

24.2.6 EQUIVALENT V OLUME (EQUIVALENT DIAMETER)

A sphere whose volume is equal to the volume of a grain

kernel is defined as the equivalent sphere of the kernel.

The diameter of the sphere of equivalent volume is

defined as the equivalent diameter of the kernel. The

average equivalent volume of kernels can be determined

by using a particle density method (see Section 24.2.2)

and counting the kernels. The equivalent diameter is

calculated from the measured volume as

de ¼
6Ve

p

� �1 = 3

(24 : 3)

Common ly, the volume occupied by 10 00 ke rnels

(random ly selec ted) is measur ed and the average

equival ent volume and the diame ter are calculated

and report ed (Table 24 .4).

The geomet ric mean diame ter, Dg, is another term

that is used to describ e the shape of ke rnels. It is

calculated as

Dg ¼ ( a � b � c ) 1 =3 (24 : 4)

Physical ly, the terms a, b, and c are the lengt h, wi dth,

and height, respectivel y of the smallest parallelepi ped

that will full y en close the kernel.
ter (mm)a Length (mm) Width (mm)

SDb Mean SDb Mean SDb

1.1 5.3 0.4 3.2 0.4

1.7 8.3 0.8 3.4 0.3

0.6 1.6 0.2 1.5 0.2

0.5 1.5 0.2 1.3 0.2

0.6 2.2 0.2 1.9 0.2

0.4 1.7 0.2 1.5 0.2

1.2 6.7 0.4 6.4 0.4

1.0 4.5 0.3 4.3 0.3

1.4 7.8 0.5 6.1 0.5

1.0 6.6 0.3 6.4 0.4

1.7 8.4 0.6 6.6 0.6

1.5 5.6 0.7 4.2 0.4

0.4 3.9 0.2 1.8 0.1

an. Agric. Eng., 37(3), 163, 1995. With permission.



TABLE 24.4
Equivalenta Diameter (de), Surface Area (A), and Volume (Ve) of Kernels of Selected Seeds

Seed de (mm) A (mm2) Ve (mm3) Ref.

Beansb 6.64 138 153 103

Corn 7.37 170 209 104

Corn 7.88 195 256 105

Corn, Inra 258 7.28 166 199 106

Corn, Velox 7.14 160 190 106

Corn, Dekalb XL72Ac 7.61 182 231 107

Corn, Pioneer 3388c 7.16 161 192 107

Corn, N7A X N28c 8.18 210 286 107

Flax 1.90 11.34 3.59 104

Fababeansb 8.63 234 336 103

Lupinb 5.73 103 98 103

Peasb 6.28 124 130 103

Poppy seed 0.99 3.11 0.52 104

Wheat 3.48 38.04 22.07 104

aEquivalent diameter was calculated from measured Ve and A was calculated from de.
bMoisture content¼ 0% wb.
cMoisture content¼ 10.5% wb.
24.2.7 SPHERICITY

Spherici ty of a ke rnel is define d as: the ratio of the

volume of a kernel to the vo lume of the smallest

circum scribing sph ere; or the rati o of the equival ent

diame ter of the kern el to the diame ter of the smallest

circum scribing sphere; or the rati o of the geomet ric

mean diameter of a kernel to the diame ter of the

smallest circum scrib ing sph ere.

24.2.8 SURFACE A REA

Surface area is the area of the outer surfa ce of a kernel.

An approxim ate su rface area can be de termined by

assum ing grain ke rnels are ellip soids wi th major or

minor axes a and b, an d by calcul ating the surface

area of the ellipsoid using known mathe matical rela-

tionsh ips [6]. An approxim ate surfa ce area can also be

estimat ed by assum ing the kerne l as a sph ere of equiva-

lent diameter. A method of measur ing su rface area of

grains is by c oating grains with a single layer of meta l

particles [7–9] . A known mass of kernels is dipped in

varnish . The excess varnis h is remove d by roll ing ker-

nels on pa per tow el and by air drying. The kernels are

swirled with nickel particles and the mass of coa ted

kernels is determ ined. For convert ing the chan ge in

mass of the kernels to the surfa ce area, parti cles of

known geo metry (surf ace area) having specific gravi ty

simila r to the specific gravi ty of grain ke rnels are

coated in a sim ilar mann er and change in their mass

is determined . By applyin g the pr oportio nality rule the
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surface area of particles is calculated. The surfa ce a rea

of some grains is given in Tabl e 24.4.

24.2.9 EMPTYING AND FILLING A NGLES OF R EPOSE

Emptying angles of repose of samples are measured by

emptying grain from a box (e.g., a wooden box 430 mm

long, 200 mm wide, and 430 mm high). The dimensions

of the box are arbitrary except that the accuracy of

measurement improves with increased length of slope.

The box is filled with samples to a depth of 350 mm.

Samples are allowed to flow out through a 50-mm high

and 200-mm wide rectangular opening provided along

the width of the box at the bottom of one end wall.

Emptying angles are calculated from measurements of

horizontal and vertical scale readings.

Fill ing angles of repose can be measur ed using a

box wi th one side made of Pl exiglass (e.g., a wooden

box 12 00 mm long, 100 mm wi de, and 76 0 mm high).

Sample s are allow ed to flow freel y through a 50-m m

square opening in a wooden hopper, whose center is

maintained 1000 mm above the bottom of the receiv-

ing box. Filling angles are calculated from measure-

ments of sample profile depth at two horizontally

spaced points 300 mm apart. The first point is chosen

approximately 100 mm away from the impact flat-

tened apex of the cone. Filling angles are measured

on both sides of the apex and averaged for individual

replicates. Typical values of emptying and filling

angles of repose of grains and oilseeds are given in

Table 24.5.



TABLE 24.5
Emptying and Filling Angles of Repose of Selected Seeds

Seed Moisture Content (% wb) Emptying Angle (8) Filling Angle (8) Ref.

Barley (cv. ‘Bedford’) 12.7 26 24 108

Durum wheat (cv. ‘Wakoma’) 12.7 24 24 108

Oats (cv. ‘Harmon’) 12.7 27 28 108

Rye (cv. ‘Gazelle’) 12.7 21 25 108

Rapeseed (cv. ‘Candle’) 8.1 26 24 108

Sunflower (cv. ‘Sundak’) 8.1 22 21 108

Soybean (cv. ‘McCall’) 8.1 29 — 108

Triticale (cv. ‘Carman’) 12.7 21 23 108

Wheat (cv. ‘Neepawa’) 12.7 27 26 108

Fababeans (cv. ‘Ackerperle’) 12.6 28 29 10

Flaxseed (‘McGregor’) 7.0 30 26 10

Lentils (cv. ‘Laird’) 13.8 24 24 10

50%-Hulless barley (cv. ‘Condor’) 14.5 24 23 109

95%-Hulless barley (cv. ‘Condor’) 14.0 24 23 109
24.2.10 F RICTION COEFFICIENTS AGAINST

S TRUCTURAL MATERIALS

Coeffic ients of sli ding fri ction agains t v arious struc -

tural surfa ces are determ ined by using a tilting table .

The surface of inter est is atta ched to the tilting

table. A wooden fram e (305 mm long and 255 mm

wide), made of 18-mm square wood, is placed lengt h-

wise on the surfa ce to prev ent kernels from roll ing

down the surfa ce. It is filled wi th the sample and

leveled. The frame is lifted slowly to an approxim ate

height of 2–3 mm, so that the fram e does not rest on

the surfa ce. Usin g a man ually driven screw, the table

is tilted slowly until the sampl e starts to slide. The

angle of the tilting table is measur ed using a pro -

tractor and a plu mb bob. The co efficien t of fri ction

is calcul ated as the tangent of the angle measur ed [10] .

The fri ction coeffici ent agains t verti cal surfa ces is

needed in bin design. To measur e the fri ction coeffi-

cients agains t vertical walls, a system de scribed by

Irvine e t al. [11] can be used. The values of sliding

frictio n agains t fou r struc tural mate rials for common

grains and oils eeds are given in Table 24.6.
24.3 HYGROSCOPIC PROPERTIES

24.3.1 MOISTURE MEASUREMENT

A common method for de termining mois ture co ntent

of grains an d oilseeds is to dry samples in triplic ate in

a co nvection air oven at a specified tempe ratur e for a

specified durati on (Table 24.7; ASAE [12]). Abou t

10–15 g samples a re weighed in covered aluminum

dishes . The dishes are unc overed and placed with
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their covers in the oven at the set tempe rature. At

the end of the drying period, dishes are covered and

placed in a de siccator for coo ling to the room tem-

peratur e. The dishes wi th dried sample are weighed

again. Moisture co ntent of sampl es is calculated a s

the ratio of the mass loss divide d by the mass of the

original sample and is exp ressed in percent age on a

wet mass basis (wb ). In theo ries of grain dr ying, the

moisture co ntents of sampl es are usua lly express ed

on a dry mass ba sis (db), whi ch is calcul ated as the

ratio of the mass of water divide d by the mass of dry

matter an d is express ed as a percent age or decim al

fraction. To avoid confusi on as to which basis the

moisture con tent is report ed in a pa rticular chapter ,

it is suggested that the scientific commun ity adop t a

conventi on to report moisture co ntents on wet basis

in percent age and moisture content s on dry ba sis in

decim al fraction.

24.3.2 MEASUREMENT OF E QUILIBRIUM

MOISTURE C ONTENT

There are two common methods (static and dynami c)

for measuring the EMC–equilibrium relative humidity

(ERH) relationships of grains and oilseeds. The static

method is also known as the EMC method and the

dynamic method is also known as the ERH method.

In the static method, a sample of known mass is

allowed to reach equilibrium with air maintained at a

constant relative humidity and temperature. The

moisture content of the sample at equilibrium is

measured and is defined as the EMC. The constant

relative humidity environments are usually created

using saturated salt solutions in containers [13].



TABLE 24.6
Coefficients of Sliding Friction against Four Different Structural Materials for Selected Seeds

Seed Moisture

Content (% wb)

Galvanized

Steel

Steel Troweled

Concrete

Wood Floated

Concrete

Plywood Ref.

Barley (cv. ‘Bedford’) 12.7 0.29 0.38 0.45 — 108

Durum wheat (cv. ‘Wakoma’) 12.7 0.29 0.39 0.45 — 108

Oats (cv. ‘Harmon’) 12.7 0.27 0.40 0.44 — 108

Rye (cv. ‘Gazelle’) 12.7 0.30 0.38 0.41 — 108

Rapeseed (cv. ‘Candle’) 8.1 0.24 0.30 0.39 — 108

Sunflower (cv. ‘Sundak’) 8.1 0.35 0.40 0.40 — 108

Soybean (cv. ‘McCall’) 8.1 0.27 0.33 0.34 — 108

Triticale (cv. ‘Carman’) 12.7 0.39 0.38 0.39 — 108

Wheat (cv. ‘Neepawa’) 12.7 0.32 0.42 0.47 — 108

Fababeans (cv. ‘Ackerperle’) 12.6 0.29 0.31 0.29 0.28 10

Flaxseed (‘McGregor’) 7.0 0.27 0.42 0.44 0.33 10

Lentils (cv. ‘Laird’) 13.8 0.25 0.34 0.31 0.24 10

50%-Hulless barley (cv. ‘Condor’) 14.5 0.29 0.39 0.40 0.31 109

95%-Hulless barley (cv. ‘Condor’) 14.0 0.32 0.40 0.41 0.32 109
A container with a 10- to 15-g sample suspended in

the environment above the saturated salt solution is

kept at a constant temperature. The experiment must

be repeated at several temperatures and relative
TABLE 24.7
Oven Temperature and Heating Period for Moisture Co

Seed Oven Temperature +18C

Alfalfa 130

Barley 130

Beans, edible 103

Bluestem, yellow 100

Corn 103

Fescue 130

Flax 103

Mustard 130

Oats 130

Orchard grass 130

Parsnip 100

Rape (Canola) 130

Rye 130

Ryegrass 130

Safflower 130

Sorghum 130

Soybeans 103

Sunflower 130

Timothy 130

Wheat 130

aUse 100 g if moisture exceeds 25%.

Source: From ASAE, S352, 2 Dec. 92, Moisture measurement—ungrou

Data (Am. Soc. Ag. Eng.), St. Joseph, MI, 1993, p. 449. With permissio
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humidities. The sample is weighed at a regular inter-

val of 3–12 h until the change in sample mass between

two successive readings is less than 0.01 g (at this

stage it is assumed that the sample has reached
ntent Determinations

Heating Temperature
Sample Size (g)

h min

2 30 10

20 0 10

72 0 15

1 0 1

72 0 15 or 100a

3 0 5

4 0 5–7

4 0 10

22 0 10

1 0 5

1 0 10

4 0 10

16 0 10

3 0 5

1 0 10

18 0 10

72 0 15

3 0 10

1 40 10

19 0 10

nd grain and seeds, 40th ed., Standards, Engineering Practices, and

n.



TABLE 24.8
Equilibrium Moisture Content–Equilibrium Relative
Humidity Relationships Used to Analyze Sorption
and Desorption Isotherms of Grains and Oilseeds

Modified Henderson Equation

RH¼ 1 2 exp(2A(T þ C)MB)

Modified Chung–Pfost equation

RH ¼ exp � A

T þ C
exp

�BM

100

� �� �

Modified Halsey equation

RH ¼ exp � exp (Aþ BT)

MC

� �

Modified Oswin equation

RH ¼ 1

Aþ BT

M

� �C

þ1

Guggenheim–Anderson–de Boer (G.A.B.) equation

M ¼ ACB�RH

(1� B�RH)(1� B�RHþ CB�RH)

Modified Guggenheim–Anderson–de Boer (G.A.B.) equation

M ¼ A(C=T)B�RH

(1� B�RH)(1� B�RHþ (C=T)B�RH)

A, B, C are constants, M is percent water content dry basis, RH is

equilibrium relative humidity, decimal, and T is temperature, 8C.

Source: From Henderson, S.M., Agric. Eng., 33(1), 29, 1952;

Thompson, T.L., Peart, R.M., and Foster, G.H., Trans. ASAE, 11(4),

582, 1968; Chung, D.S. and Pfost, H.B., Trans. ASAE, 10(4), 552,

1967; Pfost, H.B., Maurer, S.G., Chung, D.S., and Milliken, G.A.,

Summarizing and reporting equilibrium moisture data for grains,

Paper No. 76–3520, ASAE, St. Joseph, MI, 1976; Halsey, G.,

J. Chem. Phys., 16, 931, 1948; Iglesias, H.A. and Chirife, J., J. Food

Technol., 11, 109, 1976; Oswin, C.R., J. Soc. Chem. Ind. London, 65,

419, 1946; Chen, C. and Morey, R.V., Trans. ASAE, 32(3), 983, 1989;

Jayas, D.S. and Mazza, G., Trans. ASAE, 34(5), 2099, 1991; Jayas,

D.S. and Mazza, G., Trans. ASAE, 36(1), 119, 1993.
equilibrium). Depending on the vapor pressure of the

moisture in the seeds and the vapor pressure of the air

above the saturated salt solution the sample may reach

equilibrium by picking up or giving off moisture, thus

resulting in either a sorption or desorption EMC

value. For grains and oilseeds, the sorption EMC is

lower than the desorption EMC at the same relative

humidity because of the hysteresis phenomenon that is

exhibited by biological materials. The moisture uptake

can be by chemisorption, adsorption, absorption, or a

combination as moisture content increases. The term

sorption includes all mechanisms of moisture uptake.

The time for the samples to reach equilibrium may

vary from 1 to 5 weeks depending on the relative

humidity and temperature. Therefore, mold usually

develops on samples in high humidity environments

and treatment of the sample with a mold inhibitor such

as propionic acid is required.

To reduce the time to reach equilibrium and to

reduce the problem with mold development, another

version of the static method is to force conditioned air

of known temperature and relative humidity over the

sample until the change in mass of the sample is small

(<0.01g). A variation to this method can be used when

determining thin-layer drying or wetting characteristics

of a sample. The variation is that it is not necessary to

bring the sample to equilibrium, and the EMC is deter-

mined as Me by nonlinear regression of the equation:

M �Me

Mi �Me

¼ exp (�KtN ) (24:5)

In the dynamic method, a small amount of air is

brought into equilibrium with a 0.5–1.0 kg sample of

known moisture content by recirculating the air in a

sealed unit [14] that is housed in a room at a constant

temperature within +0.18C. The relative humidity of

the recirculating air is monitored until it becomes

constant at which stage it is assumed that equilibrium

has been attained and the measured relative humidity

is the ERH. The moisture content of the sample is

measured again. The average of the initial and final

moisture contents is taken as the EMC. Because the

amount of recirculating air is small, the change in

moisture content of the sample usually is within the

error limits of the method of moisture measurement

and some researchers take the initial moisture content

of the sample as the EMC. The time to reach equilib-

rium is reduced to 6–12 h depending on the conditions

of the sample. When determining a desorption iso-

therm by the dynamic method, the initial relative

humidity of the air must be well below the expected

ERH so the grain loses moisture to the air; and the

reverse must be guaranteed when determining the

sorption isotherm.
� 2006 by Taylor & Francis Group, LLC.
24.3.3 ANALYSIS OF EMC–ERH DATA

The EMC–ERH data of grains and oilseeds are ana-

lyzed by fitting various equations to the data using

nonlinear regression. The commonly used equations

are: the modified Henderson, Chung–Pfost, Halsey,

Oswin, and Guggenheim–Anderdon–de Boer (G.A.B)

(Table 24.8). The modified Henderson [15,16] and

modified Chung–Pfost [17,18] equations have been

adopted as standard equations by the American So-

ciety of Agricultural Engineers for describing EMC–

ERH data for cereals and oilseeds. The modified

Halsey [19,20] and modified Oswin [21,22] equations

have been shown to describe the EMC–ERH data of

many seeds satisfactorily [22,23]. The G.A.B. equa-

tion has recently been recognized as the most satis-

factory theoretical isotherm equation, but it does not



TABLE 24.9
Constant s of Selected Equati ons a for the Isoth erm of Various Seeds

Seed Equationb Isotherm Equation Constants

A B C

Barley PF 475.12 0.14843 71.996

Corn (shelled corn) HE 6.6612E-05 1.9677 42.143

Oats (cv. ‘Dumont’) PF 433.157 21.581 41.439

Rough rice, long grain (Australia) HE 4.1276E-05 2.1191 49.828

Medium grain (California) HE 3.5502E-05 2.31 27.396

Short grain (Japan) HE 4.8524E-05 2.0794 45.646

Wheat durum (‘Wakooma’) OS 13.101 20.052626 2.9987

Wheat hard red (‘Waldron’) OS 15.868 20.10378 3.0842

Wheat hard red (‘Napayo’) OS 14.736 20.05459 3.3357

Rapeseed (‘Candle’) HL 3.0026 20.0048967 1.7607

Canola (‘Tobin’) HL 3.489 20.010553 1.86

Flaxseed (‘Linnot’) HE 0.000176 1.9054 56.228

Peanut kernel HL 3.9916 20.017856 2.2375

Safflower seed HE 0.000203 1.8883 57.4013

Sunflower seed HE 0.00031 1.7459 66.603

aEquations are given in Table 24.8.
bHE, mdified Henderson; PF, modified Chung–Pfost; HL, modified Halsey; OS, modified Oswin.

Source: From ASAE, D245.5. Moisture relationships of plant-based agricultural products, 43rd ed., Standards, Engineering Practices, and

Data (Am. Soc. Ag. Eng.), St. Joseph, MI, 1996. With permission.
incorpora te the e ffect of tempe ratur e on the EMC–

ERH relat ionship . Jayas and Mazza [24] modified the

G.A.B. eq uation by dividing the con stant C by tem-

peratur e to give a three-p arameter equatio n. The co n-

stants of the most appropri ate equati ons for common

seeds are given in Tabl e 24.9 (ASAE [25] ).
24.4. THERMAL PROPERTIES

24.4.1 SPECIFIC HEAT

Specific heat, c , is the amo unt of he at in kilojo ules

requir ed to ch ange the tempe ratur e of 1 kg of material

by 18:

c ¼ 1

m

dq

du 
(24 : 6)

Specific heat of a moist agricultural product can be

related to its dry, cdb, or wet, cwb, mass. From the

relationships between dry and wet masses it follows that

cdb ¼ c wb (1 þ M ) (24 : 7)

It has been empir ically shown that the specific hea t of

moist agricu ltural products can be presen ted as a sum

of the specific heat of its dry mass, cd, and the sp ecific

heat of wat er he ld in the produ ct, cw [26–29]. The
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followin g relat ionship holds for 1 kg of dry mass of

the pro duct:

cdb ¼ c d þ c w M (24 : 8)

Com prehen sive revie ws of the method s of mea-

surem ent of therm al pro perties of grains have been

publis hed [28,30,31 ]. Pre cision and accuracy of meas-

urement are impor tant fact ors to consider when a

method is con sidered for possible use. How ever, the

variation in comp osition, size, and shape of agric ul-

tural products pre cludes the ne ed for accuracies

greater than +2–5%.

The common proced ures for measur ement of the

specific he at of grains at constant pr essure are ice calo-

rimetry [32], mixtu re methods [33], indir ect methods ,

where the specific heat is calcul ated from other therm al

propert ies such as therm al con ductiv ity and diffusiv ity

[34–37 ], method of different ial scann ing calori metry

(DSC) [38] , guarded plate method, an d the adiabat ic

method [28]. Only the most common method—

the method of mixt ures an d the mo st modern method

that utilizes sophisticat ed instrumen tation—t he DSC

method, are discus sed in this section.

The method of mixtures [33,39] consists of adding

a known mass of mate rial at one elevat ed tempe ra-

ture to a know n mass of water at another tempe ratur e,

and measur ing the eq uilibrium tempe ratur e. The test
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FIGURE 24.1 Schematic diagram of calorimeter. (From Viranichai, S., Effect of moisture content and temperature on

specific heat of wheat. M.Sc. dissertation (unpublished), Department of Agricultural Engineering, University of Manitoba,

MB, 1971. With permission.)
apparat us usually consis ts of an isot hermal Dewar

flask wi th a capacit y of 1000 mL from which the

metal jacket is remove d to allow the use of a magnet ic

stirrer (Figur e 24.1). The flask is insul ated with a p-

proxim ately 4 cm of fibe rglass insul ation to mini mize

heat exchange with the surroundi ngs. An insul ating

cover is divide d into two parts to facilitate measur e-

ment of the calorimet er wat er tempe ratur e an d to

reduce heat losse s whi le trans ferring a grain sample

into the calori mete r. A glass rod, 13 cm long, is at-

tached to the smal ler part of the cover an d pro trudes

into the calori meter flask. A c opper–con stantan

thermo couple (36-gauge) is attach ed to the en d of

the rod to measur e the tempe ratur e of the ca lorimete r

water. A magnet ic stirrer is used to maint ain a co n-

stant tempe rature through out the flask. Calibra tion

of the calori meter can be accompl ished using granula r

alumin um of known specific heat. The reliab ility of

the equ ipment can be checked with granula r copp er

as a reference sampl e. The typic al testing procedu re

is as follows [33] : abo ut a 20-g wheat sample

(+ 0.0001 g) a t various initial tempe ratures ( 236 to

21 8 C) is placed into the calori meter fla sk filled wi th

200 + 0.1 g of distilled wat er at room tempe ratur e,

and the tempe rature of the water is recorded until

therma l eq uilibrium of the mixtu re is establ ished. A

typical tempe ratur e–time cu rve of the water in the

calorimet er is shown in Figure 24 .2. The tempe rature

of the mixt ure ( Tm ) is determ ined by extra polating

the straight -line portion of the tempe ratur e–time
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curve ba ck to the transient tim e, which is the time at

which the sampl e is dropped into the calori meter

water. By equ ating the ch anges in the therm al energy

content s of the water and the sample, the foll owing

equati on can be written:

cms ( Tm � us ) ¼ ( m w þ E ) c w ( Tc � Tm ) (24 : 9)

The water equivalent value, E, is obtained by rearran-

ging Equation 24.9 and conducting experiments with a

material such as water of known specific heat. The error

associated with specific heat values obtained with the

above-described apparatus is within 4.0% [40].

W hen using the method of mixtures water can be

replac ed with toluene . Tol uene has the added advan -

tages of a lower specific gravity (0.86) and specific

heat (0.39 kJ/(kg K)) than water; thus enab ling seed s

to sink more readily than in wat er, and resul ting in a

substa ntially great er temperatur e rise than is obtaine d

with wat er. With water, con densation on the calori m-

eter’s surface usu ally occurs, causing a loss of meas-

urement precision . Ther efore, a calorimet er of low

mass can be used [41]. The apparatus consists of two

closely fitting, thin-walled aluminum tubes of about

2.5 cm diame ter placed in a calori meter (Figur e 24.3) .

The inner tube is used to house chilled toluene and a

sample. The outer tube is mounted by its top edge to a

sealing disk, which is attached to the cap of a screw-

top aluminum can. Air inside the can is dehydrated by

desiccant. The can is packed in melting ice, inside a
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vacuum flask , to provide a con stant and uniform

surface temperatur e aroun d the calorimet er. Tem per-

ature record ing accuracy shou ld be 0.01 8 C.

W hen low mois ture content g rain is used in the

method of mixtu res, absorpt ion of water by the grain

generat es heat of hydratio n. Thi s heat results in in-

crease d tempe ratur e rises in the wat er, whi ch can lead

to erroneou s results. Therefor e, to mini mize the error,

it may be ne cessary to incorpo rate a correct ion facto r

in the resul ts [27].

The method of DSC is based on measur ing the

very small therm al effects pro duced during therm al

process es and is recomm end ed as well suit ed for de-

termining the effect of tempe ratur e on specific he at

[38,42]. In the DSC method, any gain or loss of ther-

mal energy is recorded a s the equipment war ms the
Expanded polystyrene

Inner thin-wall
aluminum tube

Outer thin-wall
aluminum tube

Melting ice

Rubber stopper

25 

FIGURE 24.3 The calorimeter assembly. Modified from Sharp,

permission.)
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test material at a control led rate of tempe ratur e rise

over a selec ted tempe ratur e interva l. The disadva n-

tages of this method are that it requ ires a small sam-

ple size (5–15 mg), whi ch makes it difficult to obtain a

homogen eous, repres entat ive sampl e, and it is a com-

parative device that must be calibrated. The measur e-

ment of specific he at with DSC is based on the

assum ption that the temperatur e is unifor m in the

sample a nd the sample pan during a test. How ever,

due to the low therm al diffusiv ity of biologi cal ma-

terials, thermal lag within a sample may introduce

error in the measured specific heat.

The measured specific heats of dry mass of some

agricu ltural produ cts are given in Tabl e 24.10.

Because of differences in the chemical composition

between crops and among cultivars of the same
Thermometer

Aluminum cap

Thermos

Aluminum can

Chilled toluene
and grain

Layer of
desiccant

Sealing disk
(perspex sheet)

mm

R.B. and Nash, J.E., J. Agric. Eng. Res., 10, 355, 1965. With



TABLE 24.10
Specific Heat of the Dry Mass of Agricultural Seeds

Seed Specific Heat cd, J/(kg K) Ref.

Alfalfa 1172 110

Barley 1245 111

Beans 1293 111

Corn 1534 44

Corn 2035 105

Oats 1277 46

Oats 1282 111

Oats 993–1278 112

Rapeseed 1553–1569 111

Rice (rough) 1109 46

Rice 1637 47

Rice (white) 1197 46

Rye 1272 111

Sorghum 1397 27

Wheat 1097 33

Wheat 1185–1260 28

Wheat 1287–1299 112

Wheat 1276 111

Wheat 1454 44

TABLE 24.11
Formulas for Specific Heat Determination
of Selected Agricultural Products

Seed Equationa,b and its

Working Rangec

Ref.

Alfalfa seed c¼ 1172 þ 33M’, 0 < M’ < 28% 110

Chick-peas c¼24.19 � 1023 þ 1.19 � 101u

þ 2.15 � 1022u2 23.73 � 104M

2 1.65 � 103M2 þ 1.38 � 102Mu

39

292 � T � 308K, 0.12 � M � 0.32

Corn

(shelled)

c¼ 1470 þ 36M’, 1 � M’ � 30% 44

c¼ 1370 þ 27M’, 0 � M’ � 60% 45

Lentils c¼ [0.577 þ 0.0071u þ
(0.0622 2 0.0914M) � 102M]1000

113

10 < T < 808C, 0.02 < M < 0.35

Oats c¼ 1277 þ 32M’, 10 � M’ � 17% 46

c¼ 992 þ 50M’, 12 � M’ � 18%

Rapeseed c¼ 1356 þ 32M’, at 19.48C 34

c¼ 1288 þ 28.4M’, at 1.78C 1

� M’ � 20%

c¼ 1328 þ 28.0M’, at 24.48C
Rice (rough) c¼ 1109 þ 45M’, 10 < M’ < 17% 46

Rice (white) c¼ 1197 þ 38M’, 10 < M’ < 17%

Sorghum c¼ 1397 þ 32M’, 0 < M’ < 30% 27

Soybeans c¼ 1637 þ 19M’, 0 � M’ � 24% 47

Wheat c¼ 1260 þ 36M’, 5 < M’ < 35% 28

c¼ 1098 þ 40�102M, 0 � M < 0.25 33

c¼ 1184 þ 30M’, 0 � M’ � 13.6% 43

c¼ 1452 þ 30M’, 1 � M’ � 32% 44

ac, specific heat (J/(kg K)).
bu Measured as temperature of air in equilibrium with seeds.
cM, moisture content (kg H2O/kg db) and M’, moisture content % wb.
crop, empirical equations have been developed. Usu-

ally, these equations describe the relationship between

the specific heat and moisture contents of various

crops [27,28,33,34,43–47] (Table 24.11):

c ¼ aþ bM þ c1u (24:10)

Much of the published data on specific heat and

other thermal properties of grains are of limited value

because not enough supporting data are included, such

as a detailed product description, and the estimated

error in measurement. The description of grain should

include the cultivar, the size of the individual kernels,

the maturity, and the pretreatment. Details of an ex-

periment should include the sample size, the surface

conditions of the kernel, the porosity, the temperature,

the relative humidity, the pressure, and the sam-

pling procedure. The equipment description should

provide sufficient detail so that one can duplicate

the experiment.

24.4.2 THERMAL CONDUCTIVITY AND DIFFUSIVITY

Thermal conductivity, k, is described by the formula:

q ¼ �kA
du

dx
(24:11)

For solid bodies the heat flux, q, is directly propor-

tional to the temperature gradient,Hu, and the thermal

conductivity, k, of the body. The minus sign refers

to the direction of the flux, which is opposite to the
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direction of the temperature gradient. Therefore, if the

temperature gradient (for a certain time period) is

constant, the thermal conductivity defines the amount

of thermal energy that is transmitted within a unit time

and through a unit cross-sectional area. The area is

perpendicular to the direction of flow.

Factors influencing the choice of method for the

determination of the thermal conductivity have been

discussed in the literature [28,31,48]. Basically, methods

of measurement of the thermal conductivity are div-

ided into three categories: (1) steady-state techni-

ques, (2) quasistatic techniques, and (3) transient-state

techniques [28,31].

The advantages of the steady-state techniques are

simplicity of the mathematical equations and high

control of experimental variables. The disadvantages

are: long equilibration time associated with possible

moisture migration, restriction to the simple geom-

etry of the sample (sphere, cylinder, or slab), and the

presence of convection in granular materials. Thermal



condu ctivities of grains have been measured by the

guarded hot-pl ate method [30] an d the con centric

spheres method [49].

The Fitch method [50] and its various modifications

[31] are the most common quasistatic techniques used to

measure the thermal conductivity. The main advantage

of this method is that the test is simple and can be

c arr ie d out in 10 mi n. For a bs olu te m ea su re me nt s, how -

ever, the accuracy is rather low. Figure 24.4 shows a

modified Fitch apparatus [51]. The sliced sample is

placed between two copper plates. One plate acts as a

heat source and the other plate as a heat sink. The

the rm al c onduc tiv ity is c al cula te d by E qua ti on 2 4. 12 ,

which is the solution of the governing differential equa-

tion for the temperature field within the sample [51].

ln
u0 � T1

u( t) � T1

� �
¼ Akt

Lmcp c cp
(24 : 12)

The plot of the tempe rature ratio (u0 –T 1 )/(u  (t ) – T 1 )

versus tim e on a semilog paper is a stra ight line. The
20 m

20

40

140 m

110 mm

260 mm

a. Vacuum flask (1 liter Cap.)

FIGURE 24.4 Modified Fitch apparatus. (From Zuritz, C.A., S

J.L., Trans. ASAE, 32, 711, 1989. With permission.)
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thermal condu ctivity is calcul ated from the slope ( Ak /

Lmcpc cp ) of the tempe rature histo ry.

The essent ial difference between a steady state

and a trans ient state is that the tempe rature at a

particular locat ion c hanges with time under trans ient

conditio ns. A line he at source prob e has been re-

commende d by many resear chers [28,29,52 ,53]. The

method is simp le, fast, an d requires a relative ly smal l

sample. A schema tic repres entat ion of the therm al

condu ctivity probe, the direct current (dc) su pply,

and the tempe ratur e measur ing system is sh own in

Figure 24.5 [54]. The prob e is inser ted into a sample

of a unifor m tempe ratur e and is heated at a constant

rate. The tempe ratur e adjacent to the line heat sou rce

is record ed. Var ious modificat ions of the line he at

source probe can be foun d in the lit erature. The

probe attached to a 20-cm diameter aluminum cylin-

der as a sampl e holder is one of them (Figur e 24.6)

[35]. Other modifications are related to placement of

thermocouples directly on the heating element [55,56]

or at a fixed distance from it [43].
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FIGURE 24.6 Schematic of thermal property apparatus.

(From Suter, D.A., Agrawal, K.K., and Clary, B.L.,

Trans. ASAE, 18, 370, 1975. With permission.)
The determination of the thermal conductivity of

grain is based on the comparison of the temperature

history data obtained by using the line heat source
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probe with the approximate analytical and numerical

methods [35,54]. The analytical method has the ad-

vantage of being quick in calculating thermal con-

ductivity. This method, however, requires a perfect

line source and a small diameter tube holding the line

heat source. In reality, this requirement is difficult to

meet. Therefore, a time-correction procedure has

been introduced [52,54,56]. Another objection to the

analytical method is that it cannot easily be used to

calculate the temperature distribution in the heated

grain and to compare it with the measured one. Such

a comparison can be easily accomplished by a numer-

ical method, where the estimated accuracy for ther-

mal conductivity is determined and the thermal

conductivity of the device is taken into account [54].

The analytical method for determination of the

thermal conductivity is presented below. The heat

flow from the line heat source (a heating wire) of

infinite length and infinitely small diameter imbedded

in an infinite homogeneous medium can be expressed

by the Fourier equation:

@u

@t
¼ a

@2u

@r2
þ 1

r

@u

@r

� �
(24:13)

Equation 24.13 is solved for a particular case of the

temperature at the line heat source for the heat input



of ql . The tempe rature rise Du in the time inter val

between t1 and t2 is de termined as [52,57]

Du ¼ ql

4p k
ln

t2

t1

� �
(24 : 14)

To acc ommodat e the time-cor rection fact or, t0, Equa-

tion 24.14 is mo dified to the foll owing form [35,52,56 ]:

Du ¼ ql

4pk
ln

t2 � t0

t1 � t0

� �
(24 : 15)

The time-cor rection factor, t0, takes into accoun t

various effects (i.e., contact resistance s, position s of

thermo couples, specific he at of the pro be and sampl e)

and ha s to be de termined from experi menta l data.

Thus, dt/d u is plotted in relation to time. By diff eren-

tiation Equation 24.14 gives

dt

du
¼ 4pk

ql

tc (24 : 16)

Equation 24.16 can be repres ented as a plot of dt /du

in relat ion to correct ed tim e tc . Thus , the expres-

sion 4p k/ ql repres ents a slope an d at dt /du¼ 0,

tc ¼ t0 whi ch is the time-cor recti on facto r util ized in

Equation 24.15.

The thermal conductivity of solid engineering

materials varies with chemical composition, physical

structure, state of the substance, temperature, and

moisture content. Because grains are stored, ventilated,

and dried in bulk, the bulk density of such products also

influences their thermal conductivity. At constant mois-

ture content the thermal conductivity can be expressed

as a linear function of the bulk density, rb:

k ¼ a þ brb (24 : 17)

Coeffic ients a and b for wheat , corn, and grain sor-

ghum at various mois ture co ntents an d at 22 8 C have

been given by Chang [58]. Also , the therm al con duct-

ivity of many grains can be expressed as a linear

functio n of mois ture con tent:

k ¼ kd þ a1 M þ b1 u (24 : 18)

Table 24.12 gives common relationshi ps for de -

terminat ion of the therm al condu ctivity of selected

major seed types. To impr ove the fit of data to math-

ematical exp ressions, polyn omial equati ons are also

used or tempe rature is introd uced into the expression

[39,56].

Un steady-st ate or trans ient heat conduction com-

monly occurs during heating or coo ling of grains. It

involv es the accumu lation or deplet ion of heat wi thin
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a body, which resul ts in tempe ratur e c hanges in the

kernel with tim e. The rate at whic h heat is diffused

out of or into a kernel or layer of ke rnels is depend ent

on the thermal diffusiv ity coeffici ent, a, of the grain:

a ¼ k

c rt

(24 : 19)

The recomm ended method [29] for the determ in-

ation of the thermal diff usivity of individua l kernels is

to calcul ate it from experi menta lly measur ed values of

the thermal con ductivity of kernel material , specific

heat, and kernel (particle ) density —the so-cal led indir -

ect method. The method may lead to a pproxim ate

results with a relative error, which is difficul t to esti -

mate in respect to a true (real ) value, whi ch can onl y be

determined by direct measur ement s. The resul ts of

thermal prope rties for wheat an d corn [44] and for

single soyb eans [59] confi rm the abo ve.

The therm al diffusiv ity can also be measure d dir-

ectly by employ ing trans ient heat cond uction. The

basic diff erential equati on (Fou rier heat condu ction

equati on) governi ng heat condu ction in isotrop ic

bodies is used in this method. A recta ngular copp er

box filled with grain is placed in an ice bath (08C), and

the temperature at its center is recorded [44]. The

solution of the Fourier equation for the temperature

at the center of a slab is used:

uc

u0

¼ 4

p
exp (�p2z)� 1

3
exp (�9p2z)

�

þ 1

5
exp (�25p2z)� � � �Þ ð24:20Þ

and

z ¼ at

x2
, dimensionless (24:21)

For selected values of uc/u0 obtained from the experi-

ments, the values of z can be obtained, and with the

measured values of time, t, and x the diffusivity is

calculated from Equation 24.21. The values of the

thermal diffusivities can also be determined for seeds

by solving the Fourier equation for either an infinite

cylind er [60], or a sphere [59] . Table 24.13 gives values

of thermal diffusivities for selected seed types

obtained with the direct or indirect method.

24.4.3 CONVECTIVE HEAT TRANSFER COEFFICIENT

The main mechanism of air-to-particle heat transfer

during heating, cooling, and drying processes of

grains is forced convection. The forced convection

heat transfer coefficient (surface conductance), h, is

determined from the Nusselt number, Nu:



TABLE 24.12
Equations for Calculating Thermal Conductivity, k (W/(m K)), for Grains and Oilseeds

Seed Equationsa,b (W/(m K)) Rangec Ref.

Barley k¼ 0.173 þ 7.51�1024Tþ1.51�10 23M’ 9 � M’ � 23% 56

28 � T � 298C
Beans k¼ 0.0671 þ 32.84M 0.115 � M � 0.414 51

Corn k¼ 0.1409 þ 0.0011M’ 0.9 � M’ � 30.2% 44

Corn k¼ 0.1326 þ 0.1547M 2 0.1454M2 0 � M � 0.6 106

Chick-peas k¼2 5.07�1021 þ 2.55�1023u

2 2.13�1026u2 þ 4.24�1021M

2 6.56�1022M2 þ 6.48�1024Mu

283 � T � 312K 39

0.115 � M � 0.272

Lentils (cv. Laird) k¼ 0.193 þ 1.0�1023T þ 1.51�1023M’ 9 � M’ � 23% 56

228 � T � 298C
Oats k¼ 0.0988 þ 0.307M 0 � M � 0.19 114

Peas k¼ 0.168 þ 8.4�1024T þ 3.05�1023M’ 9 � M’ � 23% 56

228 � T � 298C
Rapeseed k¼ 0.1600 þ 0.043M 0 � M � 0.30 115

Rice, rough k¼ 0.0865 þ 0.0013M’ 9.9 � M’ � 19.3% 116

Rice bran k¼20.0943 þ 3.87�1023M’
þ 6.19�1024T þ 3. 14�1024rb

7 � M’ � 15% 117

410 � rb � 490 kg/m3

42 � T � 688C
Sorghum k¼ 0.0976 þ 0.0015M’ 0 � M’ � 25% 27

Wheat (HRS) k¼ 0.1398 þ 0.0014M’, for T¼ 208C 4.4 � M’ � 22.5% 118

k¼ 0.1440 þ 0.0009M’, for T¼ 58C
k¼ 0.1365 þ 0.0014M’, for T¼ 18C
k¼ 0.1327 þ 0.0015M’, for T¼268C
k¼ 0.1407 þ 0.0009M’, for T¼2178C
k¼ 0.1436 þ 0.0009M’, for T¼2278C

Wheat k¼ 0.1170 þ 0.0011M’ 0.7 � M’ � 20.3% 44

ak, Thermal conductivity W/(m K).
bu, Measured as temperature of air in equilibrium with seeds.
cM, Moisture content kg H2O/kg db and M’, moisture content % wb.

TABLE 24.13
Thermal Diffusivities of Selected Seeds

Seed Moisture Content % wb Thermal Diffusivity (a, m2/s) Method Ref.

Chick-peas 12.0 11.6�1028 Indirect 39

Corn, yellow dent 9.8 9.4�1028 Direct 44

20.1 8.6�1028

Rapeseed 10.5 9.2�1028 Indirect 34

Rice, bran 7.0 9.7�1028 Indirect 117

Rice, rough 12.0 16.4�1028 Indirect 116

Soybeans 11.2 11.7�1028 Direct 59

Wheat, soft 10.3 8.3�1028 Direct 44

20.3 8.1�1028

Wheat 9.2 11.4�1028 Direct 43

Wheat 10.0 8.3�1028 Direct 119

� 2006 by Taylor & Francis Group, LLC.



Nu ¼ hde

ka

(24:22)

The Nu number is determined from empirical correl-

ations between the Reynolds number, Re, and the

Prandtl number, Pr :

Nu ¼ CRemPrn (24:23)

TheReynolds and the Prandtl numbers are expressed as

Re ¼ vde

n
and Pr ¼ n

a
(24:24)

For the temperature range used in drying grains,

the Prandtl number is assumed to be constant and

its value is usually incorporated into a constant, C,

which simplifies Equation 24.23 to one variable—the

air velocity (dependent on the Re number).

One of the first experiments to determine heat trans-

fer coefficients commonly cited in agricultural engi-

neering publications is that of Löf and Havley [61]

who investigated heat transfer coefficients from air to

a 0.9-m deep bed of granitic gravel ranging in size from

4.8 to 38.1. The temperature of the hot air passing

through the gravel was monitored at selected loca-

tions through the bed. The experiments were conducted

for air velocities from 0.08 to 0.44m/s and the entrance

air temperatures were maintained over the range

38 to 1218C.

To determine the mean volumetric heat transfer

coefficient, hcv, in a deep bed of gravel it was assumed

that: (i) any particle is at a uniform temperature at any

given time, (ii) resistance to heat transfer by conduc-

tion in the fluid or solid is negligible, and (iii) the rate of

heat transfer is described by Newton’s equation [61]:

hcv ¼ A
ma

de

� �0:7

(24:25)

The constant A depends on the nature of the material,

the porosity, and the average temperature of the deep

bed.

Using the same theoretical approach, the heat

transfer coefficient in a 240-mm deep bed of bone-

dry barley malt was determined [62]. The experiments

were performed for airflow rates in the range 0.35 to

0.65 kg/(m2 s) and inlet temperatures from 50 to 708C.

The results were expressed as

hcv ¼ 49,320m0:6906
a (24:26)

The heat transfer coefficient can also be determined

based on a heat and mass balance for a thin layer of
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grain in which no moisture transfer takes place [63].

Thus, the following differential equation is used:

du

dt
¼ hcv

cgrb

(T � u) (24:27)

with the solution

hcv ¼
cgrb

t
ln

T � u

T � u0

� �
(24:28)

The slope of the logarithm of the temperature ratio

versus time is used to evaluate hcv for specific values

of t and u determined experimentally. For barley

dried in a thin layer in the airflow range 0.0056–

0.023 kg/s (assuming no shreokage) the following re-

lationship is valid [63]:

hcv ¼ 21:0m0:6 (24:29)

The results from Equation 24.25, Equation 24.26, or

Equation 24.28 can be used for the calculation of

Nusselt numbers and presented in the form of Equa-

tion 24.23.

24.4.4 LATENT HEAT OF VAPORIZATION

To overcome the attractive forces between the

adsorbed water molecules and the internal surfaces of

grain kernels extra energy is needed in addition to the

heat required to change the water from liquid to vapor.

As the moisture content is lowered, there is an increase

in the amount of energy required to evaporate the

water molecules in seeds. The change of state from

liquid to vapor at constant temperature and pressure

is expressed by Clapeyron’s equation, which after re-

arranging and integrating has the following form:

ln Pv ¼
h�fg
hfg

ln Pvs þ C (24:30)

The vapor pressure, Pv, can be calculated as

Pv ¼ RHPvs (24:31)

where RH is the relative humidity in decimal form.

The values of the saturation vapor pressure, Pvs, at

different temperatures can be obtained from the steam

tables [64]. The values of the RH in Equation 24.31 can

be replaced by the ERH obtained from the EMC versus

ERH relationship. The values of Pv and Pvs at the same

EMCs can be plotted on a log–log scale. The slope of

the resulting straight line gives the ratio hfg*/hfg.



The foll owing form ula has been e stablished to

determ ine the de pendence of the late nt heat of vap or-

ization of water in grain as a functi on of the mois ture

content , M [65] :

h�fg ¼ hfg [1 þ a exp ( bM )] (24 : 32)

The coeffici ents a an d b for selected seeds have been

determ ined and are given in Table 24.14 [66]. The

variation in the late nt he ats of barley an d three c ulti-

vars of wheat are shown in Figure 24.7. The symbol s

repres ent the values of hfg
* / hfg calcul ated from the

EMC data [25] for selec ted moisture con tents. The

curves repres ent the be st-fit line based on Equation

24.32. Als o, predicted results based on the coeffici ents

given for wheat by Gall aher [65] are incorpora ted in

Figure 24.7.

The differences in hfg
* for wheat can be attribu ted

to a difference in the chemi cal comp osition between

wheat types, whi ch affect the EMC charact eristic s on

which the calcula tion of h
fg
* is based.

24.4.5 HEAT OF RESPIRATION

Under stora ge con ditions grains generat e heat as a

result of respirati on an d mold activity . From the

engineer ing poin t of view, de terminat ion of the

amount of he at generat ed allows for the pr oper de-

sign of grain ae ration systems to maint ain crop qual-

ity. In extre me cases rain, snow, humid air from a

roof leak or ven tilation opening cau se wet poc kets in

a grain bin. Heat generat ed within the pock et of wet

grain provides a favorab le en vironmen t for grow th of

microo rganisms and excess ive he at generat ion.
TABLE 24.14
Derived Coefficients a and b in Equa

Seed Coefficients

a

Barley 1.0 21

Beans 0.5 21

Corn 2.1 21

Peanut kernel 1.5 22

Rice 3.2 22

Sorghum 1.2 21

Soybeans 0.4 21

Wheat, durum 0.8 21

Wheat, hard 1.7 21

Wheat, soft 3.9 22

Wheat (Gallaher [65]) 23.0 24

Source: From Cenkowski, S., Jayas, D.S., and
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No theory adeq uately e xplains the heat of respi r-

ation in store d grain, althoug h the respi ration equ a-

tion has often be en used to estimat e he at produ ction

[67,68]:

C6 H 12 O 6 þ 6O 2 ! 6CO 2 þ 6H2 O þ en ergy (24 : 33)

For each gram of dry matter (C6H12O6), which is oxi-

dized, 15.7 kJ of heat is produced. Equation 24.33 pro-

vides a simple way of calculating the heat production

from the CO2 production. According to Equation 24.33

the respiratory quotient (ratio of oxygen consumption

to carbon dioxide production) is equal to 1.0. However,

measured quotients frequently deviate from 1.0 [69].

Heat production under the adiabatic conditions

similar to those in naturally occurring pockets of

wet grain is measured in a specially designed calorim-

eter [70] (Figur e 24.8). A grain sampl e is split and

placed in two identical 1-L Dewar flasks, which are

housed in an insulated chamber. One of the flasks,

from which grain is sampled regularly for determin-

ation of the moisture content and microfloral infec-

tion, is used as a reference flask. To avoid disturbing

the test flask during grain sampling, the temperatures

inside and outside the test flask are continuously

monitored by six thermocouples, three inside and

three outside. When grain in the test flask starts to

heat, due to metabolic activity, the inside temperature

rises, causing a difference between the inside and

outside temperatures. If the difference exceeds the

preset value of 0.5–0.78C, the electric heater is turned

on to heat the air in the chamber, and thus equalizing

the outside and the inside temperatures. The tempera-

ture gradient across the flask wall is minimized
tion 24.32 for Some Major Crops

Moisture Content Range (db)

b

9.9 0.09 � M � 0.22

6.0 0.09 � M � 0.28

7.0 0.10 � M � 0.24

9.2 0.06 � M � 0.13

1.7 0.10 � M � 0.14

9.6 0.10 � M � 0.24

3.9 0.06 � M � 0.26

8.1 0.10 � M � 0.26

7.6 0.10 � M � 0.26

3.6 0.10 � M � 0.20

0.0 0.10 � M � 0.18

Hao, D., Can. Agric. Eng., 34, 281, 1992.
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model. (From Gallaher, G.L., Agric. Eng., 32, 34, 1951;

Cenkowski, S., Jayas, D.S., and Hao, D., Can. Agric.
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throughou t the course of heati ng; co nsequentl y, no

heat is trans ferred from or to the grain in the fla sk.

Under the adiabat ic co ndition , the meta bolic he at

produc ed insi de the flask by the seed and micr oflora

is measur ed directly.
Reference flask

Computer and control unit

Thermoc

Heater

Insu

Vacuum

FIGURE 24.8 Computer controlled calorimeter. (From Zhang, Q

Eng., 34, 233, 1992. With permission.)
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Duri ng the initial 11 d, the he at prod uction rate in

wheat, calcul ated from measur ed CO2 prod uction,

followed the directly measured rate of heat produc-

tion (Figure 24.9) . On the average , the directly meas-

ured rates were 27 and 14% higher than those

calculated from CO2 production for 23.0 and 27.2%

moisture contents, respectively.

The respiratoryquotient is not constantduringadia-

batic heating (Figure 24.10). For wheat at 27.2% mois-

ture, it increased from 1 to 4.2 in 4d, and then decreased

gradually. The peak respiratory quotient was lower for

23.0% moisture content wheat. At both moisture con-

tents, the respiratory quotient stayed at about 0.8 after

the temperature of the grain reached 528C.
24.5 ELECTRICAL PROPERTIES

24.5.1 DIELECTRIC PROPERTIES

A biological material (a dielectric) can be exposed

to electric or magnetic fields in frequencies from dir-

ect current (0 Hz) to x-rays (�1018 Hz). From direct

current to ac frequencies up to about 8Hz, lumped

circuits (composed of serial and parallel resistances

and capacitance elements) are used to measure
ouples

Water or salt solution

Test flask

lated box

Air

., Muir, W.E., Sinha, R.N., and Cenkowski, S., Can. Agric.
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dielectri c propert ies (Figure 24.11). The propert ies of

the circui t elem ent may be measured in the range up

to 10 7 Hz by bridge arrange men ts and at the highe r

frequenci es (betw een 10 4 an d 10 8 Hz) in resonan t

circuits [71].

For wavelengt hs between mete rs an d millimete rs,

the dimens ions of the diele ctric (crop) become com-

parable to tho se of the wave s, and the phy sical dist inc-

tion between coil and cond enser begins to disappea r.

The tested mate rial is inserted into a wavegu ide and its

charact eristics can be determined by standin g wave

patterns. The wavelengt h range is know n as the inter -

ferenc e optics . As the wave lengt h shrinks , the diele c-

tric prop erties of a mate rial can be determ ined from

infrared to ultraviol et by refle ction and trans mission

measur ements (range of geomet rical optics ).

Bio logical mate rials have the ability to store and

dissipate elect rical energy from an applie d elect ro-

magnet ic fie ld. The prope rties resulting from elec-

trical chargin g a nd loss current s general ly related to

the material ’s elect rical cap acitance an d resistance

are the fund amenta l diele ctric propert ies. Thes e pro -

perties ha ve been of inter est because of their influence

on energy ab sorption in diele ctric heating . The di-

electric pro perties that are of inter est include the

dielectri c co nstant, «’, the diele ctric loss factor, «’’ ,
which are respect ively the real and imag inary parts

of the complex relative permi ttivity, «* ¼ «’ 2j «’’ , the

loss tangen t or dissip ation fact or, tan(d) ¼ «’’ / «’, and

the ac con ductivity , s¼v«0 «’’ [72].

The dielectri c constant may be measur ed by a Q -

Meter within the frequency range in whi ch it ope rates

and wi th a suitab le sample holder [73]. The Q -Mete r

is one of the common inst rument s in radio frequency

measur ement for determ ining the inducta nce, the ca p-

acitance, the Q of electronic comp onents, and the

resonant frequenci es of circuits. The Q -Met er in-

cludes a variab le frequency oscil lator wi th the outp ut

coupled to a series resonant circui t (Figur e 24.12) [73] .

Electr ical propert ies of grain have bee n utilized

for quick mois ture tests based on the measur ement

of resistance , capacit ance, or elect rical cond uctivity .

Many studi es have be en devoted to the develop ment

of density-i ndepen dent function s of the diele ctric

propert ies that woul d permi t on-li ne measuremen t

of mois ture content [74–76 ]. Also, measuremen ts of

electrica l prop erties of grain and seed have been

employ ed for purp oses other than de termining mois -

ture con tent. For e xample, viable seeds of corn were

sorted from dead seeds by measur ing the cu rrent

conducted by individual soaked kernels between elec-

trodes connected to a 6-V dc source [77]. Another

application of electrical properties is electrostatic

separation where the ability of a seed to hold a sur-

face charge is determined mainly by its conductivity.
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(From Nelson, S.O., Trans. ASAE, 22, 950, 1979. With

permission.)
24.5.2 CAPACITANCE- AND RESISTANCE-BASED

MEASUREMENTS

For sensing moisture content, a parallel-plate capaci-

tor may be used [78–80]. Capacitance measurements

are taken at frequencies of 1.0–4.5MHz with a

Hewlett-Packard 4192 LF Impedance Analyzer

equipped with the 16096A test fixture and a specially

constructed electrode assembly. Variations in kernel

shape and thickness cause capacitance variations. For

these reasons, the thickness, mass, and projected area

of individual kernels must also be measured [80].

Using a combination of a dc resistance measur-

ing meter (highly sensitive ohmmeter with a specially

designed electrode) and a capacitance-type meter, a

measure of moisture distribution in corn kernels can

be obtained. This information has been used to detect

heat damage in artificially dried corn [81,82].

24.5.3 MEASUREMENTS BASED ON ELECTRICAL

CONDUCTIVITY

A moisture meter measuring the dc conductance in a

circuit was developed from the Wheatstone bridge

[83]. Because the electrical properties of whole grain

are preferentially affected by the moisture content

of the surface layers, the kernel is ground before

the test. In a test cell, the meal is compressed against
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two coplanar electrodes to a standardized pressure

of 6.9 MPa. The electric current penetrates the sample

only to a depth of the order of the electrode se-

paration, so that the quantity of meal in the cell is

unimportant above a certain minimum.

The rate of water penetration in sorghum

kernels during tempering has been studied using a

Tag-Heppenstall (C.T. Taniabue, Brooklyn, NY)

electrical conductance moisture meter [84]. The tester

consists of a pair of corrugated rolls. When grain

passes between the rolls, it is slightly crushed and

thus acts as a path for the electric current. From the

current, I, that has passed through the grain, the

resistance, R, is determined by Ohm’s law (I¼E/R)



where E is the voltage used. The resistance is inversely

proportional to the moisture content. By measuring

the decrease in the apparent moisture in the outer

layers of grain at regular time intervals, the rate of

the water penetration into the kernel is determined.

A conductance-type meter similar to the Tag-

Heppenstall device has been designed to test single

corn kernels [85]. The rolls are about one third the

size of those of the Tag-Heppenstall; i.e., approxi-

mately 50 mm in diameter and 30 mm long, and the

idler roll is attached by a spring that gives the rolls

freedom to adjust to different size kernels. The rolls are

connected to a logarithmic amplifier that converts the

natural logarithmic response into a more useful line

response. The schematic of the instrument is shown in

Figure 24.13. The 100V passing through the rolls is

reduced by a series of resistors so that the signal

reaching the recorder is 100 mV, and when the rolls

are shorted, the peak ammeter response is 100 units.

Tests showed that the response reached 100 units for

kernels with about 25% moisture.

The problems associated with blending grain ship-

ments that vary widely in moisture content are well

recognized. They include hazards of mold infection

and increased breakage susceptibility. A simple and

rapid method for detecting blends of corn varying

widely in moisture content has been reported in the

literature [86]. The detection is based on dual deter-

mination of moisture, i.e., by an oven drying method

and electrical conductance meter (Tag-Heppenstall,

model 8004, type 14, Weston Electrical Instruments

Corp. Newark, New Jersey) or by two electrical

methods (conductance—Tag-Heppenstall method

versus capacitance—Motomco moisture meter model

914, Motomco Inc., Patterson, New Jersey). In both
Variable
dc power
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+

−

−

R Slope
50 K −15V +15V

COM

PPL4-N
Log module

2 1 3

25 K
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+
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FIGURE 24.13 Electrical schematic of the instrument for det

PPL4-N log module and the QFT-2 are manufactured by Te

Davis, G., and McGinty, R.J., Cereal Chem., 56: 137–140, 1979
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methods, the detection of blends of corn is based on

the difference in moisture content resulting from the

two methods.
24.6 OPTICAL PROPERTIES

Information on optical properties can be used for

automatic sorting, quantifying foreign materials [87],

and for objective classification of grain class and

variety [88]. The use of light transmittance or reflect-

ance offers a means for determining internal quality

of grains, moisture content [89], color, appearance

[90], the extent of smut spores on wheat [91]. Infrared

and far-red light has been used to change lettuce-seed

germination characteristics [92].

Energy can be transmitted from a body by electro-

magnetic waves. These vary from very short to very

long waves over a wide spectrum from cosmic to long

radio and electric waves. The spectrum of visible light

is usually divided into eight intervals, corresponding to

the following characteristic colors and wavelength

bands: violet (380–450 nm), light blue (450–480 nm),

blue (480–510 nm), green (510–550) nm), yellow-green

(550–575 nm), yellow (575–585 nm), orange (585–

620 nm), and red (620–760 nm). The infrared spectrum

is broader and falls between 0.7 and 100 mm. When

electromagnetic waves strike a body, they may be

absorbed, transmitted, or reflected. Absorption, reflec-

tion, and transmission may vary with wavelength [93]

and with the type of grain. Only 4% of the incident

radiation from a beam of light striking a typical grain

kernel is reflected [94]. The remaining radiation is

transmitted into the object. Of this portion, part is

absorbed by the object, part is reflected back to the
QFT-2

E Balance

Recorder
Eo

10 M

1 M (megohm)

100 K (kilohm)

ermining moisture content of single kernels of corn. The

ledyne Philbrick. (From Watson, C.A., Greenway, W.T.,

. With permission.)
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FIGURE 24.14 Absorption of infrared radiation by a 3mm

layer of water. (From Shuman, A.C. and Staley, C.H., Food

Technol., 4, 481, 1950. With permission.)
surface (body reflect ion), and part is transmit ted

through the object . The absorbed portion is trans -

formed to other forms of energy. For infrared radi-

ation (0.7–100 mm) the en ergy is transform ed into

heat. The amoun t of trans mitted rays absorbed by

the mate rial dep ends on the wave length and the phy s-

ical ch aracteris tics of the mate rial. Energy pa ssing

through a bulk sampl e of grain is a combinat ion of

transmit ted and reflect ed light. In the near-i nfrared

part of the spectr um (700–1 400 nm), a kernel of

wheat transmits about 2% an d reflect s 50% of the

radiation on the kernel [91]. A layer of steel ba lls of a

size similar to the kernels of wheat and of the same

layer thickne ss reflect a simila r amount of energy as

kernels of wheat but the amoun t of trans mitted light is

30 time s less. This indicates that some energy is trans -

mitted through indivi dual grain kernels.

Absor ption spectra are often charact erized by the

transmit tance, t , at a given wavelengt h:

Ano ther way of describ ing spectr a is in terms of

the ab sorbance, a:

t ¼ I

I0

(24 : 34)

a ¼ log
I0

I

� �
¼ � log t (24 : 35)

The absorbanc e is related to the thickne ss, L, of the

sample and the co ncentra tion, C , of absorbi ng mol-

ecules by the Beer–L ambert law [95] :

a ¼ «CL (24 : 36)

Accor ding to the law of conserva tion of en ergy, the

radiation incident on an object , Io, must be eq ual to

the sum of reflect ed, IR , absorbed , I a, and transmit -

ted, It  , rad iation:

Io ¼ IR þ I a þ I t (24 : 37)

Spe cular reflection oc curs when the angle of re-

flectio n equals the an gle of incide nc e, wher eas diffu se

reflect ion is spread out evenly ov er a full hemisp here.

The main difficulty in measur ing the spectr al trans -

mittance prop erties of a kernel is the pro blem of

collecting suffici ent energy from the trans mitted sig-

nal. To co llect the maxi mum amo unt of light unde r

such co nditions the phot otube sho uld surround the

entire sample. The ne arest ap proach to this co ndition

can be atta ined by en closing the sampl e in a light -

integrati ng sphere with a phototube view ing a smal l

port in the sph ere to measur e the br ightness of the

sphere surface. Nearl y, all trans mitted light can be
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collected by this arrange ment regardl ess of where it

emerg es from the grain [96].

Kno wledge of the spectral refl ectance of grain is

essential to design an infr ared grain dryer. The cho ice

of the so urce of infr ared radiat ion an d the thickne ss

of the grain sampl e both requir e this knowl edge. Fig-

ure 2 4.14 shows the variation in the absorpt ion of

infrared radiat ion for a 3 mm de pth of water. W ave-

length s longer than 1400 nm are complet ely absorbe d.

The intera ction betwee n the absorpt ion charact er-

istics of a mate rial and the intensit y of the light sou rce

can be illustrated in the followi ng example. Consid er

the drying of a material , whi ch has ab sorption char-

acterist ics as de scribed by the curve in Figure 24.14. It

is necessa ry to selec t a light source. The relat ive in-

tensity of the light shou ld be high enough under the

highest absorpt ion level (above 1400 nm) for the ma-

terial. From the three available sources of infrared

radiation (F igure 24.15) , the desired radiation source

charact eristic is the one with a filame nt tempe rature

of 2200 K. In this case 65% of the total energy of the

lamp (this is measur ed by the a rea under the relat ive

intensity curve and above 1400 nm wavelength) will

be completely absorbed when passing through the

sample. The light sources with filament temperatures

of 3500 or 1100 K are not desirable. In the first case

(3500 K) the maximum light intensity falls in the

range where absorption of the material is small. In

the second case (1100 K) the higher intensity charac-

teristic of the light source is beyond the range of the

absorption characteristics of the dried material.

Spectrophotometers are instruments that mea-

sure absorption or reflectance, and are not, as the

name implies, restricted to the visible light range.
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TABLE 24.15
Terminal Velocity of Seed Grains

Seed Terminal

Velocities m/s

Drag

Coefficient

Reynolds

Number

Ref.

Alfalfa 5.5 0.50 601 120

Barley 7.3–9.0 — — 101

Barley 7.0 0.50 2280 120

Corn 9.7–11.3 — — 101

Corn 10.6 0.56 5770 120

Corn 11.4 0.56–0.70 5700 121

Flax 4.7 0.52 836 120

Oats 7.0–8.3 — — 101

Oats 5.9–6.3 0.47–0.51 1900–2480 120

Oats 6.6 0.47–0.51 2000 121

Soybeans 14.5 0.45 6300 121

Soybeans 11.2–11.9 — — 101

Soybeans 13.5 0.45 6280 120

Wheat 7.7–9.6 — — 101

Wheat 9.0 0.50 2720 120
They include a light sou rce, wavelengt h selector, and

detecto r. There are many commerc ial spectr ophot o-

meters that are suitable for experi ments in the visi ble

and nonvisib le ranges. A greater fle xibility can be

obtaine d by assem bling an instrument from mod ular

compon ents availa ble from suc h sou rces as Oriel,

Bomem, PTR, Opti cs, and Spe x.

24.7 AERODYNAMIC PROPERTIES

In the de velopm ent of equipment for harvesting, han d-

ling, and cleani ng operation s, a knowled ge of the aero-

dynami c prop erties of various grains is necessa ry. The

aerodynam ic drag co efficient an d the terminal veloci ty

are the two most impor tant aerodynam ic prope rties.

The geometry of a solid body held in a free stream is

the major factor determining the drag force, FD, exerted

on a body. The drag force can be calculated from

FD ¼ C D
v 2

2
rt A p (24 : 38)

Values for the drag coeffici ent have been determined

for bodies of regula r shape such as spheres , cyli nders,

and fla t disks [97, 98]. The drag coeffici ents a re

usually sho wn on a log–l og plot, as a functio n of the

Reynol ds num ber.

M ost seed kernels are irre gular in shape. Thei r

drag coeffici ents de pend not only on the shape but

also on the orient ation of the kerne ls in the airstrea m.

Thus, an equivale nt diameter is used in the determ in-

ation of the Reynol ds number. Drag coeffici ents for

various crop s are given in Tabl e 24.15.

A free- falling body ce ases to acc elerate after some

time and the body attains a con stant term inal veloci ty.

The resistin g force be comes equal to the mass of the

body. The term inal veloci ty c an be calculated theoret -

ically for a spheri cal body by replac ing the drag force,

FD , in Equat ion 24.38 by its mass. For irre gularly
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shaped kernels , the terminal veloci ty is de termined

experi mentally. There are two types of experi ments :

(i) free-fall tube and (ii) vertic al win d tunnel.

In the free-fal l tube, a kernel is held by partial

vacuum by a vacuu m dr op head (Figur e 24.16) ;

the kernel free-fal ls after breaking the vacuum [99] .

The passage of the ke rnel through a light be am pro -

duces a vo ltage drop from the photocell whi ch starts a

counter. The ke rnel’s impac t on the receiver dia-

phragm, at the bottom of the tube, causes the second

voltage drop from the microp hone stopp ing the cou n-

ter. The height of fall is control led by chang ing the

length of the drop tube. Since the terminal velocity of

seeds ranges from approxim ately 5 to 15 m/s, the tube

always must be of a suffici ent lengt h. For exampl e,

testing soybeans requir es a tube at least 15 m long.

Other disadva ntages are that: (i) the seeds have a

tendency to fall off the cen ter line an d (ii) the move-

ment of the free-falli ng seeds is difficult to obs erve.

The ve rtical wind tunnel has app roximatel y a

1.8-m worki ng section wi th a taper of 38 on each

side (Figur e 24.17). This diverg ence causes a redu c-

tion of the air veloci ty by ab out 25% pe r 1 m in length

and is essential for particle flotation and stability.

The taper enables a particle to float to a height corre-

sponding to its terminal velocity. The floating height

can be observed and measured. This technique has

been used to measure the terminal velocity of three

cultivars of wheat kernels [100], corn, soybeans,

wheat, oats, and barley [101], and milkweed pods

[102]. The advantage of the vertical wind tunnel over

the free-falling tube is that the first one does not

require as much headspace. The vertical wind tunnel
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is of a compact struc ture and spinni ng of seeds can

be quite clearly observed and monit ored, howeve r,

the slightes t nonuni formity in the air velocity cau ses

undesir ed rotation and side movem ents of the seeds.

After determini ng the term inal velocity, the drag

coeffici ent c an be calcul ated using Equat ion 24.38.

The terminal velocity of selec ted seed grains is sum-

marized in Table 24.15. The indica ted range reflect s

the influence of the geomet ric ch aracteris tics of dif-

ferent varietie s and the differen t-sized kernels wi thin

the same varie ty.
LIST OF SYMBOLS

A heat trans fer area, m 2

A constant

Ac area of the smallest circum scribing circle, m 2

Ap the projected area of a body normal to t he flow

or surface, m 2

a the long est dimension of a seed, mm

a constant

a1 coefficient which depends on a material

B constant

b constant

b the longest dimension of a seed normal to a, mm

b1 constant

C constant

C concentration of absorbing molecules, mole/L
Honeycomb

16 Mesh screen

8 Vertical
guide vanes

1626

792

2175
152

568

305

1829

Plenum chamber
1220 inch wide

Deflector

1219

38

3°

7°

ki, W.K. and Lal, R., Trans. ASAE, 8, 411, 416, 1965. With



CD the dra g coe fficient (dimensionl ess)

c the longest dimens ion of a seed normal to a and

b, mm

c specific heat of grain, J/(kg K)

c1 constant

ccp specific heat of a copper plug, J/( kg K)

cd specific heat of dry matter of seeds, J/(kg K)

cw mean specific he at of water, J/(k g K)

Dg geomet ric mean diame ter, m

de equival ent diame ter, m

E mass of wat er having an equival ent therm al

capacit y to that of the calori meter flask, stirrer ,

therm ocouple, g

FD the total dra g force, N

h heat trans fer co efficien t (surface con ductance) ,

W/(m 2 K)

hcv volumetric heat transfer coefficient, kJ/(m3s K)

hfg* latent heat of vapo rization of wat er in seeds,

kJ/kg H2O

hfg latent heat of vaporization of free water, kJ/kg H2O

I intensit y of light trans mitted through the sampl e,

decim al

Io intensit y of light incident on the sampl e, decim al

j imaginary number

K drying constant, 1/s

k thermal cond uctivity , W/(m K)

ka thermal cond uctivity of the air, W/(m K)

kd thermal co nductiv ity of a layer of dry matter of

seeds, W/( m K)

L sample thickne ss, m

M moisture content db, kg H2O/ kg dr y matt er

M ’ moisture content , % wb

Me equilibrium moisture content , kg H2O/k g db

Mi initial mois ture co ntent, kg H2O/kg db

m mass of the mate rial, kg

m airflow rate, kg/s.

ma airflow rate, kg/(m 2 s)

mcp mass of a c opper plug, kg

ms mass of the sampl e, kg

mw mass of water, kg

N drying coefficien t

n number of pa rticles

Nu Nusse lt number, dimensionle ss

Pr Prandtl number, dimens ionles s

Pv actual pressur e of wat er vap or, Pa

Pvs saturati on pressur e of water vapo r, Pa

q heat flow, or heat flux , W or W/m 2

q amount of heat, kJ

ql heat input per unit length of line heater, W/m

R roundness (decimal)

Re Reynolds number, dimensionless

RH relative humidity, decimal

r distance of the grain layer from the zero axis

which represents the heat source, m

T drying air temperature, 8C
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T temperature of a copper plug (Equation 24.12), 8 C
Tc initial temperature of water at transient time, 8C
Tm temperature of the mixture extrapolated at tran-

sient time, 8C
T1 temperature of a copper rod (Equation 24.12), 8C
t time, s

tc corrected time, s

Ve equivalent volume, m3

Vn net volume of particles, m3

v drying air velocity, m/s

v free stream velocity, m/s

x distance from the face of a slab, m

z dimensionless number

GREEK SYMBOLS

a absorbance, decimal

a thermal diffusivity of seeds, m2/s

H gradient

d loss angle of a dielectric, deg

« molar absorptivity, L/(mole cm)

«0 permittivity of free space, «0¼ 8.854� 10212farad/m.

« porosity, decimal

u temperature of a grain layer, 8C
u grain temperature, 8C
u0 initial grain temperature, 8C
u0 initial temperature of both sample and copper

plug, (Equation 24.12) 8C
u0 initial temperature of a slab, 8C
uc temperature at center of a slab, 8C
us initial temperature of the sample, 8C
n kinematic viscosity of drying air, m2/s

r density of fluid (air), kg/m3

rb bulk density, kg/m3

rt particle density, kg/m3

s ac conductivity, 1/(ohm m) or mhos/m

t transmittance, decimal

v angular frequency of the applied electric field

(v ¼ 2pf where f is the frequency of the

applied voltage), rad/s.

SUBSCRIPTS

db dry basis

R reflected

wb wet basis

a absorbed

t transmitted
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25.1 INTRODUCTION

From the point of view of consumption, fruits are

plant products with aromatic flavor that are naturally

sweet or normally sweetened before usage [1]. Apart

from providing flavor and variety to human diet, they

serve as important and indispensable sources of

vitamins and minerals although they are not good or

economic sources of protein, fat, and energy. The

same is true in the case of vegetables, which also

play an important role in human nutrition in supply-

ing certain constituents in which other food materials

are deficient and in adding flavor, color, and variety

to the diet [2].

After moisture, carbohydrates form the next most

abundant nutrient constituent in fruits and veget-

ables, and are present as low-molecular-weight sugars

or high-molecular-weight polymers like starch and so

on. The celluloses, hemicelluloses, pectic substances,

and lignin characteristic of plant products together

form dietary fiber, the value of which in human diet is

increasingly realized in recent years, especially for the

affluent society of the Western countries. Virtually all

human’s dietary vitamin C, an important constituent

of human diet, is obtained from fruits and vegetables,

some of which are rich in provitamin A (b-carotene)

(e.g., mango, carrot, etc.). They are important sup-

pliers of calcium, phosphorus, and iron.

Fruits and vegetables have gained commercial

importance and their growth on a commercial scale

has become an important sector of the agricultural

industry. Recent developments in agricultural technol-

ogy have substantially increased the world production

of fruits and vegetables. Consequently a larger propor-

tion of several important commodities is handled,

transported, and marketed all over the world than

before with concomitant losses calling for suitable post-

harvest techniques for storage and processing to ensure

improved shelf life. Production and consumption of

processed fruits and vegetables are also increasing.
25.2 POSTHARVEST TECHNOLOGY
OF FRUITS AND VEGETABLES

25.2.1 WORLD PRODUCTION

The present world production of fruit (excluding

melons) according to Food and Agricultural Organ-

ization (FAO) was about 444.65 million metric tons

(mt) in 1999 [3]. China with a production of 59.5 mt

(13.4%) is a leading producer of fruits in the world.

India, with 38.56 mt (8.7%) occupies second position,

followed by Brazil (8.45%), United States (6.4%), and

Italy (4.3%).
� 2006 by Taylor & Francis Group, LLC.
World production of vegetables (including melons)

is about 628.75 mt. The major vegetable producing

countries were China, India, United States, Turkey,

Italy, Japan, and Spain. China was the largest producer

accounting for about 250.0 mt (39.8%) whereas India

was the second contributing about 59.4 mt (9.45%).

25.2.2 LOSSES

Most fruits and vegetables contain more than 80%

water and are therefore highly perishable. Water loss

and decay account for most of their losses, which are

estimated to be more than 30–40% in the develop-

ing countries in the tropics and subtropics [1] due to

inadequate handling, transportation, and storage

facilities. Apart from physical and economic losses,

serious losses do occur in the availability of essential

nutrients, notably vitamins and minerals.

The need to reduce postharvest losses of perish-

able horticultural commodities is of paramount im-

portance for developing countries to increase their

availability, especially in the present context when

the constraints on food production (land, water, and

energy) are continually increasing. It is being increas-

ingly realized that the production of more and better

food alone is not enough and should go hand in

hand with suitable postharvest conservation tech-

niques to minimize losses, thereby increasing supplies

and availability of nutrients besides giving the eco-

nomic incentive to produce more [1].

25.2.3 ROLE OF PRESERVATION

One of the prime goals of food processing or preser-

vation is to convert perishable foods such as fruits

and vegetables into stabilized products that can be

stored for extended periods of time to reduce their

postharvest losses. Processing extends the availability

of seasonal commodities, retaining their nutritive and

esthetic values, and adds variety to the otherwise

monotonous diet. It adds convenience to the prod-

ucts. In particular it has expanded the markets of fruit

and vegetable products and ready-to-serve conveni-

ence foods all over the world, the per capita consump-

tion of which has rapidly increased during the past

two to three decades.

Several process technologies have been employed

on an industrial scale to preserve fruits and veget-

ables; the major ones are canning, freezing, and de-

hydration. Among these, dehydration is especially

suited for developing countries with poorly estab-

lished low-temperature and thermal processing facil-

ities. It offers a highly effective and practical means of

preservation to reduce postharvest losses and offset

the shortages in supply.



25.2.4 PRESERVATION BY DRYING

The technique of dehydration is probably the oldest

method of food preservation practiced by human-

kind. The removal of moisture prevents the growth

and reproduction of microorganisms causing decay

and minimizes many of the moisture-mediated deteri-

orative reactions. It brings about substantial reduc-

tion in weight and volume, minimizing packing,

storage, and transportation costs and enables stor-

ability of the product under ambient temperatures.

These features are especially important for develop-

ing countries and in military feeding and space food

formulations.

A sharp rise in energy costs has promoted a dra-

matic upsurge in interest in drying worldwide over the

last decade. Advances in techniques and development

of novel drying methods have been made available for

a wide range of dehydrated products, especially in-

stantly reconstitutable ingredients, from fruits and

vegetables with properties that could not have been

foreseen some years ago. The growth of fast foods has

fueled the need for such ingredients. Due to changing

lifestyles, especially in the developed world, there is

now a great demand for a wide variety of dried prod-

ucts with emphasis on high quality and freshness

besides convenience.

This chapter is intended to provide a compre-

hensive account of the various drying techniques and

appliances developed and applied over the years

specifically for the dehydration of fruits, vegetables,

and their products. Theoretical and practical aspects

of drying as applied to foodstuffs in general have been

covered by Sokhansanj and Jayas in the earlier edition

of the Handbook of Industrial Drying [4]. Therefore,

discussion will be restricted to fruit and vegetable dry-

ing besides quality changes during drying and storage

as specifically applied to these commodities.
25.3 PRETREATMENTS FOR DRYING

Fruits and vegetables are subjected to certain pre-

treatments with a view to improve drying character-

istics and minimize adverse changes during drying

and subsequent storage of the products. These include

alkaline dips for fruits and sulfiting and blanching for

fruits and vegetables [5].

25.3.1 ALKALINE DIP

The alkaline dip involves immersion of the product in

an alkaline solution before drying and is used primar-

ily for fruits that are dried whole, especially prunes

and grapes. A sodium carbonate or lye solution (0.5%

or less) is usually used at a temperature ranging from
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93.3 to 1008C [1]. It facilitates drying by forming fine

cracks in the skin. Oleate esters constitute the active

ingredients of commercial dip solutions used for

grapes. They accelerate moisture loss by causing the

wax platelets on the grape skin to dissociate, thus

facilitating water diffusion.

25.3.2 SULFITING

Sulfur dioxide treatments are widely used in fruit and

vegetable drying as sulfur dioxide is by far the most

effective additive to avoid nonenzymatic browning

[NEB] [6]. It also inhibits various enzyme-catalyzed

reactions, notably enzymic browning, and acts as an

antioxidant in preventing loss of ascorbic acid and

protecting lipids, essential oils, and carotenoids

against oxidative deterioration during processing

and storage. It also helps in inhibition and control

of microorganisms, especially microbial fermentation

of sugars in fruits such as sun-dried apricots as

encountered during prolonged drying. It has the ad-

vantage of allowing higher temperatures, hence

shorter drying times, to be used. It is intended to

maintain color, prevent spoilage, and preserve certain

nutritive attributes until marketed.

Fruits for dehydration are often treated with gas-

eous SO2 from burning sulfur as used in the manu-

facture of dried apricots, peaches, bananas, raisins,

and sultanas. Alternatively, apple slices are generally

dipped in solutions of the additive (prepared by dis-

solving sodium bisulfite or SO2 in water) and may

receive an extra treatment with gaseous SO2 during

drying.

Treatment of vegetables with SO2 gas is impracti-

cal. Sulfite solutions are preferred as the most prac-

tical method of controlling absorption. As vegetables

are blanched before drying, generally the additive is

incorporated at the blanching stage either in the

blanch liquor if the vegetable is to be dipped or as a

spray in the case of steam blanching.

Sufficient SO2 must be absorbed by the prepared

material to allow for losses that occur during drying

and subsequent storage. The various methods of ap-

plication of SO2 result in varying levels of uptake,

which is a function of SO2 concentration, length of

treatment, and time allowed for draining, size and

geometry of the food, and the pH of the blanch liquor

or spray. Drying times in excess of 12 h for fruits and

vegetables and of several days as in sun drying of

fruits necessitate use of large amounts of SO2. It has

been shown that only 35–45% of the additive initially

incorporated is measurable after drying. The subse-

quent loss of SO2 from dried products occurring dur-

ing storage determines the practical shelf life with

respect to spoilage through NEB.



TABLE 25.2
Suggested Sulfur Dioxide Levels in Dried Fruits

Fruit SO2 (ppm)

Apples 1000–2000

Apricots 2000–4000

Peaches 2000–4000

Pears 1000–2000

Raisins 1000–1500

Source: From Dunbar, J., Food Tech. New Zealand, 21(2), 11, 1986.

With permission.
Table 25.1 and Table 25.2 show suggested levels

for SO2 in vegetables and fruits, respectively, after the

completion of drying [6].

25.3.3 BLANCHING

Blanching consists of a partial cooking, usually in

steam or hot water, before dehydration. It is intended

to denature enzymes responsible for bringing about

undesirable reactions that adversely affect product

quality such as enzymic browning and oxidation dur-

ing processing and storage. The effectiveness of the

treatment is judged by the degree of enzyme inactiva-

tion. Thus, activity of polyphenoloxidase is followed

in fruits, that of catalase in cabbage and of peroxidase in

other vegetables. The other beneficial effects produced

by blanching include [5] reduced drying time, removal

of intercellular air from the tissues, softening of texture,

and retention of carotene and ascorbic acid during

storage. Commercially both continuous- and batch-

type blanchers are employed, involving 2- to 10-min

exposure to live steam. Series blanching in hot water

is also used, in which the solids content of the water

is maintained at an equilibrium level to minimize leach-

ing losses.

In addition to water and steam blanching, use of

microwave energy was demonstrated to be a conveni-

ent and effective method of blanching [7] and superior

in retention of ascorbic acid. The texture of rehy-

drated, microwave-blanched freeze-dried spinach

was firm, chewy, and highly acceptable.

Low-temperature long-time (LTLT) blanching

(65–708C for 15–20 min) was found to improve the
TABLE 25.1
Suggested Sulfur Dioxide Levels in Dried Vegetables

Vegetable SO2 (ppm)

Beans 500

Cabbages 1500–2500

Carrots 500–1000

Celery 500–1000

Peas 300–500

Potato granules 250

Potato slices 200–500

Sweet potatoes (diced) 200–500

Beets Not necessary

Corn 2000

Peppersa 1000–2500

Horseradish Destroys flavor

a0.2% antioxidant BHA gives better color retention.

Source: From Dunbar, J., Food Tech. New Zealand, 21(2), 11, 1986.

With permission.
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quality (texture) of dried carrot (together with cal-

cium treatment) [8] and dried sweet potato [9] as

compared to high-temperature short-time (HTST)

blanching (95–1008C for 3 min). Because at this tem-

perature pectin methyl esterase was active to desterify

and increase the free carboxyl group of pectin, which

could then form salt bridges with divalent cations to

produce a firmer textured product [8].

The prevalence of water blanchers in the industry

necessitates the comparison of different types of

blanching for their energy utilization. On the basis of

a theoretical requirement of 134 kg of steam per 103 kg

of raw vegetables, energy efficiency of a steam blan-

cher was estimated at 5%, a hydrostatic steam blancher

at 27%, an IQB unit at 85%, and a water blancher at

60% [10].
25.4 DRYING TECHNIQUES
AND EQUIPMENT

25.4.1 DEHYDRATION

Dehydration involves the application of heat to

vaporize moisture and some means of removing

water vapor after its separation from the fruit and

vegetable tissue. Hence it is a combined and simul-

taneous heat and mass transfer operation for which

energy must be supplied.

Several types of dryers and drying methods, each

better suited for a particular situation, are commer-

cially used to remove moisture from a wide variety of

fruits and vegetables [11]. Whereas sun drying of fruit

crops is still practiced for certain fruits such as

prunes, grapes, and dates, atmospheric dehydration

processes are used for apples, prunes, and several

vegetables. Continuous processes, such as tunnel,

belt-trough, and fluidized bed (FB), are mainly used

for vegetables. Spray drying is suitable for fruit juice

concentrates and vacuum dehydration processes are

useful for low-moisture, high-sugar fruits.



Factors on which the selection of a particular

dryer or drying method depends include form of raw

material and its properties, desired physical form and

characteristics of the product, necessary operating

conditions, and operation costs.

Three basic types of drying processes may be rec-

ognized as applied to fruits and vegetables: sun drying

and solar drying; atmospheric drying including batch

(kiln, tower, and cabinet dryers) and continuous (tun-

nels, belt, belt-trough, fluidized bed, explosion puff,

foam mat, spray, drum, and microwave heated) pro-

cesses; and subatmospheric dehydration (vacuum

shelf belt/drum and freeze dryers). Recently the scope

has been expanded to include use of low-temperature

and low-energy processes like osmotic dehydration.

In the following sections only a few types of

dryers and drying techniques of importance to fruit

and vegetable drying are briefly discussed. Detailed

information on their design, operation, and econom-

ics may be obtained from references quoted in the

relevant sections.

25.4.2 SOLAR DRYING

One of the oldest uses of solar energy since the dawn

of civilization has been the drying and preservation of

agricultural surpluses. It was also the cheapest means

of preservation by which water activity was brought

to a low level so that spoilage would not take place. It

has been used mainly for drying of fruits such as

grapes, prunes, dates, and figs.

There is no accurate estimate of the vast amount

of material dried using this traditional technique.

Since the method was simple and originated and util-

ized in most of the developing countries, its accept-

ance created no problem. But there were many

technical problems associated with the traditional

way of drying in the direct sun. These problems in-

clude rain and cloudiness; contamination from dust

and by insects, birds, and animals; lack of control

over drying conditions; and possibility of chemical,

enzymic, and microbiological spoilage due to long

drying times. The recent increase in the cost of fossil

fuels associated with depletion of the reserve and

scarcity has led to renewed interest in solar drying.

Bolin and Salunkhe [12] have exhaustively

reviewed the drying methods using solar energy alone

and with an auxiliary energy source, besides discussing

the quality (nutrient) retention and economic aspects.

They suggested that to produce high-quality products

with economic feasibility, the drying should be fast.

Drying time can be shortened by two main procedures:

by raising the product temperature to that moisture

can be readily vaporized, whereas at the same time the

humid air is constantly removed, and by treating the
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product to be dried so that moisture barriers such as

dense hydrophobic skin layers or long water migration

paths will be minimized. Developments in solar drying

of fruits and vegetables up to 1990 have been reviewed

by Jayaraman and Das Gupta [13].

To design a solar dryer for drying fruits and

vegetables, two important stages are to be considered:

to heat the air by the radiant energy from sun and to

bring this heated air in contact with the material

inside a chamber to evaporate moisture.

Solar dryers are generally classified [14] according to

their heating modes or the manner in which the heat

derived from solar radiation is utilized. These classes

include sun or natural dryers, direct solar dryers, indir-

ect solar dryers, hybrid systems, and mixed systems.

25.4.2.1 Sun or Natural Dryers

Solar or natural dryers make use of the action of solar

radiation, ambient air temperature, and relative hu-

midity and wind speed to achieve the drying process.

25.4.2.2 Solar Dryers—Direct

In direct solar dryers the material to be dried is placed

in an enclosure with a transparent cover or side

panels. Heat is generated by absorption of solar radi-

ation on the product itself as well as on the internal

surfaces of the drying chamber. This heat evaporates

the moisture from the drying product. In addition it

serves to heat and expand the air, causing the removal

of the moisture by the circulation of air.

25.4.2.3 Solar Dryers—Indirect

In indirect solar dryers, solar radiation is not directly

incident on the material to be dried. Air is heated in a

solar collector and then ducted to the drying chamber

to dehydrate the product. Generally flat-plate solar

collectors are used for heating the air for low and

moderate temperature use. Efficiency of these col-

lectors depends on the design and operating condi-

tions. The main factors that affect collector efficiency

are heater configuration, airflow rate, spectral prop-

erties of the absorber, air barriers, heat transfer coef-

ficient between absorber and air, insulation, and

insolation. By optimizing these factors, a high effi-

ciency can be obtained. More sophisticated designs of

flat-plate collectors are now available. Imre [15] de-

scribed such collectors and their efficiency.

25.4.2.4 Hybrid Systems

Hybrid systems are dryers in which another form of

energy, such as fuel or electricity, is used to supple-

ment solar energy for heating and ventilation.



25.4.2.5 Mixed Systems

Mixed systems include dryers in which both direct

and indirect models of heating have been utilized

(Figure 25.1). Several experimental methods were

evaluated for the solar dehydration of fruits (apricots):

(a) wooden trays; (b) solar troughs of various materials

designed to reflect radiant energy onto drying trays;

(c) natural convection, solar-heated cabinet dryers

with slanted plate heat collectors; (d) dryers incor-

porating inflated polyethylene (PE) tubes as solar col-

lectors; and (e) PE semicylinders either incorporating a

fan blower to be used in inflated hemispheres or incorp-

orating a similar dome used as a solar collector, the air

from which is blown over fruit in a cabinet dryer [16].

Method (d) was found to be cheap, 38% faster than sun

drying, and could be used as a supplementary heat

source for conventional dehydrators.

Sola r drying incorpora ting a desicc ant bed for

heat stora ge has been used to dry fruits and v ege-

tables [17] . Hot air up to 27 8C above a mbient

was obt ained in a singl e glass-cover ed collector wi th

an airflow of ab out 140 kg/h and rais ed to 52 8 C
for airflow of 25 kg/h. In the ab sorbent circui t, which

used a double glass -cover ed collector, tempe rature
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FIGURE 25.1 Dimensions of a combined-mode solar layer (A,

D.K., Crit. Rev. Food Sci. Nutri., 16, 327, 1982. With permissio
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differences were 10% higher. Other form s of he at stor-

age involv ing us e of natural mate rials such as water,

pebbles or rock s, an d the like, and salt solutions or

absorbents have also been used.

Design and construction of a dryer was described

[18] to utilize solar energy in the two-step osmovac

dehydration of papaya consisting of a 56-by-25-by-

25-cm plexiglass (3.8-cm thick) and a portable con-

denser vacu um unit (Figur e 25.2). Solar osmot ic

drying had higher drying rates and sucrose uptake

than in the nonsolar runs. Similarly, drying rates

from solar vacuum drying were about twice those of

nonsolar vacuum drying.

Solar drying of a number of vegetables using a

solar cabinet dryer fitted with three flat-plate col-

lectors was described [19]. It was concluded that use

of three flat-plate collectors instead of one improved

the performance of solar cabinet dryer by increasing

cabinet temperature and air circulation as compared

to drying using single flat-plate collector.

Since solar drying of fruits and vegetables is

usually long because of large amount of water to be

removed, Grabowski and Mujumdar [20] examined

the possibility of coupling osmotic drying with solar

drying for more effective drying. They have also
63.5

66
.0

11
.6

15
1.
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dryer; B, solar collector). (From Bolin, H.R. and Salunkhe,

n.)
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FIGURE 25.2 Components built for solar vacuum drying. (From Moy, J.H. and Kuo, M.J.L., J. Food Process Eng., 8(1), 23,

1985. With permission.)
illustrated applications of solar-assisted osmotic de-

hydration systems for different production scales. It

was observed that minimum twofold increase in the

throughput of typical solar dryers was possible while

enhancing the nutritional and organoleptic qualities.

A solar drying system consisting of eight flat-

plate solar collectors was designed and constructed

[21]. Each flat-plate solar collector had a gross area of

2.0 m2, effective area of 1.86 m2, and average heat-

generating capacity of 18.6 MJ/d (at 50% efficiency).

A dehydrator of 250 kg capacity was constructed for a

fruit or a vegetable (apricot, grapes, persimmon,

onion, chillies, etc.). Economic analysis showed that

solar drying system is very economic for dehydration

of fruit and vegetable.

For commercial success a solar dryer should be

economically feasible. But, in general, solar energy

systems are capital-intensive. In these dryers, al-

though operating costs are low, large investments

have to be made on equipment. The prime economic

problem is to balance the annual cost of extra invest-

ment against fuel savings. Therefore solar drying

could be economical only if the equipment cost is

decreased or in the event of fuel cost escalation.

25.4.3 HOT AIR DRYING

Currently most of the dehydrated fruits and vegetables

are produced by the technique of hot air drying, which

is the simplest and most economical among the various
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methods. Different types of dryers have been designed,

made, and commercially used based on this technique.

In this method, heated air is brought into contact

with the wet material to be dried to facilitate heat and

mass transfer; convection is mainly involved. Two

important aspects of mass transfer are the transfer

of water to the surface of the material that is dried

and the removal of water vapor from the surface. The

basic concepts, various methods of drying, and dif-

ferent types of hot air dryers are discussed by various

authors in review articles and books [1,2,5,22–24].

To achieve dehydrated products of high quality at

a reasonable cost, dehydration must occur fairly rap-

idly. Four main factors affect the rate and total time of

drying [23]: physical properties of the foodstuff, espe-

cially particle size and geometry; its geometrical ar-

rangement in relation to air (crossflow, through-flow,

tray load, etc.); physical properties of air (temperature,

humidity, velocity); and design characteristics of the

drying equipment (crossflow, through-flow, cocurrent,

countercurrent, agitated bed, pneumatic, etc.). The

choice of the drying method for a food product is

determined by desired quality attributes, raw material,

and economy.

The dryers generally used for the drying of piece-

form fruits and vegetables are cabinet, kiln, tunnel,

belt-trough, bin, pneumatic, and conveyor dryers.

Among these, the cabinet, kiln, and bin dryers are

batch operated, the belt-trough dryer is continuous,

and the tunnel dryer is semicontinuous.



25.4.3.1 Cabinet Dryers

Cabinet dryers are small-scale dryers used in the la-

boratory and pilot plants for the experimental drying

of fruits and vegetables. They consist of an insulated

chamber with trays located one above the other on

which the material is loaded and a fan that forces air

through heaters and then through the material by

crossflow or through-flow.
25.4.3.2 Tunnel Dryers

Tunnel dryers are basically a group of truck and tray

dryers widely used due to their flexibility for the large-

scale commercial drying of various types of fruits and

vegetables. In these dryer trays of wet material, stacked

on trolleys, are introduced at one end of a tunnel (a long

cabinet) andwhendry they are discharged from theother

end. The drying characteristic of these dryers depends on

the movement of airflow relative to the movement of

trucks, which may move parallel to each other either

concurrently or countercurrently, each resulting in its

own drying pattern and product properties.
25.4.3.3 Belt-Trough Dryers

Belt-trough dryers are agitated bed, through-flow

dryers used for the drying of cut vegetables of small

dimensions. They consist of metal (wire) mesh belts

supported on two horizontal rolls; a blast of hot air is

forced through the bed of material on the mesh. The

belts are arranged in such a way to form an inclined

trough so that the product travels in a spiral path and

partial fluidization is caused by an upward blast of air.
TABLE 25.3
Process Conditions for High-Temperature, Short-Time P
Characteristics of Products

Material Moisture Content (%)

Raw Cooked/Blanched HTST

Treated

Fina

Dried

Potatoes 82.2 83.3 59.3 4.1

Green peas 71.1 72.5 38.3 3.4

Carrots 89.3 91.0 52.9 4.2

Yams 76.6 78.3 50.2 3.9

Sweet potatoes 73.6 78.6 53.8 5.3

Colocasia 80.2 83.3 54.2 4.9

Plantains, raw 80.8 83.3 58.8 4.6

Source: From Jayaraman, K.S., Gopinathan, V.K., Pitchamuthu, P., a

permission.
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25.4.3.4 Pneumatic Conveyor Dryers

Pneumatic conveyor dryers are generally used for the

finish drying of powders or granulated materials and

are extensively used in the making of potato granules.

The feed material is introduced into a fast-moving

stream of heated air and conveyed through ducting

(horizontal or vertical) of sufficient length to bring

about desired drying. The dried product is separated

from the exhaust air by a cyclone or filter. Jayaraman

et al. [25] described a pneumatic dryer in which an

initial high temperature (160–1808C for 8 min) drying

of piece-form vegetables was done up to 50% mois-

ture, resulting in expansion and porosity in the prod-

ucts that hastened finish drying in a conventional

cabinet dryer besides significantly reducing rehydra-

tion times and increasing rehydration coefficients of

the products (Table 25.3) [25].

25.4.4 FLUIDIZED BED DRYING

The fluidized bed type of dryer was originally used for

the finish drying of potato granules. In FB drying, hot

air is forced through a bed of food particles at a suffi-

ciently high velocity to overcome the gravitational

forces on the product and maintain the particles in a

suspended (fluidized) state [22]. Fluidizing is a very

effective way of maximizing the surface area of drying

within a small total space. Air velocities required for

this will vary with the product and more specifically

with the particle size and density. A major limitation is

the limited range of particle size (diameter usually

20 mm–10 mm) that can be effectively fluidized. The

bed remains uniform and behaves as a fluid when the

so-called Froude number is below unity.
neumatic Drying of Vegetables and Rehydration

Optimum HTST Drying Rehydration

Time

Rehydration

Coefficient
l Temp.

(8C)

Time

(min)

170 8 5 0.94

160 8 5 1.06

170 8 5 0.50

180 8 6 1.01

170 8 2 1.06

170 8 2 0.98

170 8 4 0.97

nd Vijayaraghavan, P.K., J. Food Technol., 17(6), 669, 1982. With



The theory and food applications of fluidized bed

drying have been discussed in many textbooks and

articles [5,22–24,26,27]. Apart from the commercial

drying of peas, beans, and diced vegetables, it is also

used for drying potato granules, onion flakes, and

fruit juice powders. It is often used as a secondary

dryer to finish the drying process initiated in other

types of dryers. It can be carried out as a batch or

continuous process with a number of modifications.

The advantages of fluidized bed drying are high

drying intensity, uniform and closely controllable tem-

perature throughout, high thermal efficiency, time

duration of the material in the dryer may be chosen

arbitrarily, elapsed drying time is usually less than

other types of dryers, equipment operation and main-

tenance is relatively simple, the process can be auto-

mated without difficulty, and, compact and small,

several processes can be combined in an FB dryer [5].

Heat transfer in FB drying could be improved by

increasing gas velocity. But, at higher velocities, the

particles are transported out of bed and voidage in

the bed increases, reducing the volumetric effective-

ness of the equipment. From the viewpoint of good

gas-to-solid contact, this is undesirable because most

of the gas passes around the layers of particles with-

out effective contact.
Fixed
plenum

Air
supply

Door for
product
removal

Rotating
perforated
basket
(ascending side)
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flow

Packed bed
F0 > Drug force

Dense fluidiz
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FIGURE 25.3 Modified design of centrifugal fluidized bed dryer

the air velocity is increased, the degree of fluidization changes f

and De Marchena, E.S., Food Technol., 26(12), 23, 1972. With
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Another drawback of conventional fluidized

bed drying is that the maximum gas velocity is

closely related to the physical characteristics of the

food particles such as shape, surface roughness, bulk

density, and firmness. The maximum gas velocity

controls the amount of heat delivered to the bed,

since for foods there is usually a critical maximum

gas temperature for processing.

The centrifugal fluidized bed (CFB) was designed

[28,29] to overcome the limitations of piece size and

heat requirements encountered in a conventional FB

dryer by subjecting the food particles during fluidi-

zation to a centrifugal force greater than the gra-

vitational force. This had the effect of increasing

the apparent density of the particles and allowing

smooth, homogenous fluidization. Smooth fluidiza-

tion could be achieved at any desired gas velocity by

varying the centrifugal force. The other advantages

provided by CFB include increasing the gas velocity

to provide improved heat transfer at moderate gas

temperature without the problem of heat damage,

and large pressure drops across the grid supporting

the bed are not needed to obtain smooth fluidization.

It was demonstrated to be effective for extremely high

rate drying of high-moisture, low-density, sticky,

piece-form foods.
Drive shaft

Air

discharge

Air

flow

ed bed
orce

Spouted bed
F0 < Drug force

allows for lower pressure drops and better heat economy. As

rom packed to spouted. (From Brown, G.E., Farkas, D.F.,

permission.)



A modified cen trifugal fluidized bed dr yer (CFBD )

developed consis ted of a cylin der with perforated

walls, rotat ing hor izonta lly about its axis in a high

velocity, heated cro ssflow airstrea m (Figure 25.3) [29] .

Piece- form pro duct to be dried was fed into one end of

the rotating cylin der, mo ved along the cylind er in

almost plu g-flow manner through the hot air blast ,

passin g crossflow throu gh the perfor ated walls, and

dischar ged from the other end of the cylin der. On the

downst ream side (relative to the airflow ) wi thin

the cylin der, the pieces were held as a fixed be d agains t

the wal l by the additive forces of fri ctional air drag

and centrifugat ion. At high rpm or low air veloci ty,

the centrifugal force on an y pa rticle was greater

than the drag force of the enteri ng airs tream and

each pa rticle remained fixed in place. If the air veloci ty

was increa sed or the rpm decreas ed, de nse-phas e flu-

idization was obtaine d on the ups tream side of the bed

because the dr ag force on the pieces was equal to or

slightl y great er than the oppos ing cen trifugal force. If

the air veloci ty was furth er increa sed, trans port of the

particles across the cyli nder occu rred as in a spou ted

bed. Cent rifugal force obta ined through cylind er

rotational sp eed to give 3 –15 Gs allowed the use of

air veloci ties up to 15 m/s or higher, many times

greater than can be employ ed in co nventio nal FBs.

Car rots, potatoe s, apples, and green beans dr ied

in this mod ified CFB at an air veloci ty of 2400 ft/min
1098
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FIGURE 25.4 Isometric view of centrifugal fluidized bed dryi

feeder; 4, feeder blower; 5, discharge chute; 6, air blower; 7, air d

11, vent port; 12, recirculating duct; 13, make-up air; 14, blower

J. Food Sci., 41(5), 1172, 1976. With permission.)
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and 240 8 F showed that a weight reducti on of 50%

could be achieve d in less than 6 min for all items. In

compari son with a tunn el dr yer with a crossflow air

velocity of 780 ft/min, 160 8 F tempe ratur e, and 2 lb/ft2

tray loading , it was sho wn that average drying rate in

a modified CFB (air veloci ty 2400 ft/mi n) was 5.3

times the crossflow value. Thi s increase in drying

rate (thr ee times the theoret ical value) was due to

high effici ency of the air-to- particle contact achieve d

in the CFB.

A con tinuous CFBD was furt her designe d

(Figur e 2 5.4) with a dryer su rface of approxim ately

21 ft 2 in the form of a rotating pe rforated stai nless

steel cylind er (10-in. diame ter and 100-in. long) with

an ope n area of 45% and Teflon- coated insi de [30] .

The cyli nder could be rotat ed at speeds up to 350 rp m

(Fe ¼ 17.4 � G) throu gh a be lt drive an d tilted be -

tween 08 and 68 from the horizont al to help c ontrol

the residence time of material that is dried. Centrifu-

gal fans with steam heaters enabled air temperatures

up to 1408C.

Tabl e 25.4 gives the perfor mance data from trials

for drying bell peppers, beets, carrots, cabbages, on-

ions, and mushrooms using a CFBD [30,31]. Good

continuous operation was achieved for a 1-h period.

Feed rates and evaporation (kg/h) are given for a

range of drye r sizes in Table 25.5 for cab bages, car-

rots, onions, and mushrooms [31].
8
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ng system. (1, dryer cylinder; 2, drive pulley; 3, aspiration

ischarge damper; 8, steam coil heater; 9, plenum; 10, air vent;

intake). (From Hanni, P.F., Farkas, D.F., and Brown, G.E.,



TABLE 25.4
Operating Conditions for Drying Some Vegetables in Continuous Centrifugal Fluidized Bed Dryer

Commodity Feed Rate

(kg/h)

Discharge

Rate (kg/h)

Moisture (%) Weight

Reduction (%)

Temp.

(8C)

Air

Velocity (m/s)
Feed Discharge

Bell pepper, diced 142 71 93.4 86.1 53 71 15.3

Beet, diced 133 74 84.6 74.5 40 99 15.3

Carrot

Flaked 109 79 88.9 84.6 28 93 15.3

Diced 130–150 — 89.5 82.0 46 100–140 15.3

Cabbage, shredded 90–200 — 93.3 88.0 44 100–140 15.3

Onion, sliced 150–160 — 87.7 82.5 35 100–140 15.3

Mushroom, diced 230 — 95.3 91.3 48 100–140 15.3

Source: From Hanni, P.F., Farkas, D.F., and Brown, G.E., J. Food Sci., 41(5), 1172, 1976; Cannon, M.W., Food Technol. New Zealand,

13(9), 28, 1978. With permission.
Whereas the CFBD can take the product to

any degree of dryness, it is considered best suited for

the rapid removal of moisture (30–50% weight re-

duction in about 5-min exposure) during the early

stages of drying of piece-form vegetables as a pre-

dryer, to be followed by a conventional tray or band

dryer for later stages of evaporation in which the rate

of moisture removal is governed by diffusion and

high velocity is no longer advantageous. Incorporated

upstream of the existing dehydration line, it increases

overall output with a saving in floor space.

By using a whirling fluidized bed containing inert

particles like glass beads, it was found feasible to dry

coarse-size and sticky materials like diced potatoes

and carrots [32]. A novel type of FB dryer, known

as a toroidal fluidized bed, reported to be manufac-

tured in the United Kingdom [24], could be used for a

number of processes such as cooking, expanding,

roasting, and drying. A high-velocity stream of

heated air entering the base of the process chamber

through blades or louvers that imparted a rotary
TABLE 25.5
Feed Rates and Evaporation (kg/h) for a Range of Contin

Dryer Size (m) Cabbages Carrots Onions

Feed Evaporation Feed

0.305 diameter � 2.13 133 58 130

0.50 diameter � 5.0 658 285 643

0.65 diameter � 6.5 1263 546 1232

0.80 diameter � 8.0 2130 921 2077

1.00 diameter � 10.0 3719 1607 3628

Source: From Cannon, M.W., Food Technol. New Zealand, 13(9), 28, 1
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motion to the air created a compact, rotating bed of

particles that varied in depth from a few millimeters

to in excess of 50 mm. High rates of heat and mass

transfer could be attained, resulting in rapid drying.

This dryer could be utilized for a wide range of par-

ticle sizes and shapes of materials like peas, beans,

diced potatoes, and carrots and operated on a con-

tinuous or batch basis.

25.4.5 EXPLOSION PUFFING

The technique of explosion puffing was initially devel-

oped to fulfill the objective of dehydrating relatively

large pieces of fruits and vegetables that would recon-

stitute rapidly; the system would be operable at a

cost comparable to conventional hot air drying.

The method, adequately described and extensively

reviewed in several articles [23,33], consisted of ini-

tially partially dehydrating the fruit and vegetable

pieces, then imparting a porous structure by explo-

sion puffing, and subsequently drying to a low
uous Centrifugal Fluidized Bed Dryer Sizes

Mushrooms Feed Evaporation Feed Evaporation

Evaporation

54 156 44 231 106

266 771 215 1143 425

511 1478 412 2190 1003

861 2491 696 3693 1694

1504 4352 1216 6451 2958

978. With permission.



moisture content. Initial drying was required to re-

duce the moisture content to a level so that disinte-

gration did not occur during explosion puffing. Since

uniformity was essential for optimum results, an

equilibration step was desirable after the partial dry-

ing. As an operational step integrated in hot air de-

hydration at moisture contents of 15–35%, explosion

puffing created porosity in food pieces and speeded

up hot air drying, modifying or eliminating diffusion

controlled drying as the rate-controlling step. The

case hardening problem was minimized so that pro-

cessors could dry large pieces economically in shorter

times, lessening browning potential. Also increased

overall volume recovery on rehydration was reported

compared with hot air drying. Batch models with

output of 180 kg/h of 1-cm diced potatoes or carrots

were designed and tested.

The gun used in batch model explosion puffing was

essentially a rotating cylindrical pressure chamber that

was fitted with a quick-release lid, and was heated

externally. The rotational speed of the gun was fixed

to give an optimal tumbling action of the charge. This
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speed (33 rpm) was about 40% of the critical speed, that

is, the speed at which the centrifugal and gravitational

forces are equal and no tumbling takes place. In the

gun, the pieces were exposed to 10–70 psig steam so

that they were quickly heated and their remaining water

was superheated relative to atmospheric pressure.

When the pieces were suddenly discharged into the

atmosphere, the rapid pressure drop caused some of

the water within the pieces to flash into steam. The

escaping steam caused channels and fissures, thus

imparting a porous structure to the pieces. Com-

modities that were successfully dehydrated by this

method include potatoes, carrots, beets, cabbages,

sweet potatoes, apples, and blueberries.

A continuous explosive puffing system (CEPS)

with 680-kg/h capacity was designed by separating

the heating and puffing functions and successfully

tested [34]. The three subassemblies that were unique

to the system were the feed chamber, the heating

chamber, and the discharge chamber (Figure 25.5).

The use of CEPS resulted in better process control,

improved product quality, and reduced labor costs.
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Once the system feed rate, feed moisture content,

internal pressure, internal temperature, and discharge

rate reached steady state, it operated with minimal

care and needed only occasional operational adjust-

ment [33].

Energy evaluation based on steam consumption

showed a 44% reduction in steam consumption when

a CEPS was used to dehydrate apple pieces as com-

pared with conventional dehydration; this is attributed

to the time saved for drying from 20% to less than 3%

moisture. Process cost for EPS is reported to be similar

to the cost of conventional hot air drying. Table 25.6

gives processing conditions (batch versus continuous)

for a number of fruits and vegetables [35].

25.4.6 FOAM DRYING

The foam drying process is limited to specific prod-

ucts, such as fruit powders, for preparation of instant

drinks. Techniques like vacuum puff drying, foam

mat drying, microflake dehydration, and foam spray

drying have been described elsewhere in this book.

Among these, the foam mat drying process has re-

ceived considerable attention.

Foam mat drying, originally developed by Mor-

gan, involves drying thin layers of stabilized foam

from liquid food concentrates in heated air at atmos-

pheric pressure. Foam is prepared by the addition of a

stabilizer and a gas to the liquid food in a continuous

mixer. It can be dried in a continuous belt-tray dryer.

Good quality powders capable of instant rehydration

were made experimentally from tomatoes, oranges,

grapes, apples, and pineapples [22].
TABLE 25.6
Process Conditions for Explosive Puffing (Batch and Con

Commodity Puffing Moisture (%) Steam Pressure (kPa)

Potatoes 25 414

Carrots 25 275

Yams 25 241

Beets 20–26 276

Peppers 19 207

Onions 15 414

Celery 25 275

Rutabagas 25 241

Mushrooms 20 193

Apples 15 117

Blueberries 18 138

Cranberries 17–26 138

Strawberries 25 90

Pineapples 18 83

Pears 18 228

Source: From Kozempel, M.F., Sullivan, J.F., Craig, J.C., Jr., and Kon
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Foam formation is the primary requirement of

this process. Two characteristics required for foam

stability are consistency and film-forming ability.

Film-forming components used in the drying of fruits

and vegetables are glyceryl monostearate, solubilized

soya protein, and propylene glycol monostearate.

Drying time and temperatures depend on the product

that is dried; most fruit juices required about 15 min

at 1608F to dry to about 2% moisture. Air velocity

and humidity had no appreciable effect on the time

required.

Foam mat drying has two definite advantages [36].

First, the use of foam greatly speeds up moisture

removal and permits drying at atmospheric condi-

tions in a steam of hot air in a short time. Second,

though the product may be sticky at drying temper-

atures, it can be transferred to a cooling zone and

crisped before it is scraped off the surface.

25.4.7 MICROWAVE DRYING

In microwave drying, heat is generated inside the food

materials by the interaction of chemical constituents

of food and radio frequency energy (915 and 2450

MHz). Use of this type of energy found its application

in the finish drying of potato chips. Much of the work

on the drying of fruits and vegetables utilizing micro-

wave energy was described by Decareau [37].

The advantages of using microwave energy are

penetrating quality, which effects a uniform heating of

materials upon which radiation impinges; selective ab-

sorption of the radiation by liquid water; and capacity

for easy control so that heating may be rapid if desired.
tinuous) of Some Vegetables and Fruits

Temp. (8C) Dwell Time (s) Rehydration Time (min)

176 60 5

149 49 5

160 75 10

163 120 5

149 45 2

154 30 5

149 39 5

160 60 6

121 39 5

121 35 5

204 39 4

163 64 3

177 — 3

166 60 1

154 60 5

stance, R.P., J. Food Sci., 54(3), 772, 1989. With permission.



It can reduce drying time, particularly when the size of

the piece is such that a conventional drying method is

not feasible. However, the high cost per unit of energy

compared with the conventional energy and the high

initial cost of equipment limits its use for drying.

Microwave vacuum drying of concentrates of or-

anges, lemons, grapefruits, pineapples, strawberries,

and others has been described [37]. One full-scale

plant was in operation for the vacuum drying of

orange and grapefruit juices, utilizing a 48-kW,

2450-MHz unit that dried 638 Brix orange juice con-

centrate to 2% moisture in 40 min.

The various modes in which microwaves are used

in the industry comprised of booster (microwave-

connection) and dryers (microwave vacuum dryers and

microwave freeze dryers). Microwave vacuum drying

of cranberries was investigated using laboratory-scale

dryeroperatingeither incontinuousorpulsedmode [38].

Pulsed applicationofmicrowave energywas found tobe

more efficient than continuous application.

Microwave-assisted hot air drying of golden deli-

cious apple and mushroom was examined [39] using a

novel applicator to reduce the edge overheating

effects. Microwave drying considerably reduced the

drying time of potato as well as produced better qual-

ity dried product [40]. In another investigation [41] it

was found that microwave drying of thin layer carrot

resulted in substantial decrease in drying time and

better quality product when dried at low power level.

Microwave drying was combined with spouted

bed fluidization technique (MWSB) for the drying of

frozen blueberries [42]. MWSB drying was character-

ized by a substantial reduction in drying time and an

improved product quality compared to freeze-, tray-,

and SB-dried samples.

25.4.8 SPRAY DRYING

The spray drying method is most important for drying

liquid food products and has received much experi-

mental study. Spray drying by definition is the trans-

formation of a feed from a fluid state into a dried form

by spraying into a hot, dry medium [43]. In general it

involves atomization of the liquid into a spray (by a

nozzle) and contact between the spray and the drying

medium (hot air), followed by separation of dried

powder from the drying medium (by a cyclone separ-

ator). Applicable to a wide range of products, there is

no single, standardized design for the spray dryer

common to all. Each product is treated individually

and the dryer is designed to suit the product specifica-

tions. The principles and applications of this technique

are well described in the literature [20–24,26,43].

The applications of spray drying to fruit and vege-

table products are very limited. Fruit juices, pulps,
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and pastes can be spray dried with additives. Special

care must be taken to design the drying chamber as

well because during postdrying, handling, and pack-

ing operations the products are both hygroscopic and

thermoplastic. Fruits that have been spray dried in-

clude tomatoes, bananas, and, to a limited extent,

citrus fruit, peaches, and apricots.

Tomato pulp is a typical example of a product

that is very difficult to dry as the powder is sticky

and poses a caking problem. A spray drying plant

capable of producing a free-flowing product that on

reconstitution compares favorably with tomato paste

has been designed featuring a cocurrent drying

chamber having a jacketed wall for air-cooling and

a conical base. Cooling air intake is controlled to

enable close maintenance of wall temperature in the

range of 38–508C. The paste is sprayed into the dry-

ing air entering the chamber at a temperature of 138–

1508C.

A wide range of vegetables can be spray dried

following homogenization and the powders can be

readily used in dry soup mixes. As yet, there is limited

interest in spray drying of vegetables though the dry-

ing process is not different from fruits and standard

equipment can be used. Jayaraman and Das Gupta

[44] spray dried a number of fruit juices in admixture

with whole milk or yogurt.

Spray drying of a mixture of eight vegetable juices

(tomato, cucumber, parsley, lettuce, beet, spinach,

carrot, and celery juices) using 1% maltodextrin as

additive was described [45].

25.4.9 DRUM DRYING

Drum drying is an important and inexpensive drying

technique suitable for a wide range of products

namely liquid, slurry, and puree. The material to be

dried is applied as a thin layer to the outer surface of a

slowly revolving hollow drum (made of iron or stain-

less steel) heated internally by steam [26]. The prin-

ciple and types of drum dryers have been discussed by

a number of authors [20,22,24,26,27].

The success of drum drying depends on the appli-

cation of a uniform film of maximum thickness. The

high rate of heat transfer is obtained by direct contact

with the hot surface and the equipment may be used

under atmospheric or vacuum condition [23]. It is

mainly used for the manufacture of potato flakes. Its

usefulness for dehydration of fruits (particularly

fruits high in sugar and low in fiber content) is limited

by the high temperature required. Thin sheets of very

dry fruit are usually so hygroscopic that it has been

necessary to overdry under severe heating conditions

to compensate for the later pick up. The fruit was

therefore usually heat damaged.



A pilot-plant, double-drum dryer modified to pro-

duce low-moisture flakes from a wide range of fruit

purees has been described [46]. Products with a rela-

tively high fiber content such as apples, guavas, apri-

cots, bananas, papayas, and cranberries could be

dried successfully without additives. Purees with a

low fiber content such as raspberries, strawberries,

and blueberries required the addition of fiber (low

methoxyl pectin, up to 1%) to aid in the sheet forma-

tion at the doctor blade. The modification consisted

of incorporation of variable-speed take-off rolls, cool

airflow directed at the doctor blade area, and a ven-

tilation system to remove saturated air from the area

beneath the drums.

A process for manufacture of instant, drum-dried

flakes from tropical sweet potato puree was evaluated

using a Buflovac laboratory model atmospheric

double-drum dryer internally steam heated at 35 psig

[47]. The drums revolved at 1.73 rpm with a clearance

between drums of 0.305 mm. It was found that pre-

treatment with a-amylase improved the drying char-

acteristics of the puree.

A mathematical model was predicted for drum

drying of mashed potatoes on the basis of primary

process parameters such as drum speed, steam

pressure, number of spreader rolls, wet and dry bulb

temperatures, mash moistures, and drum dimension

[48].

25.4.10 FREEZE-DRYING

Freeze-drying, which involves a two-stage process of

first freezing of water of the food materials followed

by application of heat to the product so that ice can

be directly sublimed to vapor, is already a commer-

cially established process. Sublimation from ice to

water vapor can only be accomplished below the

triple point of water, that is, at 4.58 torr at a tempera-

ture of approximately 328F. Since the moisture re-

moval does not pass through a liquid phase, the

structure of the product remains in a more acceptable

state. In addition, drying takes place without expos-

ing the product to excessively high temperatures.

The advantages of freeze-drying are: shrinkage is

minimized; movement of soluble solids within the

food material is minimized; the porous structure of

the product facilitates rapid rehydration; and reten-

tion of volatile flavor compounds is high. It has there-

fore proved to be the superior method of dehydration

for many fruits. The major limitation to its commer-

cial application is its very high capital and processing

costs and the need for special packaging to avoid

oxidation and moisture pick up. Industrial applica-

tion includes some exotic fruits and vegetables, soup

ingredients, mushrooms, and orange juice. Much of
� 2006 by Taylor & Francis Group, LLC.
the recent work is directed toward freeze-dried fruit

juices and vegetables like spinach and carrots.

Essential components of a freeze dryer include the

vacuum chamber, condenser, and vacuum pump. As

in other forms of drying, freeze-drying represents

coupled heat and mass transfer. For the analysis of

this operation, Karel [26] considered three cases that

represent three basic types of possibilities in vacuum

freeze-drying: (a) heat transfer and mass transfer pass

through the same path (dry layer) but in opposite

directions; (b) heat transfer occurs through the frozen

layer and mass transfer through the dry layer;

and (c) heat generation occurs within ice (by micro-

waves) and mass transfer through the dry layer [26].

The principles and applications of freeze-drying

are described in detail in many books and articles

[22–24,27,49].

Another aspect that determines the structure of

food materials, particularly fruit juices, during freeze-

drying is the phenomenon of collapse. Freezing of food

materials causes aqueous solution to be separated into

two phases: ice crystals and concentrated aqueous so-

lution. The properties of this concentrated aqueous

solution depend on composition, concentration, and

temperature. If during drying the temperature is very

low, the mobility in the extremely viscous concentrated

phase is so low that no structural changes occur during

drying. But, if the temperature is above a critical level

(known as the collapse temperature), mobility of the

concentrated solution phase may be so high that flow

and loss of original structure occurs. This is known as

the phenomenon of collapse and was investigated in

detail by several workers.

Atmospheric freeze-drying of several foods, in-

cluding mushrooms and carrots, was investigated in

a fluidized bed of finely divided adsorbent that com-

bined adsorption and fluidization, achieving im-

proved heat and mass transfer and shorter drying

time than vacuum drying [50,51]. Products could be

dried economically using very simple equipment.

Bell and Mellor [52] developed an adsorption

freeze-drying process that depended upon the removal

of water vapor by a desiccant rather than by refriger-

ation coils. The process consisted of a chamber in

which the air pressure was reduced, a product rack to

hold the samples, and a perforated container of desic-

cant that required regeneration. Defrosting, drying the

chamber, and vacuum pretesting were not required

because the inside of the chamber remained dry.

A combination of thermal and freeze-drying

processes was tried on apple, potato, and carrot and

was demonstrated [53] to be a promising technique in

the production of high-quality dehydrated fruits and

vegetables. A combined drying technology, initially

by osmotic dehydration following by freeze-drying on



apple and potato was reported [54] to produce a high-

quality product with lower freeze-drying times.

25.4.11 OSMOTIC DEHYDRATION

Osmotic dehydration is a water removal process that

consists of placing foods, such as pieces of fruits or

vegetables, in a hypertonic solution. As this solution

has higher osmotic pressure and hence lower water

activity, a driving force for water removal arises be-

tween solution and food, whereas the natural cell wall

acts as a semipermeable membrane. As the membrane

is only partially selective, there is always some diffu-

sion of solute from the solution into the food and vice

versa. Direct osmotic dehydration is therefore a sim-

ultaneous water and solute diffusion process [55]. Up

to a 50% reduction in the fresh weight of the food can

be achieved by osmosis. Its application to fruits and, to

a lesser extent, to vegetables has received considerable

attention in recent years as a technique for production

of intermediate moisture foods (IMF) and shelf-stable

products (SSP) or as a predrying (preconcentration)

treatment to reduce energy consumption and heat

damage in other traditional drying processes.

Some of the stated advantages of direct osmosis in

comparison with other drying processes include min-

imized heat damage to color and flavor, less discolor-

ation of fruit by enzymatic oxidative browning, better

retention of flavor compounds, and less energy con-

sumption since water can be removed without change

of phase. However, products cannot be dried to com-

pletion solely by this method and some means of

stabilizing them is required to extend their shelf lives.

Many workers have studied the different aspects of

osmotic dehydration: the solutes to be employed, the

influence of process variables on drying behavior, the

opportunity to combine osmosis with other stabilizing

techniques, and the quality of the final products. The

osmotic agents used must be nontoxic and have a good

taste and high solubility besides low aw. Sugar in dif-

ferent concentrations is widely used. Common salt is

an excellent osmotic agent for vegetables.

The quantity and the rate of water removal

depend on several variables and processing param-

eters. In general it has been shown that the weight loss

in osmosed fruit is increased by increasing the solute

concentration of the osmotic solution, immersion

time, temperature, solution-to-food ratio, specific sur-

face area of the food, and by using vacuum, stirring,

and continuous reconcentration. Also, to obtain the

same aw reduction, time tended to decrease exponen-

tially as the temperature is increased.

Several models were proposed to show the effect

of concentration of osmotic solution and temperature

on the rate of water loss and gain of osmotic agent.
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Thus, a model developed [56] for the calculation of

osmotic mass transport data for potato and water

activity to equilibrium in sucrose solutions for the

concentration range 10–70% and solution/solids

range 1–10 showed that, at equilibrium, there was

an equality of water activity and soluble solids con-

centration in the potato and in the osmosis solution.

A linear relationship existed between normalized sol-

ids content (NSC) and log (1 – aw) and was given by

NSC ¼ 6:1056þ 2:4990 log (1� aw)

Another model developed [57] for solute diffusion in

osmotic dehydration of apple based on solids gain

divided by water content M as a function of rate

constant K, time (t), and a constant A was given as

M ¼ Kt þ A. A relationship was established in the

form of K ¼ T1.40C1.13, where rate parameter K is

related to temperature T at different sucrose concen-

trations C. The average activation energy of the pro-

cess was 28.2 kJ/mol.

The effects of solution concentration, osmosis

time, and the osmosis temperature were studied in

the osmotic dehydration of pineapple in sucrose solu-

tion [58]. The solute diffusion was analyzed by

Magee’s model. The effect of sucrose concentration

C on rate parameter K was given by power law re-

gression equation as K ¼ 4.15 � 10�4C1.51 at 208C.

An empirical equation derived based on osmotic

dehydration of apple slices could predict rate of os-

mosis F, that is, percentage of dehydration of any

given fruit slices of specific size with time T, given

the concentration of sugar (% B) and the temperature

as follows [59]:

F ¼ 31:8� 0:307B� (0:56� 0:016B)t� 2:10�9:26=B

� 1(T � 0:3)0:54 � 0:00425t

where F is the decrease in mass %, and was valid for

B ¼ 60–75%, t ¼ 40–808C, and T ¼ 0.5–4.5 h.

Direct osmosis of different fruits at 708 Brix sugar

at atmospheric and low pressure (about 70 mmHg)

revealed higher drying rates with the latter. The add-

ition of a small amount of NaCl to different osmotic

solutions increased the driving force of the drying

process.

Apple cubes submitted to HTST osmosis in sugar at

60–808C for 1–20 min showed osmosis to be greatly

accelerated by high temperature, as the water loss in

apples after 1–3 min HTST osmosis was the same as

that given by 2-h treatment at ambient temperature and

HTST osmosis completely inactivated the enzymes.

Partial dehydration of fruits and vegetables by os-

mosis using various osmotic agents has been employed



before drying by other conventional methods, namely,

hot air convection drying, high-temperature fluidized

bed drying, vacuum drying, freeze-drying, and dehy-

drofreezing as a means of reducing processing time

and limiting energy consumption besides improving

sensory characteristics.

Osm otic dehydrat ion ha s been util ized for devel-

oping intermedi ate mois ture frui ts stabilize d solel y by

aw control with added antimycoti c preser vative, as

well as SSP with higher aw stabili zed by a co mbination

preser vation techni que involv ing aw and pH control

plus heat pasteur izat ion, due to sim plicity of the ope r-

ations invo lved, econ omy, an d low-energ y inputs .

25.4.12 HEAT PUMP DRYING

To impr ove the therm al ec onomy and effici ency of

conven tional hot air dryer, use of he at pum p technol -

ogy was util ized for the developm ent of heat pump

dryer. In its simplest form, the heat pump dryer

passes the drying air over the evapo rator of a refriger -

ation system. This cools the air to below its dew point,

conden sing water vapor from the air stream. Thi s

cool air is then passed over the conden ser over the

refriger ation system to reheat the air to drying tem-

peratur e. Most avail able heat pum p dryers recir culate

all the air, but nonrecir culat ing types are also avail -

able. Both types can be highly en ergy effici ent [60].

The three major a dvantage s of heat pum p dryers

are [60] :
� 20
1. Drying at low tempe ratures can improve quality

2. Higher en ergy effici encies are achieve d becau se

both the sensi ble and the laten t he at of eva por-

ation are requir ed

3. Drying co nditions and therefore drying rate is

unaffected by drying conditio ns
Agai nst these advantag es, a number of facto rs

limit the ap plication of heat pump drying. Thes e in-

clude the use of elect rical en ergy which is general ly

more expensi ve than other form s, higher cap ital cost

and that the maxi mum drying tempe ratur e is lim ited to

around 60 8C to 708C with current ly used refriger ants.

Typi cal drying tempe ratures in a heat pum p dr yer

are in the range 30 8 C–60 8 C. It is expecte d that dr ying

by this techni que woul d improv e the retent ion of

volatile flavor, reduce the color degradat ion as wel l

as the loss of heat- labile vitamins [61] .

25.4.13 ULTRASONIC DRYING OF LIQUIDS

The util ization of ultrason ic en ergy to remove wat er

from dilute solut ion of nonf atty pro ducts was

report ed [62] . In this process the liqui d is atomized
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through a noz zle initial ly and then by cavit ation us ing

ultrason ic energy. An ultraso nic techni que for drying

of vegetab les using a power ultrasou nd generat or was

report ed [63]. In this techni que high -intensi ty ultr a-

sonic vibrat ions wer e used to invest igate the drying of

carrot slices an d effe ct of this techni que were com-

pared with those of co nventio nal drying and forced

air-dryi ng a ssisted by airbor ne ultr asonic radiat ion.

Dramati c red uction in drying time was achieve d

maintaini ng the qua lity.
25.5 QUALITY CHANGES DURING DRYING
AND STORAGE

25.5.1 LOSS OF VITAMINS (VITAMINS A AND C)

Fruits and vegeta bles are the major sou rces of vita -

min C (ascorb ic acid) and pro vitamin A ( b-carote ne)

besides minerals. It is, theref ore, quite unde rstanda ble

that to determ ine the efficacy of dehyd ration tech-

niques scient ists ha ve prim arily invest igated and com-

pared the effe ct such techni ques ha ve on these

nutrien ts.

The effe ct of pred rying treat ments, deh ydration ,

storage, and reh ydration was studied [64] on the reten-

tion of carote ne in green pe ppers and peaches during

home dehyd ration. Carotene was co mpletely retained

in the case of green pep pers. In peaches, 72 .7% of the

carote ne was retained a fter predryin g treatment ,

which decreas ed to 37.3% afte r deh ydration . Rete n-

tion of ascorbi c acid during pred rying treatment and

dehydrat ion dep ended on the nature of food. Thus , in

the case of green peppers, most losse s oc curred dur ing

storage wher eas dehyd ration was respo nsible for most

of the loss in the dipped peach es.

In general , rapid drying retained a great er amou nt

of ascorbi c acid than slow drying. Thus vita min C

content s of vegeta ble tis sue are great ly reduced dur ing

a slow sun-drying process, whereas dehydration, es-

pecially by spray drying and freeze-drying, reduced

these losses. The effect of sun drying on the ascorbic

acid content of 10 Nigerian vegetables showed that

there was 21–58% loss depending on the nature of the

vegetables [65].

Oxidative changes would be expected to be min-

imum in freeze-dried samples as freeze-drying is a

low-temperature process operating under vacuum.

A study [66] of the changes in quality of compressed

carrots prepared in combinations of freeze-drying

and hot air drying showed that value of ascorbic

acid ranged from 15.97 mg/100 g for the totally air-

dried samples to 33.39 mg/ 100 g for the total ly

freeze-dri ed samples (Table 25.7) . In the case of car-

otenes also the totally hot air-drying treatment had



TABLE 25.7
Effect of Drying Treatment on Ascorbic Acid and
a-Tocopherol of Dehydrated Carrots (mg/l00 g Dry
Weight Basis)a

Treatment

(% Moisture)

Ascorbic

Acid

a-Tocopherol

Fresh 85.28 3.41

Totally freeze-dried 33.39 a 3.45 a

Totally air-dried 15.97 d 0.04 f

Freeze-dried (30%),

mist plasticized (10%), air-dried 32.76 a 2.98 b

Freeze-dried (10%), air-dried 27.71 b 1.42 c

Freeze-dried (20%), air-dried 16.78 cd 1.13 d

Freeze-dried (30%), air-dried 16.38 cd 1.10 d

Freeze-dried (40%), air-dried 20.38 c 0.96 d

Freeze-dried (50%), air-dried 17.49 cd 0.55 e

aMeans within columns followed by the same letter are not

significantly different at the 5% level according to Duncan’s

multiple range test.

Source: From Shadle, E.R., Burns, E.E., and Talley, L.J., J. Food

Sci., 48(1), 193, 1983. With permission.

TABLE 25.8
Effect of Drying Treatment on Carotene Content of
Dehydrated Carrots (mg/100 g Dry Weight Basis)a

Treatment (% Moisture) a-Carotene b-Carotene Total

Carotene

Fresh 14.4 52.06 66.20

Totally freeze-dried 15.66 a 54.71 a 70.37 a

Totally air-dried 6.67 e 27.50 f 34.16 f

Freeze-dried (3%), mist

plasticized (10%),

air-dried 10.61 d 40.47 e 51.08 e

Freeze-dried (10%),

air-dried 12.81 b 49.40 b 62.21 b

Freeze-dried (20%),

air-dried 11.73 c 44.49 d 56.22 d

Freeze-dried (30%),

air-dried 11.42 cd 47.22 c 58.68 c

Freeze-dried (40%),

air-dried 11.02 cd 44.89 d 55.91 d

Freeze-dried (50%),

air-dried 10.52 d 40.23 c 50.81 e

aMeans within columns followed by the same letter are not

significantly different at the 5% level according to Duncan’s

multiple range test.

Source: From Shadle, E.R., Burns, E.E., and Talley, L.J., J. Food

Sci., 48(1), 193, 1983. With permission.
the lowest value (34.16 mg/100 g) and totally freeze-

dried samples had the highest value (70.37 mg/100 g)

(Table 25.8).

The effect of blanching, various drying methods

(sun, vacuum oven, and hot air oven), and drying

temperature (33–608C) on ascorbic acid content of

okra was investigated [67]. Blanching solution

resulted in slight loss in ascorbic acid but led to

more retention during dehydration. Vacuum dehy-

drated sample retained more ascorbic acid at each of

the dehydration temperature than those from hot air

oven. Vacuum microwave drying of carrot was com-

pared to air-drying and freeze-drying on the basis of a-

and b-carotene and vitamin C content. Total losses of

a- and b-carotene during drying was 19.2% for air-

drying and 3.2% for vacuum microwave drying

samples. Loss of vitamin C content was substantial

due to blanching [68]. The effect of blanching and

drying methods on the b-carotene and ascorbic

acid retention in three leafy vegetables, i.e., savoy

beet, amaranth, and fenugreek showed [69] that the

most suitable method for blanching was thermal treat-

ment in water at 95+ 38C followed by potassium

metabisulfite dip and drying at low temperature

for the retention of ascorbic acid as well as b-carotene.

The retention of ascorbic acid and b-carotene was

reported to be 15.0%, 49.7% for savoy beet; 40.5%,

98.5% for amaranth, 54.6%, 91.5% for fenugreek after

blanching, and 7.5%, 39.7%; 30%, 48.5; 49.7%; 85.1%,

respectively after low-temperature drying.
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In general it is difficult to compare the losses

in vitamins during dehydration because retention of

vitamins depends on the nature of foods, predrying

treatments given (sulfuring, blanching methods),

and the conditions of drying (techniques, time, and

temperature).

25.5.2 LOSS OF NATURAL PIGMENTS (CAROTENOIDS

AND CHLOROPHYLLS)

Color is an important quality attribute in a food to

most consumers. It is an index of the inherent good

qualities of a food and association of color with ac-

ceptability of food is universal. Among the natural

color compounds, carotenoids and chlorophylls are

widely distributed in fruits and vegetables. The pre-

servation of these pigments during dehydration is

important to make the fruit and vegetable product

attractive and acceptable. Both the pigments are fat-

soluble although they are widely distributed in aque-

ous food systems.

Carotenoids are susceptible to oxidative changes

during dehydration due to the high degree of un-

saturation in their chemical structure. The major car-

otenoids occurring in food are carotenes and

oxycarotenoids (xanthophylls).



Lea ching of soluble soli ds during blanchi ng had

consider able effect on the stability of carote noids of

carrots during drying and subsequent storag e [70] .

Caroteno id destruction increa sed with increa sed

leachin g of solub le solids. Invest igation of the effe cts

of water acti vity, salt , so dium metab isulfite, and

Emban ox-6 on the stabili ty of carote noids in de hy-

drated carrot s sho ws that caro tenoid pigme nts were

most stable at 0.43 aw an d ad dition of salt, metabisul -

fite, and Emban ox-6 helped in stabi lizing ca rotenoid s

in de hydrate d carrots (Table 25.9) [71].

Sul fur dio xide was fou nd to ha ve a pron ounced

protect ive effect on carote noids of unbl anched carrot s

during dehyd ration [72] . Dehydra ted, sulfite d,

unblanch ed carrot s contain ed abou t 2.9 times mo re

carote noids than dehydrat ed unblanched carrot s that

had not been sulfited (Table 25.10). Tr eatment wi th

SO2 gave additio nal protect ion to carote noids of

blanched carrot s dur ing de hydratio n and effecti ve-

ness of SO2 increa sed wi th an increa se in SO 2 content .

The impor tance of chloroph yll in food pr ocessing

is relat ed to the green co lor of ve getables. Many

studies have been made on the changes of c hlorophyl l

during process ing and stora ge but littl e is known

about the pigmen t beh avior in low-moi sture syst ems

such as dehydrat ed vegeta bles. Genera lly, it was

found that chloroph yll was quite stabl e in low-moi s-

ture syst ems. Degra dation of ch lorophyl l dep ended

on tempe ratur e, pH, time, enzyme acti on, oxygen ,

and light. The most common mechan ism of chloro-

phyll degradat ion is its co nversion to phe ophy tin in

the presence of acid. Altho ugh the pathways of this

degradat ive reaction are well-k nown, a method for its

stabili zation is not wel l-established.

W ater ac tivity ha s been sho wn to have a de finite

influence on the rate of degradat ion of chlorophy ll in

freeze-dri ed, blanch ed spinach puree [73] . At 37 8 C and

an aw high er than 0.32, the most impor tant mechani sm

of chlorop hyll degradat ion was conv ersion to phe o-

phytin. At aw lower than 0.32, the rate of pheop hytin

formati on in spinach was low . The rate of chlorophyl l-

a trans form ation was 2.5 times fast er than ch loro-

phyll- b. The study of the degradat ion of ch lorophyl l

as a functi on of aw , pH, and tempe rature in a spinach

system during storage showe d that even in the dry state

the elim ination of a magn esium atom an d trans form -

ation of chloroph yll into phe ophy tin was very sensi tive

to pH ch anges [74] . Effect of tempe ratur e on the rate of

chlorophyl l- a degradat ion at water acti vity 0.32 and

pH 5.9 is shown in Figure 25.6.

25.5.3 BROWNING AND ROLE OF SULFUR DIOXIDE

One obstacle always enco untered by the food techn o-

logists in the dehydrat ion and long-term storage of
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dehydrat ed frui ts and vegeta bles is the discol oration

due to brownin g. Bro wning in foods is of two types:

enzymat ic a nd none nzymat ic. In the form er, the e n-

zyme poly phenol oxidase catal yzes the oxidat ion of

mono- and ortho- diphenols to form quin ones that

cyclize, unde rgo further ox idation, and co ndense to

form bro wn pigme nts (melanins ). In the dehy dration

of fruits and vegeta bles, blanchi ng destro ys the causa-

tive enzymes an d preven ts subsequen t enzymat ic

brownin g. Sulfur dioxide and sulfites act as inhibi tors

of en zyme acti on during preblanchi ng stages. The

presence of SO2 retard s browni ng of de hydrate d frui ts

and vegetab les, especi ally when the en zymes have not

been heat- inactivat ed (e.g., freez e-dried pro ducts).

NE B, also known as Mail lard react ion, describ es

a group of divers e react ions between amino group s

and active carbo nyl groups, leadi ng even tually to the

formati on of insolu ble, brown, polyme ric pigme nts,

collectiv ely known as mela noidin pigme nts. The basic

reaction s that lead to the brownin g are well docu men-

ted in the literat ure. Thes e reactions are somet imes

desirab le but in many inst ances are c onsider ed to be

deleterious not only due to the forma tion of un-

wanted color and flavor but also due to the loss of

nutritiv e value through the react ions involv ing the

a-amino group of lysine moieties and other group ings

in protei ns. It is a major deterio rative mech anism in

dry foods and is sensitiv e to wat er content . It is

influenced by the types of react ant sugars and amine s,

pH, tempe ratur e, and aw .

The ad dition of sulfites dur ing the predryi ng step

is the only effe ctive means avail able at presen t con -

trolling NEB in the dried frui t an d vegeta ble pro duct.

Sulfite is consider ed to be a safe additive to inco rpor-

ate into fruit and vegeta ble products up to certain

permissi ble lim its. How ever, recent ly there are report s

on the hypersens itivit y of a few indivi duals to the

ingested sulfite. Numer ous a ttempts are therefore

made to find alte rnative means to prevent br owning

reaction s.

Among various treatment s studi ed, such as ad d-

ition of SO2, cyste ine, CaCl 2, trehal ose, manganes e

chlorid e, disodi um dihydrogen pyrop hosphate, ox y-

gen scavenge r pouc h, an d so on, the only ones that

effectively retarded the formation of undesirable pig-

ment in dried apples during storage were oxygen scav-

enging and sulfur dioxide [75]. Apples stored in oxygen

scavenger packages darkened slower than those stored

under regular atmospheric conditions, exhibiting a

different initial indu ction pe riod (Figure 25.7) .

The effectiveness of sulfite in controlling the fam-

ily of diverse reactions, leading to browning is prob-

ably due to the number of different reactions that

sulfite can enter into with reducing sugars, simple

carbonyls, a-, b-dicarbonyls, b-hydroxycarbonyls,



TABLE 25.9
Effects of NaCl, Na2S2O5, and Embanox-6 on Total Carotenoids, TBA Value, and Nonenzymic Browning in Air-Dried Carrots

Storage Period

(Months)

Control Salt Treated Salt þ Metabisulfite Treated Salt þ Metabisulfite Embanox-6 Treated

Carotenoids

(mg/g)

TBA

Value

NEB Carotenoids

(mg/g)

TBA

Value

NEB Carotenoids

(mg/g)

TBA

Value

NEB Carotenoids

(mg/g)

TBA Value NEB

0 1120 0.12 0.08 1137 0.12 0.06 1114 0.10 0.05 1135 0.09 0.05

3 505 0.92 0.14 669 0.83 0.10 691 0.64 0.08 827 0.28 0.09

6 316 1.38 0.21 416 0.92 0.15 449 0.78 0.18 620 0.46 0.14

9 222 1.50 0.28 308 1.05 0.24 353 0.92 0.22 408 0.58 0.18

TBA value, mg of malonaldehyde per kg substance; NEB, nonenzymic browning reported as optical density at 420 nm.

Source: From Arya, S.S., Natesan, V., Parihar, D.B., and Vijayaraghavan, P.K., J. Food Technol., 14, 579, 1979. With permission.
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TABLE 25.10
Effect of Concentration of SO2 on Carotenoid Content of Dehydrated Carrot of 5% Moisture Content during
Storage at 378C

Blanching

Time (min)

Initial SO2

Content (mg/g)

Carotenoid Content

after Dehydration (mg/g)

Carotenoids Remaining (%)

Storage Time (d)

60 120 180 300 440

0 0 464 68.0 51.1 43.0 36.2 33.1

0 1723 1296 87.5 76.5 69.4 62.6 55.5

1 2325 1360 92.5 85.0 79.4 69.0 62.0

2 2330 1350 88.7 79.4 71.1 61.7 55.0

5 0 1202 77.5 62.5 56.1 50.2 48.2

5 1584 1298 80.5 67.4 60.5 54.0 50.2

5 2357 1308 87.0 76.1 68.6 58.5 52.0

5 9621 1380 89.9 80.0 73.1 62.8 54.0

Source: From Baloch, A.K., Buckle, K.A., and Edwards, R.A., J. Sci. Food Agric., 40, 179, 1987. With permission.
b-unsaturated carbonyls, and with melanoidins [76].

So far there is no practical substitute for SO2 as a

means of controlling NEB, although lowering pH,

dehydration to very low water activity, separation of

active species, and addition of sulfhydryl compounds

might have limited applications [6].
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FIGURE 25.6 Degradation of chlorophyll-a in spinach as a fun

F.M. and Marquez, U.M.L., J. Food Sci., 47, 1995, 1982. With
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25.5.4 OXIDATIVE DEGRADATION AND FLAVOR LOSS

The acceptability of dehydrated fruit and vegetable

products is highly dependent upon their flavor attri-

butes. Loss of desirable flavor is the limiting charac-

teristic for most dehydrated products. The natural
(days)
10

38.6
T �C

15

46.0
58.7

ction of temperature (aw ¼ 0.32; pH ¼ 5.9). (From Lajolo,

permission.)
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flavor constituents are subjected to much variation

and loss during predrying operations, drying, and

storage. Conditions generally responsible for the de-

struction of natural flavors include rough handling,

delay in processing, exposure to light, high tempera-

ture, and certain chemicals. Flavor retention is espe-

cially important in products in which the principal

flavor constituents are volatile oils, as in onions. Fla-

vor defects in dehydrated products were, however,

not solely due to volatile losses. Chemical reactions,

especially oxidation and NEB, greatly contributed to

flavor deterioration.

In general, freeze-dried products had more prefer-

able flavors than air-dried ones except in the case of

onions, for which an air-dried product had a stronger

flavor due to entrapment of volatile oils by shrinkage.

Leeks and celery showed similar behavior.

Staling and off flavors developed during storage

of both air-dried and freeze-dried vegetables. The

degree of change was mainly related to temperature

of storage and moisture content of the dried veget-

ables. Air-dried peas (6–7% moisture) developed off

flavor at 158C after 15–18 months. At about 208C,

shelf life was reduced to 9–12 months and at 378C the

period was 2–3 months. Comparatively, freeze-dried

vegetables were much more sensitive to storage con-

ditions because the highly porous texture allowed

easy entry of air and stale flavor developed rapidly.

For example, freeze-dried carrots developed off flavor

after 1 month in air at 208C. At 308C the oxygen level

had to be reduced to 0.1% to give a storage life of

6 months [77].

The absence of oxygen was essential for satisfac-

tory storage of freeze-dried fruits and vegetables.
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Excellent retention of fresh flavor quality was achieved

in a series of freeze-dried foods of plant origin in zero

oxygen headspace, using an atmosphere of 5% hydro-

gen in nitrogen with palladium catalyst [78]. Vegetable

items took up oxygen chiefly as a function of pigment

content. Those with a high carotene content (sweet

potatoes, spinach, and carrots) underwent a fairly

rapid uptake during the first 15–40 weeks and had

consumed all available oxygen at the end of 1 year.

Lesser-pigmented vegetables with a lower lipid content

(green beans and potatoes) showed a slow, steady

uptake. Two fruit items, peaches and apricots,

displayed a very slow uptake, using only 30–50% of

available oxygen during 1 year.

One of the major causes of degeneration of flavor

in dehydrated potato products was the Maillard reac-

tion. This aminocarbonyl reaction of reducing sugar

and amino acid resulted in the formation of many

volatile compounds. Thus, flavor deterioration in po-

tatoes during the explosion-puffing step was attrib-

uted to NEB. In the puffing gun, potatoes at 30%

moisture were subjected to a temperature condition

conducive to NEB, which resulted in the formation of

volatile aldehydes. On the other hand, dominant,

rancid off flavor that developed during the storage

of dried potato products was due to autoxidation of

potato lipids [79], giving hexanal as a major volatile

product. The use of BHA alone or with BHT effect-

ively retarded the autoxidation of explosion-puffed

potatoes, keeping oxidative off flavors below thresh-

old levels for up to 12 months in storage as compared

to 3 months for air-packed samples without antioxi-

dant. The incorporation of a scavenger pouch pack-

aging system (H2–palladium catalyst), although very



effective in antioxidative effect, was severely limited

because of pinhole leaks.

25.5.5 TEXTURE AND RECONSTITUTION BEHAVIOR

The problem of hot air drying, which is still the most

economical and widely used method for dehydrating

piece-form vegetables and fruits, is the irreversible

damage to the texture, leading to shrinkage, slow

cooking, and incomplete rehydration. Many commer-

cially dehydrated vegetables exhibit a dense structure

with most capillaries collapsed or greatly shrunk,

which affects the textural quality of the final product.

The possible causative factors suggested by differ-

ent workers are loss of differential permeability in the

protoplasmic membrane, loss of turgor pressure in

the cell, protein denaturation, starch crystallinity,

and hydrogen bonding of macromolecules. Texture

of air-dried vegetables deteriorates during storage if

the product is exposed to high temperature or if in-

adequately dehydrated. Even the freeze-drying tech-

nique has failed to produce an acceptable dehydrated

product from celery. Damage generally occurred dur-

ing freezing, drying, storage, and reconstitution.

Water removal affects many aspects of cell struc-

ture; histological studies were generally carried out to

assess the membrane integrity. Pedlington and Ward

[80], in studies on air-dried carrots, parsnips, and tur-

nips, observed several changes, including a loss in the

selective permeability of cytoplasmic membranes of

cell responsible for maintaining turgidity and crisp

texture of vegetables. They found loss of water to

result in rigidity of cell walls and to their slow collapse

by the stresses set up by shrinkage of neighboring cells.

Jayaraman et al. [81] studied the effect of sugar

and salt to the texture of dehydrated cauliflower.

They found that in treated, dehydrated florets there

were 80% intact cells as compared with 0% in the

untreated, dehydrated florets due to tissue collapse

resulting in disruption of cell walls and loss of cell

integrity. Khedkar and Roy [82] found a higher re-

constitution ration in cabinet-dried raw mango slices

as compared with sun-dried slices; this was due to less

rupture of cells during cabinet drying (36.4%) than

sun drying (67.3%).

Different dehydration techniques were tried to im-

prove the rehydration behavior of dehydrated piece-

form fruits and vegetables. Generally, it was observed

that the greater the degree of drying, the slower and

less complete was the degree of rehydration. Dehydra-

tion techniques used to improve the rehydration qual-

ities of dehydrated fruits and vegetables include those

aimed at reducing the drying time or involving use of

additives like salt and polyhydroxy compounds such

as sugar and glycerol as a predrying treatment.
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Dehydrated carrots puffed and dried in a CFB unit

absorbed 2 1/2 parts by weight of water and appeared

completely rehydrated in 5 min whereas the unpuffed

controls absorbed 1 1/2 parts and still had hard centers

[29]. Jayaraman et al. found rehydration ratio, coeffi-

cient rehydration, and reconstitution time of HTST

pneumatic-dried vegetables to be much superior to

those of directly cabinet-dried samples [23].

The effect of additives on the rehydration qualities

of dehydrated vegetables was studied by Neumann

[83] and Jayaraman et al. [81]. A combined predrying

treatment of sodium carbonate and sucrose (60%)

produced the best rehydrated celery, with a rehydra-

tion percentage of 71% and the dices were well filled

out with texture remaining tender to firm [83]. Simi-

larly, a presoaking treatment in a combined solution

of salt and sugar at 48C for 16 h before cabinet drying

markedly increased the rehydration percentage of

cauliflower and reduced the shrinkage as compared

with control without treatment [81].

The study of the rehydration ratios of forced air-

dried compressed carrots after partially freeze-drying

to different moisture levels showed the drying treat-

ment significantly affected rehydration ratios in all

cases [66]. The sample that was freeze-dried to 50%

moisture, compressed, and then air-dried had the

highest ratio and was the quickest to rehydrate. In

comparison, the totally freeze-dried and hot air-dried

compressed carrots showed much lower values of

rehydration ratios. These observations were sup-

ported by scanning electron microscopy (SEM),

which showed collapse of cellular structure and tissue

coagulation to act as a barrier for rehydration.

Levi et al. [84] observed that pectin, one of the

major cell wall and intercellular tissue components,

played a significant role in the rehydration capacity of

dehydrated fruits.

25.5.6 INFLUENCE OF WATER ACTIVITY

During the last three decades water activity, aw, has

played a major role in many aspects of food preserva-

tion and processing. It is defined as the ratio of the

vapor pressure of water P in the food to the vapor

pressure of pure water P0 at the same temperature

(aw ¼ P/P0). Next to temperature, it is now considered

as probably the most important parameter having a

strong effect on deteriorative reactions. The effect of

water activity was studied not only to define the micro-

bial stability of the product but also on the biochemical

reactions in the food system and its relation to its sta-

bility. It has become a very useful tool in dealing with

water relations of foods during processing.

It is now well known that microorganisms cannot

grow in the dehydrated food system when the water
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FIGURE 25.8 Degradation rate of chlorophyll-a in spinach

as a function of time at different water activities (pH ¼ 5.9;

temperature 38.68C). (From Lajolo, F.M. and Marquez,

U.M.L., J. Food Sci., 47, 1995, 1982. With permission.)
activit y range is less than or equal to 0.6–0. 7, but

other reaction s, enzymat ic and none nzymat ic (e.g.,

lipid oxidat ion, NEB, etc. ) that cause change in

color, flavor, an d stabi lity con tinue during pr ocessing

and stora ge. Water activit y has beco me the most

useful parame ter that can be used as a reliable guide

to pred icting food spoilage or to de termine the dr ying

end point requir ed for an SSP.

The relat ionshi p betw een equ ilibrium mois ture

content an d water acti vity, know n as the so rption

isotherm, is an important charact eristic that influ -

ences many aspect s of dehydrat ion and stora ge. It

can be con structed graphic ally or de rived mathe mat-

ically. The shape of the isotherm general ly determ ines

the stora ge stabi lity of the dehyd rated product. Thi s

concep t is used to establis h prod uct specifica tions for

the effe ctive drying, packaging , an d storage of foods.

Adsor ption isotherms of potatoe s were of sigmo id

shape and were a ffected by drying method, tempe ra-

ture, and a ddition of sugar [85] . The freez e-dried

produc t ab sorbed more wat er vapor than the

vacuum- dried mate rials. The sorption isoth erm pre-

pared from fres h and freez e-dried Thom pson seedle ss

grapes indica ted a hy steresis loop at both the uppe r

and low er mois ture level [86]. The isot herm sun-dried

grapes wer e sli ghtly lower than that of vacu um-dr ied

grapes.

Bot h lipi d ox idation and NEB are greatly infl u-

enced by aw [87]. Autoxidat ion of lipids occurs rap-

idly at low aw levels, de creasing in rate as aw is

increa sed until in the 0.3–0. 5 range and increasing

therea fter beyo nd 0.5 aw . Most rapid browni ng can

be expecte d to occur at intermedi ate aw levels in the

0.4–0.6 range. Whether or not it is mini mized at the

lower or uppe r porti on of this range dep ends signi fi-

cantly on the specific solut es used to poi se aw , the

nature of the food (espec ially amino compo unds and

simple sugars that might be present ), as well as the pH

and aw of the pro duct. Inter estingly, at aw levels

that minimiz e browni ng, autoxi dation of lipi ds is

maximize d.

The kine tics of ch lorophyl l-a transform ation was

studied as a functi on of time at different water acti v-

ities at 38.6 8 C (Figur e 25.8) [74] . For aw > 0.32 the

most impor tant mechani sm of chloroph yll deg rad-

ation was the trans form ation into pheop hytin; this

had a first-o rder dependen ce on pH, water activit y,

and pigme nt co ncentra tion.

Car otenoids in freeze-dri ed carrot s wer e relative ly

more stable in the rang e of 0.32 to 0.57 aw [71]. The

maximu m stabi lity was near 0.43 aw (corresponding to

an equilibrium moisture content of 8.8–10%). In-

crease in the rate of carotenoid destruction was

greater at lower aw than at higher aw.
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The kinetics of quality deterioration in dried

onion flakes (NEB and thiosulfinate loss) and dried

green beans (chlorophyll-a loss) were studied as a

function of water activity and temperature and em-

pirical equations and mathematical models deve-

loped that successfully predicted the shelf life of the

dried products as a function of temperature and aw

(Table 25.11 and Table 25.12) [88] . Above the mon o-

layer (aw, 0.32–0.43) for onion, increasing moisture

contents resulted in greater reaction rates for brown-

ing and thiosulfinate loss. Very little browning was

observed over a storage period of 631 d at 208C and

aw ¼ 0.33, whereas all other samples stored at 30 and

408C and aw ¼ 0.43 and 0.59 deteriorated to un-

acceptable levels within this time period. Similarly,

in the case of green beans, the destruction of chloro-

phyll-a (pheophytinization) was found to be the prin-

cipal factor responsible. The dried green beans were

considered unacceptable when more than 30% loss of

chlorophyll-a was observed the concentration at

which the dull olive-green color began to predomin-

ate. Since conversion of chlorophyll-a to pheophytin

is an acid-catalyzed reaction, the availability of water

was essential and therefore aw could be expected to

influence the rate of chlorophyll loss.



TABLE 25.11
Actual (and Predicted) Shelf Life (Days) of Dried
Onion Flakes Based on Browning and Thiosulfinate
Loss at Different Temperatures

aw Browning Thiosulfinate Loss

208C 308C 408C 208C 308C 408C

0.32 >631 474 59 >631 369 66

(4778) (472) (63) (1619) (306) (55)

0.43 593 83 22 631 136 40

(600) (69) (21) (585) (139) (38)

0.56 183 31 17 298 84 27

(190) (33) (17) (288) (82) (29)

Source: From Samaniego-Esguerra, C.M., Boag, I.F., and

Robertson, G.L., Lebensml-Wiss. U.-Tech., 24(1), 53, 1991. With

permission.
25.5.7 GLASS TRANSITION TEMPERATURE

RELATED CHANGES

Glass transition is a second-order phase transition

that occurs over the temperature range at which

amorphous solid materials are transformed into vis-

cous, liquid state [89]. The amorphous state of foods

may result from a rapid removal of water from food

solids that occur during such processes as extrusion,

drying, and freezing. The temperature, water content,

and time-dependent changes, which are the problems

in manufacture and storage of powders and other low

moisture foods, can be reduced by not exceeding their

critical values based on Tg determination [90]. The Tg

can be applied in evaluating proper temperature and
TABLE 25.12
Actual (and Predicted) Shelf Life (Days) of Dried
Green Beans Based on ChlorophylI-a Loss at
Different Temperatures

a
w Temperature (8C)

20 30 40

0.32 >637 273 86

(962) (282) (84)

0.43 478 143 45

(452) (146) (38)

0.56 150 61 25

(148) (56) (26)

Source: From Samaniego-Esguerra, C.M., Boag, I.F., and

Robertson, G.L., Lebensml-Wiss. U.-Tech., 24(1), 53, 1991. With

permission.
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humidity conditions of agglomeration and in redu-

cing quality changes occurring with dehydration.

The collapse of the dehydrating foods during

freeze-drying, stickiness of the product during spray

drying, caking and agglomeration of the powders

during processing, and storage are some of the prop-

erties that are related to glass transition temperature.

del Valte et al. [91] studied the relationship between

shrinkage during drying and glass rubber transitions

of apple tissue. Their work demonstrated that infusion

of sugar during osmotic dehydration at high solute

concentration brought about some protection against

shrinkage. This was reflected by a 20–65% increase in

volume of samples treated with 50% sucrose and mal-

tose solutions as compared to air-dried control. How-

ever, reported data did not indicate that structural

collapse could be reduced by diminishing the differ-

ence between drying temperature and glass transition

temperature. Dried samples remained in the rubbery

state and shrunk during subsequent storage.

25.5.8 MICROBIOLOGICAL ASPECTS

Drying is the oldest method of preserving food

against microbiological spoilage. Since presence of

water is essential for enzymic reactions, the removal

of water prevents these reactions and the activities of

contaminating microorganisms present. Removal of

water increases the solute concentration of the food

system and thus reduces the availability of water for

microorganisms to grow. There is a lower limit of

water activity for specific microorganisms to grow;

for complete microbiological stability, water activity

of the system should be below 0.6.

Drying, however, is also an effective means of

preserving microorganisms in a viable state, even

though their numbers may be reduced and a propor-

tion sublethally damaged [92]. Survival during and

after drying will depend upon the physicochemical

conditions experienced by microorganisms, such as

temperature, aw, pH, preservatives, oxygen, and so

on. The survival of food spoilage organisms may

give rise to problems in a reconstituted food item,

but survival of foodborne pathogens must be viewed

much more seriously.

With a view to minimize organoleptic changes in

foods during drying, time and temperatures are kept as

short and as low, respectively, as feasible. The process

of drying, whether by freeze-drying, hot air drying,

solar drying, or by high temperature (e.g., spray or

drum drying) is not per se lethal to all microorganisms

and many may survive. The more heat-resistant

organisms are the more likely survivors (e.g., bacterial

spores, yeasts, molds, and thermoduric bacteria). Thus

there is a strong possibility for microbial growth,



including pathogens, before the aw of the product falls

below the critical level for each organism.

Vegetables, because of their greater proximity to

soil and lower acidity and sugar content as compared

with fruits, predominately have more bacterial popu-

lations. A majority of the species has been found to be

common for soil- and waterborne bacteria of the

genera Bacillus and Pseudomonas. Some workers

have found other types of bacteria such as coliforms

and bacteria of the genera Achromobacter, Clostri-

dium, Micrococcus, and Streptococcus from different

dehydrated vegetables.

Factors that influence markedly the microbial

population of dehydrated vegetables include the mi-

crobial quality of fresh produce; the method of pre-

treatment of the vegetables (peeling, blanching, etc.);

the time elapsed between preparation of the veget-

ables and start of the dehydration process; the time

involved in the dehydration of the vegetables; the

temperature of dehydration; the moisture content of

the finished product; and the general level of sanita-

tion in the dehydration plant [93]. Blanching, if suffi-

cient to inactivate enzymes, would reduce the

contamination of the fresh produce to an insignificant

figure. Reduction in total count during blanching was

found to be greater than 99.9%.

Coliforms and enterococci are commonly used as

indicators of unsanitary conditions in food process-

ing. Clarke et al. [94] isolated enterococci from 18 out

of 35 dehydrated vegetable samples. They found coli-

forms in 18 and enterococci and coliforms in 15 sam-

ples. Statistical analysis showed a positive correlation

between number of enterococci and coliforms. The

predominant species recovered from enterococci was

Streptococcus faecium (60%) and from coliforms was

Aerobacter (56%).

Fanelli et al. [95] surveyed a number of commer-

cially available vegetable soups and found that the

maximum total number of bacteria was less than

50,000 per gram and the mean and median total

bacterial numbers were very low. The numbers of

coliforms, yeasts, molds, and aerobic species were

also low.

Dehydrated onion, which is an important com-

mercial flavoring ingredient, is not blanched before

dehydration. Its microbiology was therefore exten-

sively investigated. Total plate count (TPC) was less

than 100,000 per gram in 76% of the slices from the

belt dryer and only 52% of the sample in the tunnel-

dried product [96]. In both cases, the average bacterial

spore count was 12,000 per gram. Many workers have

variously reported the presence of Bacillus, Pseudo-

monas, Aerobacter, Lactobacillus, and Leuconostoc

species [97]. Exposure to ethylene oxide gas was

found to be effective in reducing the relatively high
� 2006 by Taylor & Francis Group, LLC.
TPC, but future application of this gas is in doubt

because of its toxic hazards. Alternatively, the appli-

cation of gamma radiation at a level 0.2–0.4 Mrad

was suggested to sterilize onion powder without any

detrimental effect.

25.5.9 FACTORS AFFECTING STORAGE STABILITY

The shelf life of dehydrated fruits and vegetables

depends on many deleterious reactions, which in

turn depend on the specific nature of the food mater-

ials, storage conditions, and nature of packaging. The

undesirable changes that occur are due to off flavors,

browning, and loss of pigments and nutrients as enu-

merated above. Knowledge of the causes of these

reactions is highly necessary to improve the shelf life

of the dehydrated products.

Villota et al. [98], in their review on the storage

stability of dehydrated foods, discussed the factors

mainly responsible for deterioration, that is, mois-

ture, storage temperature and period, oxygen, and

light. They compiled the literature data on storage

stability of several dehydrated products, which in-

cluded dehydrated fruits, vegetables, and fruit and

vegetable powders, based on method of drying, add-

itional treatment, storage conditions, time required

for appearance of earliest defects, and the state of

other factors at times of unacceptability.

Moisture content is a very important parameter

influencing the stability of dehydrated foods. It has

been suggested that the optimal amount of water for

long-term storage corresponds in most dehydrated

foods to the Brunauer–Emmett–Teller (BET) mono-

layer value. On the other hand, items such as freeze-

dried spinach, cabbage, and orange juice were

reported to be more stable at a zero moisture content,

whereas items like potatoes and corn had maximum

stability at the monomolecular moisture content. It

appeared that optimal moisture content could not be

predicted with precision on the basis of theoretical

considerations.

Another important factor affecting storage stability

of dehydrated foods is temperature and period of stor-

age. Generally, the storage stability bears an inverse

relationship to storage temperature, which affects not

only the rate of deteriorative reaction (enzyme hydroly-

sis, lipid oxidation, NEB, protein denaturation), but

also the kind of spoilage mechanism.

It is well established that elimination of oxygen by

packing in an inert atmosphere such as nitrogen con-

tributes to extending the storage stability of many

dehydrated products. However, in certain products

like spray-dried powders, in which a large surface

area is exposed to air during processing, some en-

trapment of oxygen occurs in the final product and



packing under inert atmosphere results in a very little

improvement. Storing in zero oxygen headspace,

using an atmosphere of 5% hydrogen in nitrogen

with a palladium catalyst, is reported to result in

superior quality retention. Further, since oxidation

of lipids and vitamins like ascorbic acid, riboflavin,

thiamine, and vitamin A and loss of pigments such as

carotenoids and chlorophyll are initiated or acceler-

ated by light, adequate packaging needs to be pro-

vided to protect such dehydrated foods from light.
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26.1 INTRODUCTION

Herbal medicine is part of human civilization. It has

been used in China for nearly 5000 y. One of the oldest

and most important documents is the Egyptian Ebers

papyrus (ca. 1550 BC), which includes more than 700

prescriptions using natural products such as caraway,

coriander, garlic, linseed, peppermint, figs, fennel, anise,

poppy, and castor oil [1]. Shen Nong’s Materia Medica

was compiled by ancient Chinese in about 200 BC, which

described the properties and usages of 365 types of

Chinese medicines in three categories. In ancient Greece

there was a guild of rhizomatists or root collectors, who

gathered, prepared, and sold medicinal plants. The

Greek botanist and physician, Dioscorides (AD 40–90),

compiled the first systematic description of 579 plants

and their 4700 medicinal uses and modes of action. His

work titled De Materia Medica was of central import-

ance to European medicine until the 17th century [1].

Ayurveda is the principal traditional medical system of
, LLC.
India, Pakistan, Nepal, and Sri Lanka, which has also

influenced medicine in Tibet, Burma, and Malaysia.

No doubt that synthetic drugs have played a vital

role in the enhancement of human living standards

during the past century; herbal medicine has regained

its momentum once again in recent years. Long-term

ailments cannot typically be cured by injection or

consumption of a single medicine. Instead of focusing

only on curing an illness, people are paying more

attention nowadays to improve the whole body im-

mune system so as to prevent the attack of diseases.

Besides their traditional pharmaceutical usage, herbs

have also become one of the important sources for

drug discovery and production. Herbal medicine

plays an important role in healthcare in many regions

of the world. The combined sales of herbal medicine

products in major markets around the world exceeded

US$12 bill ion in 1994, Table 26.1 [2]. Accor ding to

the report from Herbal Medical Database Ltd., the

US market for herbal medicines has been estimated to



TABLE 26.1
Global Market for Herbal Medicine Products in 1994

Region Annual Herbal Product Sales,

in Millions US$

European Union 6000

Rest of Europe 500

Asia 2300

Japan 2100

N. America 1500
be worth US$ 58 billion in 1999 with an annu al

growth rate of 25%.

Ther e are more than 1000 types of herbs in use

around the world as medic ines, spices, flavors, etc. On

the basis of their biologi cal complex ity, they can be

classified as algae, fun gi, liverw orts and mosses, ferns

and fern allies, seed -bearing plants , and higher flower -

ing plan ts [3]. Dep ending on their physica l prop erties,

one can further classif y them as follows: sticky, aro-

matic, powder y, oily, and lust rous. This latter classi-

ficatio n determines the way the herb s are hand led.

The stick y he rbs usu ally contai n significa nt amou nt

of suga r, e.g., Radix Asparagi , Rhizoma Polygonati .

The a romatic herbs are known by their sp ecial scents .

Typical aromat ic herbs are: Herba Schizonepetae ,

Herba Menthae (also known as mint), Herba Elsholt-

ziae , and Rosae banksiae , etc. The powder y herbs

contai n large amo unts of star ch such as Rhizoma

Dioscoreae or rhizom e of c ommon yam. Radix Angel-

icae sinensis and Rhizoma Ligustici chuanxiong are two

oily herbs. For lust rous herbs, such as Radix Platycodi ,

Rhizoma Alismatis , and Astragalus membranaceus the

brightn ess of their surfaces is quite impor tant [4].

The quality of the he rbs depe nds very much on the

content s of active ingredi ents. It is known that heat-

ing or thermal drying, if not carried out prop erly, can

cause a signifi cant loss of the acti ve ingredi ents. The

drying methods describ ed below theref ore should be

adopted with care. For a specific herb sp ecies, its

traditi onal way of dr ying shou ld be analyze d caref ully

before any alternati ve methods are employ ed. The

compari son of diffe rent dr ying methods on the qual-

ity of herbs has to be carri ed out ba sed on physica l

and chemica l analyses. Var ious cou ntries hav e estab-

lished standar d testing methods for herb examin ation

with known indica tors for given specie s, for exampl e,

Species Systematization and Quality Evaluation of

Commonly Used Chinese Traditional Drugs [5] and

Handbook of Composition and Pharmacological Ac-

tion of Commonly Used Traditional Chinese Medicine

[6] are available in Chi na.
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A large assort ment of drye rs can be used for dry-

ing herbs and medicinal plants. The reader is referred

to Chapt er 1 of this handb ook for infor mation on

selection criteria for dryers.
26.2 DRYING OF HERBS AFTER
HARVESTING

26.2.1 HERBS IN SMALL QUANTITY

Herbs are very delicate plants. Their efficacy depends

on species, parts, planting location, harvest time, dry-

ing method, and storage. For a specific species, the

medicinal effect may derive from seeds, flowers, leaves,

stems, or roots, or all of these. Herbs were traditionally

harvested in small quantities from the mountains or

fields by individuals. Besides the active ingredients,

fresh plant material contains a high portion of water.

Leaves and flowers usually lose up to 85% of their

weight on drying. The fresh plant material is spread

out in thin layers (or in certain cases hung up in

bunches) and kept in a dry, well-ventilated place.

Tubers and roots take longer to dry than flowers

and leaves even though the former are often cut

up into pieces. The selection of proper drying tempera-

ture is vital. Too high a temperature may cause loss of

active ingredients. On the other hand, too low a tem-

perature may actually accelerate decomposition by

promoting enzyme activity within the plant itself

or even microbial attack, particularly for sugar-con-

taining substances.

Herbs are usually harvested when the flowers are

just coming into bloom, as they are then richest in

aromatic oils. As a guideline, one should pick herbs

just after the dew has gone and discard any yellow or

damaged herbs. Herbs should be handled with care

and only rinsed to remove obvious dust or soil. Herbs

may be dried in a ventilated room or in a barely warm

oven, leaving the oven door open. The temperature

should not exceed 348C. The following procedure is

suggested: lay the herbs on wire cooling racks covered

with muslin, cheesecloth, or nylon net. When dry, the

herbs are brittle and crumbly. Put the dried herbs

into storage jars, preferably of tinted glass, and

cover with a plastic screw cap. Appearance of signs

of condensation inside the jar, which implies that the

herbs are incompletely dried and hence should be

returned to the drying cupboard or oven. Long-

stemmed herbs may be dried by hanging them in a

warm, dry, airy place for a few days. They may be tied

in small bunches in a loose fashion. Cover the

bunches with dark paper if direct exposure to sunlight

may occur [3]. It should be pointed out that some

herbs are dried under direct sunshine, for example,



Caulis Ephedrae, Radix Polygalae, Radix Astragali,

Radix Glycyrrhizae, Shiitake mushrooms, etc. Micro-

wave oven has been used recently for drying garden

herbs. For microwave drying, place a single layer of

herb leaves between double thickness of paper towels.

Dry them for 1–2 min on a medium to high setting (or

half of the power), depending on the thickness of the

leaves. Flip over and repeat for one more minute [7].

Pretests with grass are suggested if one is not familiar

with the microwave oven drying practice.

Catalytic Drying Technologies has introduced a

technology capable of significantly reducing the mois-

ture content of a wide range of agricultural products,

quickly and without causing product damage or gen-

erating regulated emissions. Tests have proven this

technology capable of reducing moisture content

from as high as 60% to levels between 3.4 and 4.4%.

The catalytic infrared system (burning gas without

flame) dries rice quickly and uniformly in a continu-

ous 3-h cycle. Low operating temperatures minimize

energy consumption; patented material handling and

agitation technology maximize efficient and uniform

drying [8]. The heat pump dryer has been investigated

and found to be useful in herb drying. It dehumidifies

the drying air, heats it, and leads it back for recir-

culation. This type of dryer can work at low air

temperature; thus color and active substances remain

intact. Another feature of the heat pump dryer is

its characteristic low energy consumption [9,10]. Sil-

ica sand drying can be used when the herbs are not

used as cooking recipes. Freeze drying can also

be used if it is important to retain the color of the

herbs and the active ingredients are highly heat-sen-

sitive. For a small quantity, simply place the fresh

herbs inside the freezer, which allows dehydration to

take place via sublimation. Freeze drying is an ex-

pensive process recommended only for high-value,

low-volume products.

26.2.2 DRYING OF TEA LEAVES

Tea is an ancient crop that has been cultivated for

thousands of years. Its exact origins have not been

confirmed by historians. There are many theories

about the discovery of tea. According to tradition,

tea was discovered by the Chinese Emperor, Shen

Nong in 3000 BC. The first records of tea date from
Plucking Sorting and
cleaning

Withering

FIGURE 26.1 Production of green tea.
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the 4th century AD in China. Tea leaves are probably

one of the earliest and most consumed herbs. They

were initially found to have the property to counter-

act the poisonous effects derived from other herbs.

Nowadays, tea has become one of the everyday

drinks next to coffee and cocoa. The main tea produ-

cers are India, China, Sri Lanka, Kenya, Malawi, and

Indonesia. There are more than 1500 teas to choose

from, originating from more than 29 different coun-

tries [11]. The majority of the teas can be classified as

green tea, oolong tea, and black tea. Each requires

a different process and hence a different drying sys-

tem is required. The quality of dried tea depends to

a great extent on the drying system and operating

conditions used.

26.2.2.1 Green Tea

Green tea is drunk mainly in China, Japan, and some

parts of South America. Figure 26.1 shows the pro-

cess of a typical green tea production before final

sorting and packaging [12]. The initial water content

of fresh tea leaves after plucking is around 75–78%

(wet basis) in spring and 65–70% (wet basis) in au-

tumn [13]. The withering process is accomplished by

laying the tea leaves on trays or racks in the shade at

25–308C for a few hours depending on how wet the

leaf is. This process prepares the tea leaves for rolling

without losing juice. Meanwhile, the water content

falls to about 50% (wet basis). The kill out process

can be achieved by pan frying, steaming, or baking.

This process is designed to arrest the enzymatic reac-

tion, oxidation in particular. Pan drying usually em-

ploys a wok at a surface temperature of 400–4708C
(preferably 430–4608C) to reduce the leaves’ moisture

content to 10–15%. The drying step starts with using

hot air at 110–1208C to evaporate water in a layer of

tea leaves about 20-mm thick. In practice, air tem-

perature up to 1508C can be used. It is recommended

to have the dried tea leaves tempered to prevent the

edges of leaves from ‘‘crisping.’’ Then the next drying

starts with the wok temperature at 150–1608C and

drying time of 30–40 min until moisture content

reaches about 20%. Afterwards, the wok surface tem-

perature is reduced to 80–1008C and drying continues

for 60–90 min to have the moisture content of 9–10%.

Finally, the wok surface temperature is dropped to
Killing-out Rolling Drying
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FIGURE 26.2 Production of oolong tea.
608C and drying carried out for 60–90 min until the

final moisture content of 4–5% is reached [13].

26.2.2.2 Oolong Tea

The process of oolong tea production is shown in

Figure 26.2. The freshly plucked shoots from Cam-

ellia sinensis are spread out thinly over a cleared area

of flat ground, which is usually covered with a mat or

a towel to keep leaves from contact with the earth.

The shoots are wilted in air under the sun for 30–60

min, depending on the temperature. The leaves are

then taken indoors to wither further at ambient tem-

perature for a few hours. This withering process can

also be assisted by heated air at <408C to shorten the

process time. During this process, the leaves are gen-

tly agitated by hand every hour. This process causes

the edges of the leaves to turn red [14]. During this

process, there is about 20% decrease in moisture con-

tent of the tea leaves. This step is accompanied by

‘‘fermentation’’ or curing to produce the unique

aroma and color found in oolong teas. To arrest

the enzymatic reaction so as to stop the leaves from

getting dark, the leaves are dried for 5–7 min at a

temperature slightly lower than that required for

‘‘killing-out’’ in green tea production. Afterwards,

the tea leaves are dried in a few steps in heated air

with rolling in between the drying steps. The first hot

air drying in conveyer belt or an oven is usually

achieved at a temperature around 1258C with the

depth of leaves 10–20 mm for 7–10 min. At the end

of this step the moisture content is about 40–45% (wet

basis). The second drying step is completed with air

temperature of 90–1008C for another 7–10 min until

the moisture content nearly reaches its equilibrium

level. A third drying step may be used at air tempera-

ture of 80–908C and a bed depth of 20–30 mm for 20

min. The second and third drying steps may be com-

bined using air temperature of 80–908C. The depth of

leaves can be a bit higher depending on the location of

the tea plants [13].
Plucking Sorting and
cleaning Withering

FIGURE 26.3 Production of black tea.
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26.2.2.3 Black Tea

The process of black tea production is shown in

Figure 26.3. Tender young growth is picked by hand

from Camellia sinensis. Any surface water on

the leaves and shoots is allowed to dry on racks for

10–20 h to bring down the internal moisture content

so as to make the leaf more pliable for the next step.

The light, medium, and heavy withering can be

adopted with the moisture content decreases in 10,

15, 20% (wet basis), respectively. The selection of

degree of withering depends on the downstream

processes and the final product specification [13]. The

leaves are bruised to allow the fermentation process to

begin. Cutting is done at this point if necessary. The

rolling process will last until the leaves turn shining

dark red like a bright copper penny. The leaves are

allowed to ferment by placing thin layers on a tray in

a shady location for 2–3 days before drying [14]. If a

fermenter is used for the cut leaves, the temperature

should be controlled around 328C and time within 90

min. When moist air of 20–268C is blown through the

leaves, the fermentation time should be below 60 min

[13]. The drying can be accomplished in an oven set at

110–1208C for 12–16 min to obtain 18–25% water

content in the leaves of depth 15–20 mm. Further

drying is achieved by having oven temperature of

90–958C for another 12–16 min to the final moisture

content of 5–6% (wet basis). The higher temperature

step is necessary to stop the enzymatic fermentation

reaction and seal the flavors inside the leaves.

26.2.3 SOME TYPICAL DRYERS FOR TEA LEAVES

26.2.3.1 Multitray Oven

This type of dryer is usually designed for specialty tea

processing. It is an oven with about four layers of

trays. The drying surface area is 1–2 m2. Electrical

heating or heated air can be the source of drying

energy. The wet tea leaves are placed on the top layer

tray. The product is obtained in the bottom layer tray.

The moving of the trays is accomplished manually
Rolling or
cutting

Fermen-
tation

Firing and
drying
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FIGURE 26.4 Louver-type oven: (a) manual operation; (b) continuous.
usually from top to bot tom as drying pro ceeds. To

arrest the ferm entation quickly , he ated air can be

blown individu ally into each layer [13] .

26.2.3 .2 L ouver-Ty pe Oven

This dryer is similar to that of multit ray oven. The

main difference is that there are us ually six layers of

louver plates. The size of this dryer can v ary acco rd-

ing to the capacity req uirement. Again the wet leaves

are loaded at the top. As dry ing proceeds, the louvers

are flipped manual ly to turn the leaves to the ne xt

layer below . The flipping is done in alte rnative direc-

tions so a s to accomp lish a more uni form drying.

Heated air is blown from one side of the dryer. The

dried prod uct is colle cted at the bottom of the ov en.

This dr yer can also operate in the co ntinuous mo de.

The wet tea leaves are fed onto the continuous

moving louver plates. The louver plates make five

turns insi de the drying ch amber before sending out

the dried produ ct to the bottom . While moving , the

louvers are flipp ed accordi ng to the sch edule to ha ve a

more unifor m drying. This type of dryer c an have

a drying area of 50 m 2. A schema tic diagra m of this

type of oven is shown in Figure 26.4 [13] .
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FIGURE 26.5 Conveyer belt dryer. (From Hu, J., Drying of

tea, in Modern Drying Technology, Eds. Y.K. Pan and X.Z.

Wang, Chemical Industry Press, Beijing, 1998, pp. 788–809.)

� 2006 by Taylor & Francis Group, LLC.
26.2.3 .3 Conve yer Belt Dry er

Figure 26 .5 sho ws how a co nveyer dryer operate s.

Instead of louver plate s, a net belt is used in this

dryer. Supe rheate d steam is used as the drying med-

ium. The drying area can be 20 m 2. It is go od for

drying small pieces of herbs and vegeta bles. Electr ical

heatin g can also be us ed as an auxiliary source of

thermal energy.

26.2.3 .4 Flui dized Be d Dryer

Figure 26.6 sho ws the schema tic layout of a fluidized

bed dryer [13]. This type of dryer is go od for drying

cut leaves in black tea produ ction. It can give a

unifor m drying in a relative ly sho rt period of tim e.

Mobile bed in co mbination wi th vibrating fluidized

bed may also be used for this purpo se. A fluid bed

dryer co nsists of a grid through whi ch hot a ir is

forced out. Fermen ted leaf wi th not too high mois -

ture content is suspe nded by the air stre ams, resul ting

in flui dization. The air also acts as a carrier of the

particles through the dryer, making the bed of leaves

move forward until the dried leaves are discharged .

To faci litate fluidiza tion of wet ferm ented leaf par-

ticles, the grid can be vibrat ed with half-ampl itude of

severa l millimete rs an d frequenci es in the range of 10–

20 Hz using metal spring s to make a v ibro-flu idized

bed dryer, Figure 26.7 [15] . Thi s type of dryer for tea

leaves has be come very popular ov er the pa st three

decades. It is claimed to produce less fines and result

in gentler handling of the fragile leaves resulting in a

better quality product.

The fluidized bed dryer essentially consists of a

drying chamber, plenum chamber, dust collectors,

and flow control dampers. The drying chamber

normally consists of three drying zones and one cool-

ing zone. Fermented leaf is loaded on the grid plate of

the drying chamber. The top of the drying chamber

is closed and two sets of centrifugal exhaust fans



FIGURE 26.6 Fluidized bed dryer. (From Hu, J., Drying of tea, in Modern Drying Technology, Eds. Y.K. Pan and X.Z.

Wang, Chemical Industry Press, Beijing, 1998, pp. 788–809.)
provided with cyclones—one for refiring and the other

for dust extraction. In the first zone of the dryer, the air

flowrate is the maximum to remove the very high mois-

ture content of the fermented leaf rapidly. As the

moisture content is reduced, the density of the particles

is also decreased. These lower moisture content leaves

tend to move away from the feed end and are replaced

by a new load of fermented leaf particles. When the tea

leaves are fully dried, they are expelled into a cooling

chamber where ambient air is introduced [15]. The

hybrid dryer consisting of tray dryer and fluidized

bed dryer may also be used to reduce the temperature

of the hot air in the fluidized bed and also to save on

energy consumption.

26.2.4 DRYING OF GINSENG ROOTS

Ginseng is the most commonly used medicinal plant

in Asia. Recently, this ancient, cultivated plant has

been rediscovered in the Western world as a remedy

with numerous and diverse benefits. Traditionally,

ginseng was dug from the forest in the mountains. It
FIGURE 26.7 Vibro-fluidized bed dryer. (From Hu, J., Drying

X.Z. Wang, Chemical Industry Press, Beijing, 1998, pp. 788–80
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is a very delicate herb that usually takes 6 y or much

longer time to grow. In fact, high-quality roots should

be around 15 y or older. The harvested ginseng roots

are usually sun-dried [16].

Because of its economic values, ginseng roots are

now cultivated in China, Korea, North America, and

even Australia. The majority of ginseng root con-

sumed in the world today first needs to be dried.

The fresh root moisture content is around 72% (wet

basis). The dried ginseng has a moisture content of

approximately 8–12% (wet basis) [17]. Good quality

dried roots should have final moisture content

from 5.5 to 7.5% depending on the size of the roots

[18]. Drying is critical for quality ginseng root. Heat

damage or fungal development can occur from too

short or too long a drying process. Roots should be

sized and similar sizes dried together. The drying of

ginseng root can be achieved by placing them on wire

racks or bamboo baskets and leaving them under the

sun as done traditionally. It will take a few weeks for

the roots to dry. They are more often dried inside by

stacking the wire racks in a room with temperature
of tea, in Modern Drying Technology, Eds. Y.K. Pan and

9.)



FIGURE 26.8 A shed dryer for ginseng roots. (From Brun, C.A., Ginseng, Cooperative Extension Program, Washington

State University, 2004.)
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FIGURE 26.9 Hypothetical drying curves of ginseng roots.
maintained around 388C. This drying process will

take about 2–3 weeks to complete. The dried product

will have a brittle exterior and creamy-white interior

[17]. The rough quality control is carried out by snap-

ping tests. A modified tobacco kiln dryer can be

used for large volumes of ginseng. Drying cabinets

can also be employed with the air circulation and

dehumidification systems equipped.

Temperature management is important in ginseng

drying. Too low a temperature will result in the green

coloring or molding, whereas too high a temperature

will give a product that is too hard (not easy to snap)

and of a brown color indicating the formation of

caramelized sugars. The danger of brown roots devel-

oping is greater toward the end of drying. It is not

recommended to accelerate the drying by increasing

the drying temperature at the last stage of drying.

Generally, drying is begun with temperatures at least

above 308C and temperatures below 388C are used

after root wilt. Using higher temperatures at the

beginning of the cycle will reduce the drying time

but it has to be ensured that the root temperatures

throughout the dryer are always within the safe limit.

Three or four thermometers should be placed inside

the drying shed to monitor the temperatures. The floor

temperature should also be monitored where the

value is the lowest. Heating of the shed can

be achieved by natural gas or electricity. Electric

heated walls have the advantage of not introducing

any odor from burning of natural gas.

Figure 26.8 shows a photo of a shed dryer for

ginseng roots. The drying history of different

sized ginseng roots is illustrated in Figure 26.9.
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Large root refers usually to those of larger than

17 mm in diameter. The diameters of medium-sized

roots are from 12 to 17 mm. The small roots are those

of 7–12 mm in diameter. Any root with diameter

below 7 mm is classified as a fiber [18].

In a shed-type dryer the moisture laden, cooler air

will sink to the lower levels of the room. Thus, the

upper trays will tend to dry faster. To maintain a

uniform drying, either the upper trays are loaded

with large roots or the trays are rebuilt during the

course of drying to move the upper trays down and

lower trays up. During the first week of drying, the air

inside the room should be refreshed every 10–15 min

using an exhaust fan. The capacity of a shed dryer can

vary from 125 to 200 kg fresh root per sq. m. If higher



TABLE 26.2
List of Experimental Data of Some Herbs Dried by Convective Flow Heated Air

Name Allowed

T, 8C

Actual

Maximum T, 8C

Ingredient

Loss, %

Maximum DT,

8C

Air

Velocity, m=s

Tair, 8C Initial Moisture

Content,

kg Water=kg

Solids

Mean Drying

Rate,

g=kg�min

1 Cortex Mori Raicis 70–80 79 �14.9 20 1.1 70! 80 0.773 9.9

2 Fructus Aurantii seu Ponciri 50–60 63 1.4 11 0.7 20! 75! 84! 68! 47 0.75 7.77

3 Herba Caricis phacotae 70–80 67 100 20 1.0 70 1.00 7.70

4 Herba Menthae Ambient 68.5 100 35 1.3 70 0.80 6.8

5 Polyporus umbellatus 70–80 69.6 16 7 0.9 20! 70! 54 0.88 6.76

6 Radix Trichosanthis 70–80 71.2 66.7 28 0.9 70 0.87 6.7

7 Cortex Moutan Radicis 50–60 68 2.7 20 1.0 70 0.60 6.5

8 Radix Paeoniae alba 70–80 69 60 16 1.1 70 0.70 6.5

9 Citrus reticulata 50–60 66 0 10 0.5 20! 74! 26 0.28 6.1

10 Curcumae aromaticae 70–80 68 61.8 14 0.9 70 0.90 5.42

11 Astragalus membranaceus 70–80 68 0 15 0.8 50! 70! 30 0.53 5.36

12 Cortex Magnoliae Officinalis 70–80 72 2.8 20 0.5 50! 76! 70 1.03 5.22

13 Atractylodes macrocephala 70–80 72 2.8 20 0.5 50! 70! 88 0.74 4.77

14 Cortex Phellodendri 70–80 49.1 17.4 16 1.2 50 0.40 4.6

15 Radix Platycodi 70–80 68 33.6 18 0.8 40! 74! 68 0.29 4.5

16 Rhizoma Ligustici chuanxiong 50–60 48 22 6 0.8 57! 50 0.923 4.5

17 Semen Arecae 70–80 69 0.5 28 1.3 50! 70! 68 0.80 4.4

18 Radix Saposhnikoviae divaricatae 70–80 69 41.3 20 0.8 52! 72! 66! 69! 50 0.34 4.3

19 Radix Glycyrrhizae 50–60 49 24.2 14 1.0 54! 50! 45 0.44 4.09

20 Rhizoma Dioscoreae 70–80 69.8 16.6 21 0.7 70 0.81 4.14

21 Rheum Officiale 70–80 70.2 43 19 0.95 50! 80! 53! 62 1.12 3.86

22 Radix Salviae 70–80 73.4 33.7 20 0.8 60! 67! 62! 40 0.64 3.78

23 Radix Angelicae sinensis 50–60 59 29.1 15 1.0 50! 59.8 0.75 3.77

24 Caulis Lonicerae 71 28.6 36 1.2 70 0.72 3.72

25 Atractylodes chinensis 50–60 49.9 0 12 0.8 50 0.356 3.69

26 Radix Isatidis 70–80 43.9 59.2 8 0.8 55! 59! 56 0.29 3.1

27 Rehmannia glutinosa 50–60 62 11.4 20 0.92 50! 71! 50! 60 1.08 2.74
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TABLE 26.3
The Experimental Data of Drying of Radix Glycyrrhizae

Temperature, 8C Drying Rate, g=kg�min
Drying Time,

min

Heated

Air

Maximum at the

Bottom Surface

Maximum Difference

between Top and Bottom

Maximum Average

1 40 33.5 7.8 10.5 5.6 70

2 50 46 15 11.5 6.2 61

3 70 63 28 12.4 8.6 48

4 30 ! 77! 60 49 7.6 10.0 6.9 55

Air flow velocity ¼ 1 m=s, initial moisture content ¼ 0.44, final moisture content ¼ 0.08, depth of bed ¼ 30 mm, convective flow of heated

air drying.
loading rates are req uired, a better-cont rolled dry ing

room should be used.

Ele ctrohydr odynami c (EHD ) drying has been

report ed to work well for drying of root or sliced

root material s [19]. This techni que employ s high volt-

age DC and sharp cathode to generat e a corona to

accele rate the air movem ent close to the surfa ce of the

wet mate rial [20]. Bec ause this drying techni que re-

quires only slightly heated a ir for drying, it g ives very

high qua lity of dried mate rial. It is claimed as high

quality as freez e dried mate rials are obtaine d [21,22].

The econ omics of this novel drying process are not

clear as yet. For add itional detai ls, the reader may

refer other sections of this handb ook.
26.3 DRYING OF HERBAL MEDICINES
IN SMALL PIECES

Before the herbs can be used as herbal medic ines, fur-

ther treat ment is necessa ry. The dried herbs are usually

collected by a herbal pha rmace utical compan y where

they are was hed or rewett ed, cut, dried, and packaged

for sale. The rewett ing step is necessa ry to prepa re the

herbs for the cutting pro cess. Dryi ng is obv iously very

impor tant in smal l pieces herbal medicine process ing.

Table 26.2 lis ts the effe ct of convecti ve air drying on 27

types of herbs in smal l pieces , whi ch were placed on a

screen as heated air was blow n throu gh [23] . The dry ing

chamber used in these tests was 1.03 m � 0.85 m �
0.85 m in cross-sect ion. The weight loss of the material

was obtaine d from the reading s of an elect ronic bal-

ance. The dep ths of the beds of herbs were abo ut 30

mm. Nine tempe ratur es wer e mon itored in the fixed

bed of the herb pieces located at the center planes of the

rectan gular box . The maximum tempe ratur e in the

material and also the maxi mum tempe ratur e difference

in the mate rials are lis ted. Most of the drying was
� 2006 by Taylor & Francis Group, LLC.
condu cted over 90 min with the final mois ture

content of 0.08 kg water =kg solid s. The initial load of

the wet mate rial was about 400 g. The loss of active

ingredie nts can be quite high even though the

operatio n was co nducted at a temperatur e supposed

to be safe for these herbs [23] . More experi ments

by these au thors show that neithe r the air flowra te

nor the initial mois ture co ntent affect the quality

of dried he rb pieces . The qua lity of the dried herbs

depend s on the drying technol ogy and dry ing con -

ditions with tempe rature being a key parame ter to

control . It is antic ipated that for some herbs the cur-

rently listed values of a llowed tempe ratur e are simp ly

too high.

In order to maint ain a high drying rate an d a

low temperatur e of herb pieces , it is suggeste d to use

staged drying with variation of tempe ratur es of

heated air. For exampl e, in drying of 400 g of Radix

Glycyrrhizae from 0 .44 to 0.08 kg water =kg soli ds,

it took 70, 61, 48, and 55 min, respect ively, at tem-

peratur es of 40, 50, 70, an d (30 ! 77 ! 60) 8C. For the

staged drying, the he ating from 30 to 77 8 C takes 28

min a nd the cooling to 60 8C takes about 27 min.

Table 26.3 g ives the temperatur e varia tion within

the materials. The depth of the fixed bed is also a

parameter to consider as demonstrated in the drying

of Cortex Mori Raicis. When the bed depth is in-

creased from 25 to 50 mm, the drying time is 2.7 times

longer and within the material, the maximum temp-

erature differences increased from 10 to 188C at a

drying temperature of 668C [23]. The optimal depth

for the experimental facilities described previously is

about 30 mm.

When infrared drying is used, the loss of active

ingredients is even higher for some herbs as shown

in Table 26.4 [23]. In this drying experi ment, the

IR radiates sideways toward the fixed bed of herb

pieces. The depth of the bed is 30 mm. The initial



TABLE 26.4
The Experimental Data of Infrared Drying of Herbs

Name
Temperature, 8C

Active Ingredients

Tested=Method

Loss, %

Allowed Actual Heating Plate

1 Cortex Mori Raicis 80 78 292 Water extracts=standard 12.3

2 Fructus Aurantii seu Ponciri 60 62 279! 212, K1 ¼ 0.76 Synephrine=HPLC 9.5

3 Herba Caricis phacotae 80 82 300 Phenylethyl alcohol=HPLC 100

4 Herba Menthae Ambient 75 200! 150, K1 ¼ 0.28 Menthol=GC 100

5 Polyporus umbellatus 60 70 293! 229, K1 ¼ 0.13 Polyporus umbellatus

polysaccharides=UV

6.0

6 Radix Trichosanthis 80 84 386 Trichosanthin=UV 27.8

7 Cortex Moutan Radicis 60 68 282! 175, K1 ¼ 0.74 Paeonol=HPLC 0

8 Radix Paeoniae alba 80 79 289! 250, K1 ¼ 0.31 Albiflorin=HPLC 65

9 Citrus reticulata 60 62 275! 130! 62,

K1 ¼ K2 ¼ 0.05

Hesperidin=HPLC 40.0

10 Curcumae aromaticae 80 88.9 280 Camphor=GC 39.3

11 Astragalus membranaceus 80 85 278 Water extracts=standard 17.6

12 Cortex Magnoliae Officinalis 80 72.6 295 Magnolol=GC 12.4

13 Atractylodes macrocephala 80 88.9 360 Water solubles=UV 11.7

14 Cortex Phellodendri 80 67 360 Berberine=HPLC 17.8

15 Radix Platycodi 80 75 387 Platycodoside=standard 28.6

16 Rhizoma Ligustici chuanxiong 60 70 374! 219, K1 ¼ 0.81 Water extracts=standard 3.8

17 Semen Arecae 60 78 351! 220! 170,

K1 ¼ K2 ¼ 0.23

Arecolime=standard 22.7

18 Radix Saposhnikoviae divaricatae 80 79.4 377 Mannitol=GC 65.9

19 Radix Glycyrrhizae 60 62 386 Glycyrrhizic acid=HPLC 17.9

20 Rhizoma Dioscoreae 80 78 296! 241, K1 ¼ 0.33 Allantion=UV 10.25

21 Rheum Officiale 80 98 278! 248! 217,

K1 ¼ K2 ¼ 0.22

Rhammoside=HPLC 64

22 Radix Salviae 80 75 281! 264, K1 ¼ 0.71 Water extracts=standard 11.9

23 Radix Angelicae sinensis 60 64 338! 286! 243,

K1 ¼ K2 ¼ 0.13

Ferulic acid=HPLC 55.6

24 Caulis Lonicerae 79.5 360 Chlorogenic acid=HPLC 0

25 Atractylodes chinensis 60 71 388! 275, K1 ¼ 0.55 Alcohol extracts=GC 0

26 Radix Isatidis 80 77.7 360 Indirubin=UV 38.3

27 Rehmannia glutinosa 60 81 370! 300, K1 ¼ 0.89 Water extracts=standard 0.08

K ¼ heating time at T=total drying time.
mass of the wet mate rial is about 400 g. It is interest ing

to find also that some herbs remai n acti ve even though

drying was carri ed out a tempe rature exceed ing the

allowed values such as Polyporus umbellatus , Radix

Trichosanthis , Radix Glycyrrhizae , Rhizoma Ligustici

chuanxiong , etc. A compari son of the ingredi ent losse s

of the herbs dried by he ated air an d IR is given in Table

26.5. Bes ides the mate rial tempe ratur e, the way in

which the heat is supplied an d the mois ture is taken

away from the drying ch amber definite ly plays a role in

the quality of the dried he rbs. W hen infr ared drying is

combined with vibro-flu idized bed, Figure 26 .10, the

drying rate as well as the quality of the dried pro duct is

impro ved signi ficantl y [23]. Tabl e 26.5 lists 27 herbs.
� 2006 by Taylor & Francis Group, LLC.
For infor mation of herbs and their active ingredi ents,

readers are refer red to an on-lin e reference [24] .

The typical dryers found in drying of he rbs in

small pieces are oven , drying house, tunnel dryer,

vacuum dryer, and fluidized bed dryer. The descrip -

tions of these dryers can be found in the other chap -

ters of this handb ook [23,25].

26.4 CONCLUSIONS

Herb drying includes drying after harvest and drying

before processing. The drying after harvest usually

involves small volumes, thus the household equipment

can also be used. Either heated air or ambient drying



TABLE 26.5
Comparison of Ingredient Loss between Heated Air and

Name Actu

Heated

1 Cortex Mori Raicis 79

2 Fructus Aurantii seu Ponciri 63

3 Herba Caricis phacotae 67

4 Herba Menthae 68.5

5 Polyporus umbellatus 69.6

6 Radix Trichosanthis 71.2

7 Cortex Moutan Radicis 68

8 Radix Paeoniae alba 69

9 Citrus reticulata 66

10 Curcumae aromaticae 68

11 Astragalus membranaceus 68

12 Cortex Magnoliae Officinalis 72

13 Atractylodes macrocephala 72

14 Cortex Phellodendri 49.1

15 Radix Platycodi 68

16 Rhizoma Ligustici chuanxiong 48

17 Semen Arecae 69

18 Radix Saposhnikoviae divaricatae 69

19 Radix Glycyrrhizae 49

20 Rhizoma Dioscoreae 69.8

21 Rheum Officiale 70.2

22 Radix Salviae 73.4

23 Radix Angelicae sinensis 59

24 Caulis Lonicerae 71

25 Atractylodes chinensis 49.9

26 Radix Isatidis 43.9

27 Rehmannia glutinosa 62
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Heated air Exit air
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FIGURE 26.10 Vibro-fluidized bed dryer with IR heating.

(From Chu, Z.D., Drying of small pieces of Chinese medi-

cine, in Modern Drying Technology, Eds. Y.K. Pan and X.Z.

Wang, Chemical Industry Press, Beijing, 1998, pp. 810–841.)

� 2006 by Taylor & Francis Group, LLC.
can be used. Freeze drying, microwave drying, or silica

sand drying can be used depending on the value and

sensitivity of the herb. For large quantity of herbs,

such as tea leaves or ginseng, drying requires indus-

trial-scale operation. The quality of the dried products

is important to control and thus governs the drying

conditions. For the drying of small pieces of herb

medicines, temperature control is important in retain-

ing the active ingredients. The selection of drying tech-

niques is also important in affecting the quality of the

dried herbs. Uniform drying of the small herb pieces

can give better quality of the products. The reader

may refer to other chapters of this handbook for an

in-depth discussion of industrial-scale drying e.g.,

fluidized bed, freeze drying, microwave drying, etc.
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IR Drying

al Maximum T, 8C Ingredient Loss, %

Air IR Heated IR

78 �14.9 12.3

62 1.4 9.5

82 100 100

75 100 100

70 16 6.0

84 66.7 27.8

68 2.7 0

79 60 65

62 0 40.0

88.9 61.8 39.3

85 0 17.6

72.6 2.8 12.4

88.9 2.8 11.7

67 17.4 17.8

75 33.6 28.6

70 22 3.8

78 0.5 22.7

79.4 41.3 65.9

62 24.2 17.9

78 16.6 10.25

98 43 64

75 33.7 11.9

64 29.1 55.6

79.5 28.6 0

71 0 0

77.7 59.2 38.3

81 11.4 0.08
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27.1 INTRODUCTION

For many centuries potato, Solanum tubersum, has

served as the primary food source for people in

many parts of the world. The potato, with a total

production in excess of 300 million tons, is one of

the major food crops grown in a wide variety of soils
, LLC.
and climatic conditions. Many cultivars of potatoes

are grown, however, a few cultivars account for most

of the potatoes produced. These differ in time of

maturity, yield, appearance, disease resistance, mar-

keting, and processing quality. The majority of pota-

toes are used as table food these days, frequently

consumed in different forms of processed potato



produc ts. In developed cou ntries, mo re than 50%

of potatoe s produced are consumed as process ed

produc ts. The process ed produ cts may be in the

form of chips, granule s, fla kes, power , dice, strips,

powder , etc. [1].

The chemi cal comp osition of potato de pends on

many fact ors includin g genetic features, age and ma-

turity, as well as en vironm ental co ndition s, i.e., cli-

matic an d soil conditio ns, weather and growing

conditi ons, such as fertil ization, pe sticides, diseas es,

etc. Tabl e 27.1 shows the chemi cal c omposi tion of

potato tuber. The potatoe s are a consider ably richer

source of nutri ent than energy. Starch is the basic

compon ent of pot ato dry matter, con tributing the

major amount of energy obt ained by potato con -

sumpt ion. Potato co ntains some nonstar ch polysac -

charide s, which con stitute dieta ry fibe r. Potato protein

is of superi or importance among all the nutri ents

because of its high biologi cal value. Potato also co n-

tains valuabl e miner als, such as iron and magnes ium,

and essential vitamins, such as vitamin C and several

of B vitamins [2]. The levels of calories, protein, min-

erals, and vitamins in raw and processed potato

produc ts are sho wn in Table 27.2.
TABLE 27.1
Chemical Composition of Potato Tubers

Component
Content (%)

Average Range

Dry matter 23.7 13.1–36.8

Starch 17.5 8.0–29.4

Reducing sugars 0.3 0.0–5.0

Total sugars 0.5 0.05–8.0

Crude fiber 0.71 0.17–3.48

Pectic substances — 0.2–1.5

Total nitrogen 0.32 0.11–0.74

Crude protein 2.00 0.69–4.63

Amide nitrogen — 0.029–0.052

Amino acid nitrogen — 0.065–0.098

Nitrates — 0.0–0.05

Lipids 0.12 0.02–0.2

Ash 1.1 0.44–1.87

Organic acids 0.6 0.4–1.0

Ascorbic acid and dehydroascorbic

acid (mg/100 g)

10–25 1–54

Glycoalkaloids (mg/100 g) 3–10 0.2–41

Phenolic compounds — 5–30

Source: From Leszczynski, W., in: Potato Science and Technology,

Lisinska, G. and Leszczynski, W., Eds., Elsevier Science Publishing

Co., Inc., New York, 1989, pp. 11–128.
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27.2 PREPROCESSING

27.2.1 PEELING

Peeling is one of the most important steps in potato

processing. The yield of finished product depends on

effectiveness, efficiency, and method of peeling. In

recent years, waste disposal problems have become

acute in the processed industries including potato pro-

cessing. Because the peeling process generates more

waste than all of the other potato-processing operations

combined, it is important when designing and selecting

peeling systems to give proper considerations [3].

The potatoes must be thoroughly washed to re-

move all mud, dirt, and sand. Potatoes are often

washed in machines fitted with cylinder brushes or

studded rubber rolls that vigorously scrub the pota-

toes as they are tumbled and sprayed with water.

Washing also assists in sprout removal. Equipment

using large amounts of water for washing is now a

concern to processors because of the need to recycle

the water to meet required water pollution controls.

Generally, brush washers use much less water than

barrel washers or deepwater washers.

Potatoes are peeled by the use of heat, chemicals,

and mechanical abrasive methods. The most common

industrial processes are caustic (lye) peeling, steam

peeling, and abrasive peeling. The selection of method

depends upon the type and variety of products to be

produced and the anticipated capacity of the plant.

Abrasive peeling is commonly used in the potato chip

industry, where minimal peeling is required, and in

the canned potato industry, where abrasive action is

utilized to shape the potatoes. Abrasive peelers are

available either as batch-type units or continuous

machines. In steam peeling, potatoes are subjected

to steam pressure to rapidly heat and soften the peel

and underlying surface tissue. The steam pressure is

then suddenly released, causing vaporization of

moisture in the heated surface tissue, which further

loosens the peel. The peel is then removed either with

barrel-type washers or by dry scrubbers. Steam

peelers are available in both batch and continuous

types. Caustic or lye peeling of potatoes combines

the chemical and thermal effects for peeling. In this

process, washed potatoes come in contact with hot

dilute lye solution followed by washing with high-

pressure water sprays. Sometimes combination of lye

and steam peeling is also used for peeling of pota-

toes. The efficiency of lye peeling method can further

be improved using an infrared heating treatment

of potatoes after potatoes are immersed in more

dilute caustic solution. The potato surfaces are ex-

posed to infrared radiation at 9008C for 90 s. This

accelerates the chemical activity, thereby utilizing



TABLE 27.2
Composition of Potatoes and Potato Products per 100 g Edible Portion

Product Type Water

(%)

Food

Energy (cal)

Protein

(g)

Fat

(g)

Carbohydrate

(g)

Calcium

(mg)

Iron

(mg)

Thiamin

(mg)

Riboflavin

(mg)

Niacin

(mg)

Ascorbic

acid (mg)

Raw 79.8 76 2.1 0.1 17.1 7 0.6 0.10 0.04 1.5 20

Baked in skin 75.1 93 2.6 0.1 21.1 9 0.7 0.10 0.04 1.7 20

Boiled in skin 79.8 76 2.1 0.1 17.1 7 0.6 0.09 0.04 1.5 16

French-fried 44.7 274 4.3 13.2 36.0 15 1.3 0.13 0.08 3.1 21

Fried from raw 46.9 268 4.0 14.2 32.6 15 1.1 0.12 0.07 2.8 19

Hash-brown after holding night 54.2 229 3.1 11.7 29.1 12 0.9 0.08 0.05 2.1 9

Mashed, milk and fat added 79.8 94 2.1 4.3 12.3 24 0.4 0.08 0.05 1.0 9

Canned, solids and liquid 88.5 44 1.1 0.2 9.8 – 0.3 0.04 0.02 0.6 13

Dehydrated mashed, granules,

water, milk, fat

78.6 96 2.0 3.6 14.4 32 0.5 0.04 0.05 0.7 3

Frozen, cooked, hash-browned 56.1 224 2.0 11.5 29.0 18 1.2 0.07 0.02 1.0 8

Frozen, french-fried, heated 52.9 220 3.6 8.4 33.7 9 1.8 0.14 0.02 2.6 21

Frozen, mashed, heated 78.3 93 1.8 2.8 15.7 25 0.6 0.06 0.04 0.7 4

Potato chips 1.8 568 5.3 39.8 50.0 40 1.8 0.21 0.07 4.8 16

Potato flour 7.6 351 8.0 0.8 79.9 33 17.2 0.42 0.14 3.4 19

Source: From McCay, C.M., McCay, J.B., and Smith, O., in: Potato Processing, 4th ed., Talburt, W.F. and Smith, O., Eds., An AVI Book by Van Nostrand Reinhold Company, Inc., New York,

1987, pp. 287–332.
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the caustic more completely and reducing caustic

consumption [3].

27.2.2 BLANCHING

Peeled potatoes are cut in the form of slices, dices,

and strips before blanching. After potatoes are cut in

desirable form, they are blanched by heating, either in

steam or hot water (93 to 1008C). Blanching destroys

or inactivates enzymes; otherwise, potatoes may

darken during dehydration and develop off-flavors

and off-odors during storage. Blanching also serves

to reduce microbial contaminations and affects the

way the dehydrated product reconstitutes. Degree of

blanching has a very marked effect on the texture and

appearance of finished product as well as on the way

the potato tissue dehydrates and reconstitutes. The

potatoes are sulfided immediately after blanching

using sodium sulfite, sodium bisulfite, sodium meta-

bisulfite, or combinations. Sulfite protects the product

from nonenzymatic browning or scorching during de-

hydration and increases the storage life of the product

under adverse temperature conditions.
27.3 DATA ON USEFUL PROPERTIES

Data on physical, thermal, and thermodynamic pro-

perties of potato, sweet potato, and other roots are
TABLE 27.3
Moisture Diffusivity and Activation Energy for Moisture

Drying

Methods

Moisture Content

(Dry Basis kg/kg)

Temperature

(8C)

Potato

Air-drying 0.15 65

Air-drying — 65

Air-drying — 60–80

Air-drying — 65

Air-drying 0.03–5.0 60–100

Air-drying — 31

Air-drying 0.05–1.50 30–70

Air-drying — 30–90

Air-drying — 40

Air-drying 0.10–1.00 65

Air-drying — 60

Infrared drying 3.39–4.96 23.5–55

Air-drying — 30

Freeze-drying — 30

Freeze-drying 0.01–0.10 30

Puff drying — 30

Sweet potato

Air-drying 0.10–3.5 328
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presented in Table 27.3 through Table 27.11. Such pro-

perty data are required in product development, process

design, and quality control. The data are presented in

tabular form. Various prediction models are also

compiled for different processing conditions.
27.4 DRYING METHODS AND
CONDITIONS

Dehydration of potato dates back to as early as 200

AD when it was cultivated in the mountainous areas of

Peru [1]. Today the drying process is considered one

of the most important unit operations in the produc-

tion of a variety of commercial potato products in-

cluding granules, flakes, diced dehydrated potatoes,

and potato starch and flour. The drying process in

potato processing can be the end-stage operation (for

dehydrated slices, dices, strips, flakes, starch, flour,

etc.), accompany-end-stage operation (for granulates,

instant products), or mid-stage operation (for chips

and fresh fries as predrying before frying in modern

technologies). Various drying methods are employed

to achieve desired product. In this section, different

drying methods and operating conditions used in the

processing of potatoes are described. Details on the

drying equipment can be found in other chapters of

this handbook.
Diffusivity

Moisture

Diffusivity 3 1010 (m2/s)

Activation

Energy (kJ/mol)

Ref.

2.0 40

14 41

2.4–2.6 42

9.0 16.3 43

2.8–53 17.0 44

0.6–1.6 45

0.2–4.2 30–108 46

1.1–4.5 47

8.8–12 48

4.4 52.2 49

1.8 50

0.6–17.3 18

0.03–0.2 51

1.3–3.2 51

0.083 52

0.20–0.70 51

3.7–4.35 53



TABLE 27.4
Relationships Showing Moisture Diffusivity as a
Function of Temperature and Moisture Content
for Potato

Parametric Model Ref.

D(m,T) ¼ a0 expð� a1

m

�
exp � a2

T

� �
44

a0 ¼ 1.29 � 10�6, a1 ¼ 7.25 � 10�2,

a2 ¼ 2044

0.03<m< 5.0, 333<T< 373

D(m,T) ¼ a0(m) expð� a1 exp (� a2m)þ a3

T

�
46

a1 ¼ 168, a2 ¼ 15.4, a3 ¼ 30

D(m, T, L) ¼ a0 þ a1m þ a2T þ a3L 18

a0 ¼ �7.015 � 10�11, a1 ¼ �2.11 � 10�10,

a2 ¼ 2.57 � 10�11, a3 ¼ 7.96 � 10�11

0.3<m< 3.39, 296<T< 328, 2.2<L< 11.0 (L in mm)

TABLE 27.5
BET and GAB Monolayer Values

Product T (8C) M

Potato 19.5 0.075

20.0 0.074

25.0 0.052

30.0 0.057

40.0 0.061

60.0 0.048

80.0 0.037

Potato 0.051–0.078

Potato starch 0.066

Potato dice 0.060

Potato (freeze-dried) 20 0.066

Potato sliced 25 0.083

Potato vacuum dried 25 0.130

Potato vacuum dried 25 0.091

Potato 40 0.052

50 0.048

60 0.036

70 0.029

40 0.059

50 0.061

60 0.053

70 0.057

Potato (Pentland Dell) 30 0.061

45 0.068

60 0.031

30 0.089

45 0.074

60 0.046

Mushroom 25 0.058
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27.4.1 CONVENTIONAL DRYING

Cabinet, tunnel, rotary, drum, or conveyor dryers

have normally been used at the industrial scale to

produce various potato products. The following

description of potato drying is based on the type of

dried product.

27.4.1.1 Diced Potatoes

Practically all diced potatoes are produced on con-

veyor (or apron) dryers, although a few tray and

tunnel dryers still are in use. Due to ease of automa-

tion in conveyor dryers, the material handling costs

are reduced significantly. The conveyor dryer is

designed appropriately in stages so that the condi-

tions of the air (i.e., temperature, humidity, quantity,

and speed) can be adjusted in a desirable manner as to

result in the highest quality of dried product. The most
K Y A/D Ref.

D 54

A

A

A

A

A

A

55

56

0.849 19.10 A 57

0.774 8.50 A

0.700 1.39 A

0.725 8.62 D

0.830 13.73 A 58

0.820 13.41 A

0.860 21.18 A

0.900 17.75 A

0.840 12.52 D

0.820 8.89 D

0.840 8.57 D

0.800 4.37 D

999.7 0.86 A 59

10.2 0.77 A

990.1 0.88 A

14.45 0.78 D

15.68 0.81 D

19.99 0.84 D

A 54



TABLE 27.6
Sorption Data (Average) of Different Peanut
Varieties at 258C

aw Moisture Content (% db)

Flour

Rummer

Tobaldo Colorado Roata

0.577 5.6 6.0 5.8 5.5

0.751 8.8 9.0 8.8 8.8

0.803 10.6 10.6 10.7 10.0

0.842 12.9 13.0 12.8 12.6

0.903 17.6 18.2 18.0 17.4

Source: From Bianco, A.M., Boente, G., Pollio, M.L., and Resnik,

S.L., J. Food Eng., 47, 327, 2001.

TABLE 27.7
Net Heat of Sorption

Product Mw T Range (8C) A/D Q (kJ/kg) Ref.

Potato 0.05 10–80 A 562.3 61

0.10 10–80 A 310.5

0.15 10–80 A 166.8

0.060 10–80 D 1933.3

Potato 0.080 30–60 D 1555.6 62

0.100 30–60 D 1283.3

0.120 30–60 D 883.3

0.140 30–60 D 644.4

0.160 30–60 D 527.8

0.180 30–60 D 461.1
common dryer for diced potato is the two-stage dryer.

The first stage of the dryer is divided into two sec-

tions. Potato dice bed height and the size of diced

potato srongly influence the drying rates. The bed

height is maintained constant along the conveyor for

proper distribution of drying air and good product

quality. Typical bed height is in the range of 7.5 to 15

cm. The temperature of the drying air in the first

section of the first stage is in the range 93–1278C, in

the second section of first stage 71–1058C, and in the
TABLE 27.8
Data and Prediction Model for Thermal Conductivity

Product Xw (% wb) Apparent Densi

(kg/m3)

Potato variety

Katahdin 81.4 1040

Russet burbank 82.9 1040

Kennebec 82.4 1050

Monona 83.6 1040

Norchip 81.2 1050

Potato 83.5 —

83.5 —

83.5 —

83.5 —

k ¼ 0.1445 þ 0.389Xw W/mK; T ¼ 30; 0<Xw < 1.0

Potato variety: Bintje

k ¼ 0.624 þ 1.19 � 10�3T W/mK; 293 < T < 358; Xw ¼ 79.8%

Potato variety: Bintje

Sweet potato

Beauregard — 995

Hernandez — 996

Jewel — 1003
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second stage 55–828C. The moisture content of 6–7%

(wb) for dried potato is sufficient for proper storage.

A further extension of the storage time will require

reduction of moisture content to 3–4% (wb), which

can be achieved by long-time sorption drying using

sorption agents such as calcium oxide.

A belt-trough dryer has been used to produce

very high-quality diced potato [4,5]. Only vacuum

drying or freeze-drying can produce a more porous

product than products dried using a belt-trough

dryer. The dryer consists of an endless, closely
ty T (8C) Thermal

Conductivity

(W/mK)

Ref.

25.5 0.533 63

24.8 0.571

25.0 0.549

24.6 0.547

25.9 0.533

25.0 0.563 64

75.0 0.622

105.0 0.639

130.0 0.641

65

66

25 0.481 67

25 0.536

25 0.597



TABLE 27.9
Freezing Point

Product Xw Tf (8C) Ref.

Potato (white) 0.778 �1.70 68

Sweet potato 0.685 �1.90 68

T ¼ �14.46 þ 49.19Xw � 37.07Xw
2 69

TABLE 27.11
Thermal Diffusivity

Product T (8C) Thermal

Diffusivity �
107 (m2/s)

Ref.

Potato (whole) �6 to 26 1.77 73

Potato (flesh) 20 1.48 74

Potato (Excel) 24 to 91 1.17 75

Potato (Irish) �18 to 27 1.23

Potato (Pungo) — 1.31

Potato (several) 25 1.70

Sweet potato

Beauregard 25 1.30 67

Hernandez 25 1.46

Jewel 25 1.65
woven meta l-mesh conveyo r belt supp orted between

two hor izontal roll s with a great deal of slack so that

it han gs freely (Figur e 27.1). The potato pieces are

turned and agit ated as they trave l wher eas hot a ir is

blown up throu gh the bed . The airflow pr ovides an

air cushion to potato pieces but doe s bot fluidized

them. The standar d be lt-troug h dr yer, which has a

bed 1.2 m wid e and 3 m long, evaporat es 450 kg of

moisture per hour [4]. In this dryer, the moisture level

achieve d in individ ual diced potato is nea rly the same.

The belt-tr ough dryer has proven to be capable of

making dehyd rated potato of better qua lity than

those produced by con vention al air-d ryers.

27.4.1 .2 Pot ato Strip s

Potato strip s are usuall y dried in con current rotary

dryers of 1 to 3 m diame ter an d 5 to 15 m lengt h.

The inlet and outlet air tempe ratures are ab out 500

and 100 8 C, respect ively. The fresh potato strips are
TABLE 27.10
Specific Heat

Product Xw Specific

Heat (kJ/kg K)

Ref.

Potato (raw) 0.75 3.515 70

Potato (boiled) 0.80 3.640

Potato (dried) 0.061 (27–608C) 1.715 71

Potato(dried) 0.080 1.925

Mushroom (fresh) 0.90 3.933 70

Mushroom (dried) 0.30 2.343

Cp ¼ 4.180 � 0.406 þ 1.46 � 10�3T

þ 0.203Mw � 2.49 � 10�2 Mw
2 72

0 <Mw< 4.13 and 40<T< 70; Desiree variety of potato

Sweet potato

Beauregard 995a 3.726 67

Hernandez 996a 3.677

Jewel 1003a 3.499

Sweet potato (dried) 0.076 2.050 71

aApparent density (kg/m3).
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prepared by the slicer simila r to one used in the sug ar

indust ry. The potato strips are dried to a final mois -

ture content of 1 2% (w b). A signifi cant portion of the

dried potato strip is util ized as livestock feed since it is

the most economic al method of pr eserving pot ato.

The detai ls of rotary dryer can be found in Kell y [6].
27.4.1 .3 Pot ato Flake s

Potato fla kes are de hydrate d using drum dryers . Be-

fore drying, the potatoe s go through was hing, peel-

ing, sli cing, precoo king, co oling, and mashi ng [7].

Mashed potatoe s are then mixe d wi th severa l addi-

tives (emulsifier, chelating agent, milk solids, anti-

oxidants, and sulfur dioxide) to improve the texture

and extend the shelf life of the products; they also

influence the drying process.

Generally, single-drum and double-drum dryers

are used to produce pot ato fla kes (Figur e 27.2). The

most frequently used cylinders are 0.6–1.25 m in diam-

eter and 0.9–2.2 m in length (double drums), or 2.2–3.2

m in length (single drum). All drum dryers are

equipped with several (up to 6) applicator rolls. The

space between the applicator rolls allows steam to

escape and accumulate mash in the trough between

the roll and the dryer drum surface. The temperature

of the cylinders reaches 1408C. Saturated steam is used

as a heating medium. Mineral oil or gas is used as a

heating medium to achieve higher temperatures in the

range of 2508C. Such a high temperature allows higher

drum speeds, which are typically in the range 2 to 8

rpm. The dry product output is directly proportional

to drum speed but inversely proportional to potato

sheet density. The moisture content of dry potato

flake is in the range 6–7% (wb). Infrared radiation or

impinging jets may be used to enhance drying rates.
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FIGURE 27.1 Schematic cross section of belt-trough dryer. (From Sokhansanj, S. and Jayas, D.S., in: Handbook of Industrial

Drying, Mujumdar, A.S., Ed., Marcel Dekker, New York, 1987.)
Drum dryers are economical in operation, usually

requiring a maximum of 1.3 and a minimum of 1.1 kg

of steam per kilogram of evaporated water (76 to 90%

efficiency). Technical data on drum dryers applicable

in potato flake manufacturing have been presented by

Moore [8]. Many improvements have been made by

the manufacturers of potato flake dryers over the years.

For example, internal pressure has been increased from

100 to 125 psig to achieve increased production rate.

Internal design of the drying cylinder has been im-

proved to extend uniform heat transfer to the edge of

the dryer. Hydraulic dampers have been installed to

reduce wear and improve smoothness of operation.

Rod and handwheel devices to control end-board

tension have been replaced with air cylinders [7].

27.4.1.4 Potato Starch

The manufacture of potato starch is a simple and easy

process based on thorough comminution of potato

tubers, separation of starch from potato pulp, its

purification and dehydration. All the processing
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steps before drying have been described in detail by

Lisinska and Leszczynski [9] and Treadway [10].

Starch milk obtained in the last stage of refining in

hydrocyclones or centrifuges dewatered by continu-

ous rotary vacuum filters. Extraction of water under

vacuum results in 36–38% water content of the starch.

After dewatering, starch is transported to the drying

section in which moisture level is reduced to 18–20%

by supplying hot dry air. The finished product con-

sists of 98–98.5% starch on dry basis. Since moist

starch granules begin to swell (gelatinize) at 458C,

the temperatures of moist starch are maintained

below 358C during drying. The final drying of moist

starch is carried out in flash (pneumatic) dryers. Such

dryers consist of a system of vertical pipes (large in

diameter) whereby starch is dried and transported by

the air supplied. The air with a velocity of 10 to 20 m/s

and temperatures of 160–1658C is mixed with starch.

Mixing is more efficient due to the extension of the

pipe. Water from the wet starch rapidly evaporates in

contact with the hot air. Due to the high evaporation

heat of the water removed from the starch, starch
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FIGURE 27.2 Scheme of Foerster double-drum potato flakes dryer. (From Lisinska, G. and Leszczynski, W., Potato Science

and Technology, Elsevier Science Publishing Co., Inc., New York, 1989, pp. 281–346.)
granule s are not heated to tempe ratur es higher than

40 8 C. The e ntire process of starch drying takes 2 to 5 s.

One of the important parts in potato starch techno-

logy is utilization of secondary products such as

extracted potato pulp (pomace) and the soluble con-

stituents of the protein water (fruit water). Potato pulp,

after dewatered mechanically to a dry matter content of

about 25%, is dried in drum or flash dryer using com-

bustion gases at 500–6008C. The dry product of rela-

tive ly high-fee ding value c ontai ns a bout 13 % o f w ate r.

Also fruit w a ter afte r va rious proc ess es w ith c en trifuging

at the end ca n b e drie d by on e o f the above-m entioned

met hods o r by s on ic or TorusDisc d ry ing [1 1].

27.4.1 .5 Pot ato Gra nules

Potato granule s are de hydrate d and single cell s or

aggrega tes of cell s of pota to are dried to abo ut 6–

7% (w b) mois ture c ontent. The standar d commer cial

procedu re used for the produ ction of pot ato granule s

is know n as ‘‘add-back ’’ process (Figur e 27.3). In this

process , coo ked potatoe s are partiall y dried by add ing

back enough previous ly dried granu les to give a mois t

mix, whi ch after holding can be satisfa ctorily gran u-

lated to a fine powder . In the manu facturing of pot ato

granule s, precaut ions are taken to (1) minimiz e ru p-

ture of the potato cells an d (2) produce satisfa ctory

granula tion. Hence all man ufacturing ope rations are

carried out as gently as possible.

Dryi ng of granula ted mois t mix is performed in

one or two stages to a bout 1 2–13% (wb ) mois ture
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content . Airlift dryers are used in a singl e-stage op-

eration. The dryer co nsists of a verti cal tube with

upwar d flow of hot air. The moist feed en ters at the

bottom and drying occurs as the product is rising in

the tube. The airlift dryer ope rates at relative ly low

air velocitie s (7.5–10 m/s), with mini mum damage to

the potato cells. The two-stage dehyd ration of pota to

granule s is accompl ished in a pne umatic dryer (to

remove surfa ce moisture) follo wed by a fluidized

bed dryer–c ooler. The tempe ratures of inlet and out-

let air in the pne umatic dryer are 175 and 80 8 C,

respectivel y. The prod uct leaves pneu matic dryer at

moisture content of ab out 17–19 % (wb ). A two -

chamber fluidized bed (with drying in the first cham-

ber and cooling in the secon d chamber) is used in the

second stage to dry potato granule s up to 10–12%

(wb) mois ture content . The tempe ratur e of the pro d-

uct leavin g the secon d chamb er is obtaine d in the

range of 32–43 8 C.

The dried granule s of 10–12% (wb) mois ture co n-

tent are screened using meshes of diff erent sizes: 6 , 40,

and 105 mesh. The largest pa rticle fract ion from 6

mesh goes for stock feed and small particle fraction

passed from 105 mesh undergoes the final step of

rehydration. In between particle fraction is utilized

at add-back step and also for stock feed.

The drying of fine potato granules is carried out in

a fluidized bed dryer–cooler where the moisture con-

tent is reduced to 6–8% (wb). A multichamber fluid-

ized bed (or a vibrofluidized bed) or continuous-type

fluidized bed dryer is used in the final drying of potato
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FIGURE 27.3 Scheme of the add-back (solid back-mixing)

process for manufacture of potato granules. (From Talburt,

W.F., in: Potato Processing, 4th ed., Talburt, W.F. and

Smith, O., Eds., an AVI Book by Van Nostrand Reinhold

Company, Inc., New York, 1987, pp. 1–9.)
granules. The residence time of potato granules in this

dryer is about 10 to 30 min.

27.4.1.6 Potato Chips and French Fries

In potato chips manufacturing, raw sliced potatoes

are partially dried before frying to reduce the frying

time and oil uptake. The raw sliced potatoes are dried

on a perforated, revolving drum, on a vibrating mesh

belt. The excess surface moisture of about 4% is

removed during drying.

In some chips manufacturing, drying process is

the finishing step or an alternative frying method.

For this, raw sliced potatoes may be partially fried

and then subjected to tunnel heat (at 1218C). to re-

move the excess moisture. The procedure results in

lighter colored chips. Finish drying time depends up

on the frying time; for drying in hot air at 1208C it is

about 1 min (frying time 1 min 40 s) or 4 min (frying

time 1 min 20 s).
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In the production of frozen French fries, the sur-

face moisture of blanched potato strips is usually

removed before frying by blowing warm air over

them. This is done to reduce the load on the fryer

and to minimize the rate of hydrolytic breakdown of

the fat.

27.4.2 OSMOTIC DEHYDRATION

Osmotic dehydration does not allow a product of low

moisture content to be considered shelf stable. Con-

sequently, an osmotically treated product is further

processed by air, vacuum, or freeze-drying methods.

Osmotic preconcentration followed by fluidized bed

drying of potato pieces to produce dehydrated quick-

cooking potato was studied by Ravindra and Chatto-

padhay [12]. They found that a solution of 50% sugar

and 10% salt at 478C for 4 h was optimum for osmotic

preconcentration. The moisture content of potato

cubes was reduced from 84 to 60% (wb). Drying at

1408C for 10 min at 5.3 m/s followed by thin-layer

drying at 50–608C and 0.75 m/s for about 7 h was

found to be optimal. Fluidized bed drying lowered the

moisture content to 30% (wb) and it was further

reduced to 5% (wb) during thin-layer drying.

27.4.3 VACUUM, FREEZE, AND HEAT PUMP DRYING

Vacuum drying involves subjecting food material to a

low pressure and a heating source. The vacuum al-

lows the water to vaporize at a lower temperature and

thus foods can be dried without exposure to high

temperature. Freeze-drying utilizes a high vacuum to

remove water from a solid phase (ice) to a vapor phase

without going through a liquid phase. Since the ma-

terial remains frozen and drying takes place at low

temperature, no heat damage occurs. Heat pumps are

known to be energy efficient when used in conjunction

with drying. Heat pump dryers can employ a wide

range of drying conditions (temperature �20 to

1008C and relative humidity 15 to 80%) to produce

better quality dried products [13]. Although product

quality obtained by vacuum or freeze-drying is super-

ior, both methods are expensive and they are not used

on industrial scale for potato products. Heat pump

drying is also not applied as widely as it should or

could be due to higher initial and operating costs.
27.4.4 MICROWAVE AND INFRARED DRYING

The use of microwave energy has been of growing

interest in recent years. The interest is due to short

start-up times, volumetric heating, and reduced pro-

cessing times, making microwave an attractive source

of thermal energy. Although numerous studies on



microwave drying of potato have been reported in the

literature, microwave drying has not been employed

extensively on industrial scale. Microwave drying has

been evaluated for final stages of drying (between 30

and 6%) of different potato products. For example,

raw potato slices of 0.21 mm thick can be dried to

2–3% final moisture content within about 4 min in a

microwave field. Increasing the thickness of raw slices

to 0.32 mm leads to cooking effects and also a reduc-

tion in the drying rate [14]. Simultaneous air and

microwave drying of potato slices can overcome this

disadvantage but this type of potato-processing

equipment needs further industrial development to

make it cost-effective.

Microwave finish drying of potato chips has

found practical industrial application [14]. A 25-kW

oven can process about 320 kg/h of chips. The quality

of the product (color, texture, etc.) is reported to be

good whereas oil absorption was about 5% less com-

pared to conventionally processed chips. Similar

quality advantages have been reported in other stud-

ies [15,16]. This suggests that application of micro-

wave energy to finish drying process of potato chips

seems to have potential for use.

Far infrared (FIR) drying also has several advan-

tages over conventional drying [17]. Afzal and Abe

[18] studied FIR drying of potato slabs with radiation

intensity varying from 0.125 to 0.500 W/cm2. They

observed that drying rates increased with increasing

thickness of potato slab due to a lower activation

energy for moisture desorption. Later they demon-

strated that FIR drying of potato is a falling rate

process and drying rates were dependent on the radi-

ation intensity level [19].
27.5 QUALITY OF DRIED PRODUCTS

Potato is sensitive to heat and mechanical stress; thus

thermal degradation of potato products leads to losses

in quality (color, structure, shape, etc.) as well as nu-

trient content (nutrient value, vitamins, protein dam-

age, etc.). The quality of dried potatoes is not only

affected by drying methods and conditions but also

by preprocessing steps such as peeling, blanching, etc.

The losses in quality of dried potato products can be

minimized by both pretreatment (adding some chem-

icals) before drying as well as optimizing the drying

conditions. Most of the information related to quality

of dried potato available in the literature is based on

the experiments carried out at the laboratory scale.

27.5.1 OPTICAL PROPERTY

Color (as an optical property) is a very important

quality attribute of dried potato products and is
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subjected to appreciable changes during drying. One

of the most serious color problems is darkening that

occurs in potatoes during the production of dehy-

drated potato products. Enzymatic oxidation and

nonenzymatic (Maillard or browning) reaction are

most frequent causes for discoloration. The manifest-

ations in dehydrated potato dice are reddish-brown

discolored pieces in the dry state and dark discolored

soggy brown centers in the reconstituted state. It is a

limiting factor in determining maximum piece size

and drying rate. It has been shown that the rate

of color change increases as temperature increases

and air humidity decreases during conventional and

vacuum drying [20]. Most industries involved in the

manufacturing of dehydrated potato products use

sodium bisulfite as a source of sulfur dioxide to pre-

vent nonenzymatic browning in dehydrated potatoes.

Addition of sodium acid pyrophosphate (at a level of

0.1% based on potato solid) before drying prevents

discoloration in potato flakes.

The use of time-varying air temperature profiles

(sinusoidal and square wave) during drying of potato

pieces in a two-stage heat pump has shown to reduce

color change. Choy and coworkers [13] observed that

the overall color change in potato was minimum

when subjected to a higher varying dry temperature

(square waveform 358C, amplitude 58C, peak to val-

ley 108C, cycle time 60 min, drying time about 300

min). Other drying conditions were relative humidity

18.9%, absolute humidity 0.0087 kg/kg dry air, and

air velocity 2.4 m/s. The percentage reduction in over-

all color change for potato was 87%. The study sug-

gested that time-varying temperature drying in a heat

pump dryer process has potential for drying potato

products. Krokida et al. [21] studied the effect of

microwave drying on some quality properties of de-

hydrated potato. The study showed that microwave

and microwave–vacuum drying of potato resulted in

reduced color change compared to air-drying. The

color change of potato during drying can be minimized

by various types of pretreatments. Sulfite treatment,

blanching, osmotic and microwave pretreatments

have shown to reduce the color change significantly

during convectional drying of potato [22].

27.5.2 PHYSICAL PROPERTIES

Drying methods and conditions, sample size, and

shape have been shown to influence various physical

characteristics including structure, density, porosity,

shrinkage, and rehydration of dried potato products.

These are important properties characterizing the tex-

ture and the quality of the dried potato product.

Light microscopic studies of potato slabs (4.5 �
2.0 � 1.0 cm) during air-drying have revealed that



TABLE 27.12
Changes in Chemical Composition of Potato (Russet
burbank) after Processing

Constituentsa Potato Products

Raw Granuleb Flakeb

Total solids (g) 20.8 14.2 (68) 16.9 (81)

Starch (g) 15.0 11.8 (79) 15.2 (101)

Total sugar (mg) 350 170 (49) 169 (48)

Reducing sugars (mg) 108 54.0 (50) 42 (37)

Total nitrogen (mg) 295 180.8 (61) 203 (69)

Protein (N�6.25) (g) 1.84 1.13 (61) 1.26 (3.5)

Free amino acid (mg) 12.5 7.1 (57) 6.8 (54)

Ascorbic acid (mg) 10.3 3.2 (31) 2.94 (29)

Riboflavin (mg) 0.014 0.006 (43) 0.003 (21)

Niacin (mg) 1.44 0.59 (41) 0.57 (40)

Thiamine (mg) 0.080 0.004 (5) 0.018 (23)

Magnesium (mg) 21.8 11.6 (53) 11.2 (51)

Calcium (mg) 9.4 7.1 (76) 5.4 (57)

Potassium (mg) 443 216 (49) 166 (37)

Sodium (mg) 16.9 17.8 (107) 28.4 (71)

Copper (mg) 0.11 0.03 (43) 0.04 (57)

Manganese (mg) 0.15 0.06 (40) 0.06 (40)

Zinc (mg) 0.19 0.14 (79) 0.15 (79)

Iron (mg) 0.37 0.22 (59) 0.30 (81)

a100 g serving of each product.
bValues in parentheses are the percentage of the constituents in raw

potato.

Source: From Lisinska, G., in: Potato Science and Technology,

Lisinska, G., Leszczynski, W., Eds., Elsevier Science Publishing

Co., Inc, New York, 1989, pp. 234–280.
shrinkage occurs first at the surface and then grad-

ually moves to the bottom with increase in drying

time. The cell walls become elongated. The degree of

shrinkage at a low drying temperature (408C) was

greater than at high temperature (708C). The surface

structure of potato slab is damaged in 1 h drying,

whereas the inner structure is apparently intact. As

drying proceeds, cracks are formed in the inner struc-

ture. When the interior structure finally dries and

shrinks, the internal stresses pull the tissue apart. The

dry material then contains numerous holes. Shrinkage

affects the density and porosity of dried potato. The

density at a given moisture content decreases with

increasing drying temperature [23].

McMinn and Magee [24] studied the air tunnel

drying (temperature 30 to 608C, velocity 1.5 m/s) of

potato. The results of their study indicated that in-

ternal porosity of potato cylinders first decreased with

drying time then it increased up to 10% at the end of

drying. The volume shrinkage exhibited a linear cor-

relation with respect to moisture content. The rate of

shrinkage during low-temperature drying was greater

than at high temperature and coefficient of rehydra-

tion increased to about 4% with increasing drying

temperature from 30 to 608C.

27.5.3 NUTRITIONAL PROPERTIES

Dehydrated potato products contain the same chem-

ical constituents as fresh potatoes, though their

amounts vary. The amount of dextrins in the dehy-

drated products is larger than in fresh potatoes. The

amount of sugars is less in dehydrated products than

that in the dry matter of fresh potato. The level of

cellulose decreases in the dehydrated products, by

100% on average, as compared to its content in the

dry matter of fresh potato. The total number of pectic

constituents changes slightly during processing.

A small amount of fat in fresh potato disappears

completely from dehydrated products. The protein

content in dehydrated products decreases as com-

pared to the dry matter content of fresh potato

tubers. The ash content in the dehydrated products

is also lower than that in raw potato. The vitamin

content in dehydrated potato products is very low in

comparison with fresh potato (Table 27.12).
27.6 SWEET POTATO AND OTHER ROOTS

Sweet potato is an important crop in many parts of

the world and is cultivated in more than 100 coun-

tries. As a world crop with 119 million tonnes pro-

duction per year, it ranks seventh from the viewpoint

of total production. It is fifth on the list of the devel-

oping countries as the most valuable food crops and
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in monetary terms, it ranks 13th globally in the pro-

duction value of agricultural commodities. Like other

roots and tubers, the sweet potato has a high moisture

content of about 70%. The dry matter in sweet potato

consists of average 70% starch, 10% total sugars, 5%

total protein, l% lipid, 3% ash, 10% total fiber and rest

1% vitamins, organic acids, and other components.

Sweet potatoes are not only a moderately good en-

ergy source, but also contain significant quantities of

water-soluble vitamins ascorbic acid and thiamin, be-

sides supplying part of the daily requirement for ribo-

flavin and niacin. They also contain relatively higher

amounts of pyridoxine, folic acid, and pantothenic

acid [25].

27.6.1 DRYING OF SWEET POTATO

In traditional practice, the roots, which may or may

not be peeled, are sometimes cooked but more often

directly cut into pieces and spread out in the sun

to dry. The dried chips or slices may be only an



intermediate stage in the final production of other

products such as flour, snacks, starch, or alcohol. In

some cases, fresh sweet potatoes are soaked in 8–10%

salt solution for an hour before cutting and drying.

This practice is reported to inhibit microbial growth

during drying [26]. On a laboratory or commercial

scale, sweet potatoes are often treated with a solution

of sodium metabisulfite to inhibit enzymic browning,

discoloring finished product.

27.6.1.1 Sun and Solar Drying

In many countries including China and India, thou-

sands of tonnes of sweet potatoes are dried every year

in the form of chips or slivers by traditional sundry-

ing. The major part of this dried product is then sent

on to starch or alcohol factories for further process-

ing. Sundrying has various drawbacks including poor

control of energy input and product quality, as well as

frequent contamination by microorganisms, dust, and

insects. Methodology for the improvement of trad-

itional sundrying to produce a higher quality product

has been developed. Solar dryers with temperature

control, airflow regulation, and other technical innov-

ations have been designed to minimize the effects of

climatic changes, increase sundrying efficiency, and

improve product quality. A solar dryer, developed

by the International Potato Center, Lima, Peru, can

reduce the moisture content of cooked and shredded

sweet potatoes by about 45% in 18 h. Reorientation

to direct sunlight the following day dries the product

to about 10% moisture. A similar type of solar dryer

has been developed by the University of Hawaii,

Manoa, which can function directly with sunlight,

indirectly with solar-heated air, or in a combined

direct and indirect mode. The unit can also make

use of biogas during temporary unfavorable climatic

conditions. May and Chi [27] suggested partial drying

of sweet potato slices by immersion in a recirculating

concentrated sugar solution of 60–65% for several

hours before they are solar-dried.

27.6.1.2 Conventional Drying

Natural convectional dryer has been used in Philip-

pines to produce dried sweet potato. These dryers

utilize heat from burning the wastes. About 50 kg of

sweet potato chips of high quality are dried for 7–8 h.

Another form in which sweet potato is dried and

eaten as a dessert or snack is as an edible leather

also known as fruit roll or crush. In this preparation,

the flesh of sweet potato is cooked, mashed, and

sieved, mixed with 0.5% (w/w) carboxymethyl cellu-

lose (a binder), 200 ppm sodium bisulfite, and 7%

(w/w) sugar and formed into a sheet 1-mm thick,
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which is oven-dried at 55 to 758C and 10–17% mois-

ture level. Samples dried at 758C were chewier than

those dried at lower temperatures. Samples were

crisper and crunchier when dried at 55 or 658C.

A laboratory-scale high-temperature short-time

(HTST) pneumatic dryer has been fabricated in

India for the pretreatment before conventional drying

of sweet potato cubes [28]. Dried cubes produced by

this technique were of high quality in terms of poros-

ity, texture, and rehydration characteristics. Peeled,

cubed, and blanched sweet potatoes were subjected to

HTST pneumatic drying followed by conventional

cabinet drying to 5% moisture.

27.6.1.3 Industrial Drying

The production of high-quality flakes and other dried

sweet potato products may entail many unit oper-

ations at preprocessing and drying stages. Preheating

at preprocessing stage reduces enzyme discoloration

(polyphenolic oxidation) and peeling time. Steam

peeling is often used for removal of the skin. Peeling

with lye involves a 5–6 min exposure to 20% lye

solution for cured roots, and 3–6 min exposure to a

10% solution for freshly harvested roots, at 1048C
[29]. Peeling with superheated steam followed by

flash cooling by direct injection of cold water into

the peeler chamber increases the yields of peeled

sweet potato.

Flakes: After preprocessing, the roots are steamed,

crushed, and fed directly to a single-drum dryer heated

to 1208C. The dry film is then broken up into flakes. In

the United States, the preprocessed roots are pureed in

a pulper and screened through 0.8 mm mesh to remove

fibrous material. The puree is heated to 74–858C using

steam injection to gelatinize the starch and activate

amylolytic enzymes. This processing step results in a

consistently textured final product. Flash heating sub-

sequently inactivates the enzymes and completes the

cooking. The puree is then dried to 2–3% moisture on

steam-heated drum. Sodium acid pyrophosphate or

citric acid may be added to the puree before drying to

control nonenzymic browning to reduce discoloration

tendency of the reconstituted flakes.

Granules: In Japan, sweet potato granules are pro-

duced by the add-back process similar to that of

potato granules. In this process, roots are peeled,

steamed, crushed (moisture content 68%), dry gran-

ules added back (moisture content reduced to 35–

45%), conditioned, granulated, and flash-dried. The

granules can be used in croquettes or snack foods [25].

Diced, slices, or strips: The sweet potatoes are cut

into the requisite shapes and sizes. The cut pieces are

then blanched and dried into cabinet or tunnel dryers

at 40–708C with co- or countercurrent air circulation.



Chips: For the manufacture of chips, sweet pota-

toes are peeled, boiled, or steamed for 30 min, mashed,

mixed with pea or cornstarch, salt, and monosodium

glutamate; mixture is pressed into paste and trans-

formed into rectangular shape. The strips are boiled

or steamed to gelatinize the starch, cooled, and cut into

slices of 1–2 mm thick. The slices are then dried and

packed as semifinished product. The semifinished

dried chips are fried before consumption.

Starch: Sweet potato has the advantage of remain-

ing as a high starch-producing crop with 30 and 49%

greater starch yield than rice, corn, or wheat, respect-

ively, under the same conditions. In China, at the

former level process, sweet potatoes are cut up by

hand, crushed by machine, and sieved to remove waster

such as peel and fiber. The starch is left to settle in a tank

and then removed. Water is added to the starch, which

is once more sieved and settled. Wet starch is trans-

ferred to jute bags and allowed to drip-dry for 1 d,

and air-dried outside at ambient temperatures [25].

27.6.1.4 Quality Changes

Sweet potato contains highly unsaturated lipids,

which are susceptible to oxidation. Sweet potato

flakes stored in air leads to strong hay-like off-odor,

loss of color, and undesirable decline in nutritional

value. The highly unsaturated nature of beta-carotene

and other carotenoids leads to their rapid oxidation

and consequent partial loss in flakes unless they are

stored in a reduced oxygen environment. The long

storage of dried sweet potato products will require

packaging in material, which excludes oxygen as well

as moisture. Darkening of uncooked slices and exces-

sive browning during frying results in discoloration in

the chips made from some cultivar. Blanching, in boil-

ing water or steam or in a solution of sodium acid

pyrophosphate, or dipping in sulfite solution helps to

prevent chip discoloration.

27.6.2 DRYING OF MUSHROOMS

Among the cultivated mushrooms, shiitake mush-

room (Lentinus edodes) is mainly dried and consumed

mostly by Orientals. The common mushroom (Agar-

icus) is mainly canned and consumed by Western

people. In Japan, consumption of dried shiitake is

always 20% higher than that of fresh shiitake. The

Japanese consumption of shiitake per capita is about

the same as that of Agaricus in European or North

American countries [30].

Sun and conventional drying: Some mushrooms

(Boletus luteus in Chile) are predried in Sun to about

15–20% moisture, held for a short time in temporary

warehouses, and then taken to a central drying plant.
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The mushrooms are then fumigated, cleaned, and

sorted to remove dirt and foreign materials. The mush-

rooms are sliced, spread on tray, and tunnel dried. The

drying starts at low air temperature of 498C, which is

gradually increased to a final drying temperature of

718C and moisture is reduced to 10% [30].

White jelly fungus (Tremella fusiformis) grown in

China are dried and consumed as a drug or precious

food. Drying is usually done only by sun or by hot

air. The hot air-drying process takes up to 8 h and the

temperature is first held at 508C, then gradually de-

creased until it reaches 408C. Control of temperature

and a strong airflow are very important for the qual-

ity of dried product. The dried white jelly mushrooms

weigh only about 6–8% as much as fresh ones.

Industrial drying: Commercial drying of mush-

room involves soaking of mushroom in 0.05–0.1%

NaHSO3 for 5–10 min before cutting into slices to

retard discoloration. Unblanched mushroom slices

dried at 40–508C result in light-colored products.

Drying temperature above this could cause browning

of the product. Light-colored dried mushroom can

also be obtained by drying at 40–458C at the begin-

ning and then raising the temperature gradually to

about 60–708C for 10 to 12 h. The most suitable

moisture content of mushroom for storage at room

temperature is in the range 6–8%. Freshly harvested

shiitake are dried in cabinet dryers to maintain good

flavor and the luster of the cap. The mushrooms are

dehydrated starting at 308C and the temperature is

then increased to 28C/h until a temperature of about

508C is reached (usually in 12–13 h). Finally they are

heated to 608C and held for 1 h to enhance the flavor

and bring out the luster of the cap [30].

Combined microwave and hot air drying experi-

ments have shown to greatly improve the structure

and bulk volume of dried mushrooms. However, the

geometry and dielectric properties of mushrooms are

such that potential for overheating of the center ham-

pers the application of this technology [31]. This was

overcome by osmotic pretreatment with sodium chlor-

ide solution and subsequently dried by application of

combined microwave and hot air drying. The results

showed that the mushrooms were heated more homo-

geneously. The rehydration properties and porosity of

dried mushrooms were also improved.

Quality and nutritional values: Mushrooms con-

tain large amounts of flavor and aroma producing

5’-ribonucleotides. Common mushroom (Agaricus)

contains about 50 mol and fresh shiitake mushroom

from 182 to 235 mol of 5’-nucleotides per 100 g fresh

weight as compared to vegetables, which contain 1 to

10 mol of these compounds per 100 g fresh weight.

The process of drying not only increases the shelf life

of mushrooms but also enhances the flavor with a



unique taste. Guanylic acid has been identified as the

main constituent of the good taste of shiitake extract.

The increase of guanylic acid content is due to the

decomposition of ribonucleic acids by ribonuclease

during cooking at 60 to 708C. Lenthionine (C2H4S5)

has been identified in the aroma of shiitake mush-

rooms [30]. Studies have shown that the drying tem-

perature and time affected the retention of lenthionine

[32]. They proposed two-stage mechanism of forma-

tion and destruction of lenthionine during drying.

The first stage was formation of lenthionine and

other substances simultaneously; then lenthionine

was changed to other derivatives. At the second

stage, the mechanism that produced other substances

was terminated but the mechanisms that produced

lenthionine and the one that changed lenthionine to

other derivatives were continued. It was found that

the optimal condition was maintained at 708C and 9 h

and it retained the maximum amount of lenthionine

whereas the moisture content of dried mushrooms

was 13% (db). The Chinese believe that shiitake is

effective in the preservation of cerebral hemorrhage.

The Japanese researchers found that shiitake has abil-

ity to remove serum cholesterol and it has antitumor

activities [30].

Loch-Bonazzi et al. [33] evaluated the quality of

mushrooms dried by various processes such as hot

air, vacuum, freeze-drying in an adsorbent fluidized

bed and vacuum freeze-drying. Results of their study

indicated that vacuum freeze-dried products were of

superior quality in terms of density, rehydration cap-

acity, and color. They also reported that most flavor

compounds disappear during preparation and freez-

ing steps. Microwave–vacuum drying of mushroom

has been explored by Pappas et al. [34]. Their experi-

mental results indicated that microwave–vacuum dry-

ing exhibits superior drying performance as well as

improved rehydration characteristics.

27.6.3 DRYING OF PEANUTS

Moisture content is the most critical factor in harvest-

ing, drying, storing, and marketing of peanuts. Pea-

nuts are normally between 35 and 50% moisture

content at digging. Molds that produce aflatoxin

grow best in peanuts between 12 and 35% moisture

content and between 26 and 388C. Peanuts are artifi-

cially dried to a moisture content to reach a safe

storage level of 7–8%. For marketing, the desired

moisture content of shelled peanuts is about 7.5%.

Some producers field-dry peanuts to 9% moisture to

avoid mechanical drying. This practice is unprofitable

because of the higher losses associated with dry vines,

stems, and pods. In Oklahoma, farmers have used

solar dryers (3 m wide, 1.8 m deep, 7.8 m long) for
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peanut drying. The dryers constructed with wire mesh

sides and bottoms (0.9 m from ground) allowed the

air to circulate through entire load. The drying time

was 2–3 days for a batch of about 500 kg of freshly

harvested peanuts [35].

Mechanical drying of preanuts is usually carried

out in bin dryers. Peanuts are spread evenly over the

drying bin. The optimal drying air temperature for

peanuts is 358C. The relative humidity of drying air

should not be less than 55%. Higher capacity fan is

employed to ensure an airflow rate of approximately

900 m3 air/h/m2 drying area. Increasing temperature

to 438C increases the shelling operation. In case pea-

nuts are harvested above 35% moisture content, the

height of peanuts bed is kept around 0.6 m. The

moisture content of peanuts is frequently checked

during drying as peanuts approach the 12% moisture

level. This can be done by electronic moisture meters.

The heat is cut off when the peanuts reach 10–10.5%

moisture but fan is operated continuously until pea-

nuts are cooled, since drying will continue until an

equilibrium is reached between the kernel and shells.

No portion of batch should dry less than 7% and

more than 10% [35].

Quality considerations: In order to produce good

quality peanuts, the moisture removal rate is main-

tained at 0.5% per hour. Peanuts dried too rapidly or

stored at low moisture content will have a high per-

centage of split and bald kernels when shelled whereas

peanuts dried too slowly or stored at high moisture

content are more subjected to mold growth and afla-

toxin production. High-temperature drying is the

major cause of bad flavors in peanuts [35].

27.6.4 DRYING OF GINSENG

Ginseng is a herbaceous perennial plant in the Aralia-

ceae family, which has been used for thousands of

years to cure or prevent a large number of ailments.

One of its most recognized roles is as an adaptogen, a

herb that strengthens body’s defences against stress.

Ginseng is native to China, Korea, Russia, and some

areas of North America. It contains vitamins A, B-6,

and the mineral zinc, which is claimed to help in the

production of thymic hormones necessary for proper

functioning of the defence system. The primary active

ingredients of ginseng are more than 25 saponin glyco-

sides called ‘‘ginsenosides.’’ It is noteworthy that the

American ginseng is different from the Asian variety in

both physical and chemical characteristics.

The principal measures of quality of ginseng root

are the contents of ginsenosides and polysaccharides,

which are a mixture of complex sugars. The quality of

the root depends on the production practices followed

by the growers as well as postharvest processing,



e.g., drying of the root [36]. Root age as well as size

and shape are said to affect the ginsenoside content.

The quality is said to be best at the root age of 6–7

years for Korean ginseng. There are also some var-

ieties of the Korean ginseng, e.g., white and red gin-

seng. According to Chang et al. [37], red ginseng is

among one of the most expensive agricultural prod-

ucts, fetching some US$3000 for a 600 g package of

ten red ginseng roots for the premium heaven grade

to just under US$400 for the low end ‘‘good’’ grade in

Korea (figures for 2000).

Raw ginseng upon harvesting must be processed

and dried in a short time to prevent spoilage. The

postharvest-processing steps include cleaning, trim-

ming of small lateral roots, washing, peeling (op-

tional), drying, grading, and packaging. The market

value depends on color, size, maturity, and shape.

It is important to dry the roots carefully to obtain

high-value-added ginseng.

The initial moisture content of ginseng is about

70–80% wet basis. The optimal final moisture content

for storage is about 12–13% wet basis [37]. Diametral

shrinkage of about 20–30% has been reported as a

result of drying. Typically the roots are dried in con-

vectional dryers using air temperatures of 32 to 388C.

Park et al. [38] proposed a new combined infrared

(IR) and convectional dryer for ginseng roots and

found that the presence of infrared affected the

color of the root but did not affect the final quality

of the product in terms of its chemical content.

Freeze-dried root gives the highest quality but it is a

slow and expensive process. The ginsenoside content

may be reduced by over 25% by drying the root using

448C air instead of 388C. Internal color also darkens

with increase in drying air temperature. As all the

moisture is internal and hence in the falling drying

rate period it is not necessary to use high airflow rates

in the dryer. It is important to expose all drying

surfaces uniformly to the drying medium to avoid

over- or underdrying of the roots in the batch.

27.7 SUMMARY

An overview is provided for commercial drying prac-

tices used in the manufacturing of various potato-based

products. Drying practices for other roots such as sweet

potato, mushroom, peanuts, ginseng, and tobacco have

also been mentioned briefly. In general, the technology

related to convectional drying is well established

whereas other methods are still under investigation.

Microwave drying is used mostly as finish drying oper-

ation. Osmotic drying may find its place as a pretrea-

ment method for reducing drying load on conventional

dryers and for improving color of final product.
� 2006 by Taylor & Francis Group, LLC.
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28.1 INTRODUCTION

Water as a main constituent of most foods affects

food stability, microbial as well as chemical, and is

responsible for the consumer perception of many

organoleptic attributes, i.e., juiciness, elasticity,

tenderness, and texture. It is generally accepted that

it is not the quantity of water in food but its thermo-

dynamic state that is responsible for its influence on

food stability and texture. The thermodynamic state

of water in food is expressed by its activity, which is 0

for absolutely dry material and 1 for pure water. The

lower the water activity the more stable is the food,

and the texture changes from juicy and elastic to

brittle and crunchy.

The lowering of water activity can be achieved in

two ways, either by addition of humectants or by

removal of solvent (i.e., water). The first way is mostly
, LLC.
unacceptable by consumers as it needs large amounts

of sodium chloride, sugars, or polyols to be added to

food. Moreover, this way is limited by nutritional

and toxicological restraints. The other way is energy

intensive, hence the final product is expensive.

The use of osmosis allows both ways of decreasing

water activity in food to be applied simultaneously.

The permeability of plant tissue is low to sugars and

high molecular weight compounds; hence, the mater-

ial is impregnated with the osmoactive substance in

the surface layers only. Water, on the other hand, is

removed by osmosis and the cell sap is concentrated

without a phase transition of the solvent. This makes

the process favorable from the energetic point of

view. The flux of water is much larger than the coun-

tercurrent flux of osmoactive substance. For this

reason the process is called osmotic dehydration or

osmotic dewatering.



10 20 30 40 50 60 70
Concentration, %

5

10

15

20

25

NaCI Glycerol Saccharose

Milk

O
sm

ot
ic

 p
re

ss
ur

e,
 M

P
a

FIGURE 28.1 Relationship between concentration and
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The food pro duced by this method has many

advantag eou s feat ures:

. It is ready to eat and rehydrat ion is not need ed.

. The amount of osmoact ive substa nce penetra t-

ing the tissue can be adjust ed to indivi dual re-

quirem ents.
. The chemical co mposition of the food can be

regula ted acco rding to needs.
. The mass of the raw mate rial is reduce d, usually

by half.

The os motic deh ydration does not reduce wat er ac-

tivity suffici ently to hinder the proliferation of micr o-

organis ms. The process extends , to some degree, the

shelf life of the mate rial, but it does not preser ve it.

Hence, the app lication of othe r preser vation methods ,

such as freez ing, pa steurizat ion, or drying is necessa ry.

Howev er, pro cessing of os motically dehydrat ed semi -

produc ts is much less ex pensive an d preserves most of

the charact eristics acqu ired dur ing the osmosi s.

28.2 THE NATURE OF OSMOTIC
DEWATERING

28.2.1 OSMOTIC PRESSUR E

The therm odynami c stat e of wat er in solut ion is char-

acterized by wat er intera ctions with solut e. Becau se

each molec ule has its internal e nergy an d inter action s

also need energy e ach substa nce of the solut ion is in

the defi ned en ergetic stat e. This state referred to one

mole of the substa nce is called the chemi cal poten tial.

Chem ical potenti al is a function of concentra tion,

tempe rature, and pressur e. Un der isot hermal co ndi-

tions it is solely determ ined by conce ntration and

pressur e. The increa se of solut e concentra tion de -

crease s the ch emical poten tial of a solvent , which

can also be express ed by its a ctivity acco rding to the

followi ng relat ionshi p:

mw ¼ mow þ RT ln aw (28 : 1)

where mw —chemi cal potenti al of water

mow —chemic al potenti al in a standar d stat e

R—gas constant

T—absol ute temperatur e

aw—wa ter acti vity coeffici ent

The inter actio n of two systems in different ene rgy

states is manif ested by the energy excha nge. Thi s

exchange proceed s until the equilibrium state is

achieved, which is the state in which chemical potentials

of tw o systems are the same.

The equilibrium state, under isothermal conditio n,

can be achieve d by the change of eithe r co ncentra tion
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or pressure. Excess pressure needed to reach the state of

equilibrium between pure solvent and a solution is

called osmotic pressure and is expressed by the formula:

P ¼ �RT

V
ln aw (28 : 2)

where V is molar volume of wat er.

As water is the solvent in food s, the above equ a-

tion can be sim plified to

P ¼ �4: 6063 � 10 5T ln aw (28 : 3)

Osm otic pressur e is related to molar mass of the

solute; the smaller the mass , the high er will be the

pressur e at the same concen tration. Electr olytes show

higher osmot ic pressur e than nonelect rolytes because

each ion affects the chemi cal poten tial of a solvent.

Rel ationsh ip betw een co ncentra tion and osmot ic

pressur e is shown in Figure 28.1. Osmoti c pr essure

has an inhibi tory effe ct on microo rganisms. Mo st

bacter ia, yeasts, an d mo ulds do not proli ferate a t

P > 12.7 MPa , P > 17.3 M Pa, and P > 30.1 M PA,

respectivel y. Hence, the shelf life of foods can be

regula ted by the osmot ic pressur e of the solut ion in

the material.

Difference in osmotic pressure of two systems is a

motive power for mass transfer, if the systems are

separated by a semipermeable membrane, i.e., the

membrane is permeable to solvent and impermeable

to solute molecules. This phenomenon is utilized in

osmotic dewatering of fruits and vegetables.
28.2.2 THE STRUCTURE OF PLANT TISSUE

A plant cell can be simply pictured as a unit consisting

of two main components: the cell wall and the proto-

plast (Figur e 28.2) . The cell wall is permea ble to wat er

and low molecular weight compounds and is not a
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barrier in solute transport from and to the cell. The cell

wall is perforated and the channels are filled with thin

strands of protoplasm, assuring the contact between

protoplasts of neighboring cells. These strands of

protoplasm are called plasmodesmata. The diameter

of the strands is 20–70 nm and the average contact

area can be estimated as 0.2 m2/m2 of the cell wall [1].

The protoplast is composed of protoplasm enclosed

in a membrane called plasmalemma, vacuoles, and

other structural elements such as the nucleus, plastids,

and so on. The plasmalemma is a protein–lipid layer

that regulates the contact between the protoplast

and the environment. It is 7.5–10 nm thick [2], per-

meable to water, and selectively permeable to other

substances. Protoplasm is a colloidal solution of pro-

teins and lipoproteins in water. The vacuole is sus-

pended in protoplasm and is enclosed in a membrane

called the tonoplast. It contains a solution of minerals,

sugars, and other organic compounds in water.

Most cells have dimensions between 10 and 100

mm. Depending on their function they are loosely or

closely packed in a tissue. Cells are highly specialized.

A group of cells that is designated to play a special

role in a plant is called tissue.

In general, three types of tissues are recognized.

Epidermal tissue forms the outermost layer of cells

that are thick walled and covered, in many cases, with

cuticle containing a waxy substance known as cutin.

Parenchymatous tissue forms the essential part of

organs and serves to produce and store nutritional

substances. The cells are predominantly large, thin

walled, and highly vacuolated. Usually, parenchyma

cells are loosely arranged in the tissue and intercellu-

lar spaces are formed. The volume of intercellular

spaces depends on the kind of plant and its part.

Leaves have large intercellular spaces whereas roots

are little porous. For example, intercellular spaces in
� 2006 by Taylor & Francis Group, LLC.
potato tuber occupy about 1% of total volume,

whereas in apple fruit this volume is as large as 20%.

Intercellular spaces form a continuous system of

channels that is filled with air.

A particular type of tissue is the vascular one. It

contains xylem and phloem, which form bundles.

Xylem is present in elongated cells with perforated

end walls that no longer contain viable protoplasm.

Xylem, in other words, forms open dead vessels that

provide a way of transportation for minerals and

water from roots to other parts of a plant. Phloem is

present in elongated viable cells that have sieve end

plates. Phloem translocates a solution of sugars,

amino acids, and other nutritious substances.

A solution in a vacuole has an osmotic pressure

that pushes protoplasm and plasmalemma toward the

cell wall. The protoplast is tightly pressed to the cell

wall and the cell is in a turgor state. The difference

between the osmotic pressure in the cell and in its

surroundings is called the turgor pressure.
28.2.3 MASS TRANSFER IN OSMOTIC PROCESS

If the cell and the surroundings have the same os-

motic pressure then turgor pressure is zero and the

system is in thermodynamic equilibrium. Osmotic

pressure of the surroundings lower than that of the

cell causes transfer of water into the cell. The cell

swells, but the rigid cell wall limits the extent of

swelling. A cell placed in a hypertonic solution

(osmotic pressure higher than that of the cell) will

lose water. The dehydration of a protoplast causes

decrease of its volume and, in consequence, detach-

ment of plasmalemma from the cell wall. This process

is called plasmolysis (Figure 28.3). As the cell wall is

permeable the volume between the cell wall and

plasmalemma fills with the hypertonic solution.

Osmotic dehydration occurs on a piece of material

and not on a single cell. Hence, it should be assumed

that the piece exists in all kinds of plant tissue. As a

rule, a skin is removed from the raw material; there-

fore, epidermal cells and cuticle are absent in most

cases. A piece of fruit or vegetable thus will contain

parenchymatous and vascular tissue and intercellular

spaces, as well.



Fr om the process point of view, a plant material

can be co nsider ed as a cap illary-p orous body that is

divide d inter nally in num erous repeat ing units . Some

capillari es an d por es are filled wi th a solution ,

wherea s others are empty (i.e., contai n air). M ost

capillari es an d pores are ope n. Repeat ing units can

exchange water betwe en ea ch oth er.

The inter nal structure of a body is not a hom oge-

neous one as far as trans port of water is co nsider ed.

Cell walls are built from microfi brils, and intermi-

crofibri llar spaces are some 10 nm in cross section

[3]. These spaces are large enough to allow water,

ions, an d small molec ules to pass through them. As

cell wal ls are interconn ected in the tissue, a c ontinu-

ous matr ix c apable of transp orting wat er and smal l

molec ules is formed. Thi s continuum is call ed the

apoplast . In a major ity of cell s, protopl asm of neigh-

boring cell s is intercon nected through plasm odesmata

and another continuou s ne twork is form ed. The sys-

tem of protopl asts and connec ting plasmo desmata

is wi dely known as sympl ast. Becau se plasmod es-

mata permi t the passage of solut es [1], they un-

doubted ly permi t the pa ssage of water also. The

apoplast an d sympl ast as networks capable of trans -

portin g water are separat ed from each other by plas-

malemma. Eac h vacu ole is enclosed in tonoplas t and

they are not inter connected. Hen ce, vacuoles form a

discont inuity in the syst em.

Two ways of wat er trans port in a plant have been

recogni zed: apoplasm ic and symplasmi c (F igure

28.4). It is general ly agreed that the cell walls prov ide

the major pa thway of water movem ent in plant ma-

terial. The rati o of volume flows in the apoplasm ic

and sympl asmic (vacuo le-to-va cuole) pa thways is of

the order of 50:1 in leaf tissue [1]. For the root cortex ,

the rati o is lower.
π1 π1 > π2 π2 Cell wall

Plasmalemma

Tonoplast

FIGURE 28.4 Apoplasmic and symplasmic transport

of water.
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The capillary and porous system of the body exists

in vascular tissue and intercellular spaces. Xylem forms

an open conduit of relatively low hydraulic resistance

that is filled with diluted mineral solution. Phloem

exists in cells with a width ranging from 10 to 70 mm

and a length from 100 to 500 mm in dicotyledons [4].

Their turgor is around 2 MPa (beetroot is 1.83 MPa)

with a pressure gradient of 0.02–0.03 MPa/m [5,6]. As

phloem transports substances of very different molecu-

lar weight, shape, charge, and surface activity along

with water, it is presumed that the mechanism is an

osmotically driven solution flow [6].

The intercellular system of channels has the vol-

ume dependent on the kind of tissue. In potatoes, it

occupies 1–3%, whereas in beetroot 25% of volume is

attributed to cell walls and intercellular spaces [7].

There is no doubt that all these structures of the

transport system in the plant tissue will participate in

the process of osmotic dehydration.

Contacting plant tissue with the hypertonic solu-

tion, a sequence of mass transfer processes can be

envisa ged (Figure 28.5) as follows :

. In intercellular spaces a capillary suction will

occur. The channels will fill in with the hyper-

tonic solution and the gas phase will be com-

pressed or pushed out until the equilibrium state

will be achieved.
. Xylem and phloem containing solutions of

lower osmotic pressure than the hypertonic so-

lution will be penetrated by the osmoactive sub-

stance by diffusion. Osmotic pressure flow can

also take place.
. Cell walls in contact with hypertonic solution

will lose water due to diffusion and osmotic

flow. Osmoactive substance will penetrate cell

walls by diffusion.
. Change of osmotic pressure in xylem and

phloem and the dewatering of the cell walls

will initiate the symplasmic movement of water

in the material. The dehydration of the cells will

take place and plasmolysis will be induced.

The sequence presented above also suggests the

kinetics of the osmotic dehydration process. As long

as the mass transfer processes are not strongly depen-

dent on the symplasmic pathway, the water flux will

predominate over the osmoactive substance flux. This

is due to osmotic pressure flow, which will reduce the

countercurrent diffusion of osmoactive substance but

it will not strongly affect the diffusive flux of water as

the self-diffusion of water in a solution is of the same

order of magnitude as that for solute. When plas-

molysis occurs and the hypertonic solution fills in

the volume between cell walls and plasmalemma, the
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process of dewatering will be substituted by the

impregnation of the tissue. The flux of osmoactive

substance will be equal to or will surpass the flux

of water.

The above picture of the mechanism of osmotic

dehydration suggests that the plasmalemma resist-

ance to mass transfer affects the process to only a

small extent. The process will be rather dependent

on the internal resistance to osmotic flow and apo-

plast dewatering and, to some extent, on external

resistance to mass transfer.

28.2.4 MODELING THE OSMOTIC

DEHYDRATION PROCESS

From the previous description of the structure of the

plant material and processes that can be involved in

the mass transfer between plant tissue and the os-

motic solution, it is evident that the modeling of

osmotic dehydration is not simple.

Models have been developed that describe the

behavior of the plant tissue under normal growing

conditions, i.e., when the osmotic pressure in the

tissue is higher than that in the surroundings and

the plant cell is in the turgor state [8–14]. They shed

some light on the possible ways the water and solute

molecules move in a plant tissue during osmotic

dewatering, and that was presented in previous chap-

ter. Moreover, the models were used, in some cases,

to quantify the osmotic dewatering process.

In the last five years a lot of work has been done

on modeling the osmotic dehydration process.

Mostly, the theory of molecular diffusion in the

solid has been used to predict the water loss during
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the process. An unsteady unidirectional diffusion de-

scribed by the second Fick’s equation was used to

quantify the process by the effective diffusivity. The

resulting diffusivity is generally correlated with the

concentration and the temperature of the hypertonic

solution [15–28].

The models based on the second Fick’s equation

do not necessarily simulate the osmotic dehydration

process. In this process countercurrent fluxes of water

and the osmoactive substance occur. Moreover, a flux

of soluble solids from the tissue accompanies a flux of

water (Figure 28.6). Hence, there is a simultaneous

mass transfer and probable interactions between

flows cannot be taken into account. The estimated

effective diffusivities are affected by the countercur-

rent flows and they cannot be used to predict the

contribution of each flux to the process. Moreover,

in these models the resistance at the surface of the



solid is assumed to be negligible, thus the whole re-

sistance to mass transfer is in the solid. Last, the

models do not take into account the possible effect

of the living cell on the mass transfer process.

A pseudo-diffusion approach [29] to model mass

transfer in osmotic dewatering showed that effective

diffusivity was not a unique function of Fourier num-

ber, as it would be expected in pure diffusion. The

developed model had no predictive ability. On the other

hand, experiments done on the frozen apple tissue

showed that mass transfer was only diffusive [30].

Besides all the limits and contradictory results, the

models based on the second Fick’s equation proved to

be quite successful. Hawkes and Flink plotted the

normalized solids content of apple versus the square

root of time and obtained a straight line, the slope of

which was called the mass transfer coefficient [15]. This

approach was used in numerous works [16,31–38].

A model was developed based on the irreversible

process thermodynamics in which the cell membrane

characteristics, the cell volume changes, tissue shrink-

age, internal volumetric rearrangements, and diffu-

sion of nonpermeating and permeating species are

taken into account [39,40]. The set of equations

solved numerically showed the model as satisfactorily

representing the behavior of parenchymatous storage

tissue undergoing osmotic dehydration. Moreover,

the simulations have shown that the cell membrane

represents the major resistance to mass transfer in

such systems. The model needed simultaneous adjust-

ment of four constants to obtain a good fit, hence its

practical usefulness is rather questionable.

Marcotte et al. improved Toupin’s model by giv-

ing a closer thermodynamic description of forces in-

volved in the osmotic dehydration process [41]. The

transmembrane transport is modeled on the basis of

irreversible thermodynamics whereas transport in the

intercellular space is modeled by relations derived

from the second Fick’s equation.

Further development of this model incorporating

diffusion, bulk flow, transmembrane flux, and matrix

shrinkage [42–44] showed that the cell membrane is

the main barrier to mass transfer only for single cells

or thin slices of tissue. When the thickness of the

sample increases, the extracellular space may become

the limiting factor [45].

The models based on the irreversible process

thermodynamics show that the cell membrane (plas-

malemma) represents the major resistance to mass

transfer. This is contradicted by findings of Raoult-

Wack et al. [46–48], who showed that membranes are

not necessary for osmotic dehydration and merely

diffusive properties of the material are responsible

for high water flux with only marginal sugar penetra-

tion. These authors suggest the following mechanism.
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At the beginning of the process the removal of

water concentrates the superficial layer of solute

in the surface of the material. This layer is detri-

mental to further solute incorporation but is favor-

able to water removal as it creates a pronounced

concentration gradient [48–50]. The compartmental

model was developed that provided good fit for

the different situations tested. The solution of the

set of differential equations was done by numerical

methods.

The role of intercellular space and capillary flow

in osmotic dehydration was well documented by Fito

et al. [51–53]. On this basis the nondiffusional mass

transfer model was developed incorporating hydro-

dynamic mechanism (HDM). Studies done by the

same group [19,54] showed that long time of osmotic

process is needed to obtain a fully developed water

and sugar concentration profiles. A model based on

the advancing disturbance front (ADF) was proposed

that allows prediction of sample concentration during

osmotic dehydration.

The above models of osmotic dewatering were

developed taking the processes into account that

take place in plant tissue when the tissue is contacted

with hypertonic solution. Empirical models are also

proposed in the literature.

Mass transport during osmotic dehydration was

described by the first order kinetics in which the

rate constant is a function of main process parameters

[55] or by an empirical equation with two para-

meters, which correspond to the initial rate of mass

transfer and to equilibrium conditions, respectively

[56]. A kinetic model based on the theory of the

decreasing nucleus was also proposed to describe the

osmotic process [57].

Phenomenological or empirical models describing

osmotic dehydration are of limited use. The phenom-

enological models try to explain processes taking

place in plant tissue during osmotic dewatering. Be-

cause of that they are general and do not account for

individual response of the tissue to osmotic stress.

And a response of cells to osmotic stress depends on

the origin and morphology of plant tissue [58]. On the

other hand, empirical models are developed for the

investigated product and treatment conditions, and

they cannot be used to model the process in general.

A lot of work has been done to understand osmotic

dewatering of food products. The research done on

micro- as well as macroscopic scale presents fairly

well processes occurring in plant tissue during os-

motic dewatering. However, the great variability of

plant tissue structure and its response to osmotic

stress makes it difficult to control the main variables

of the process. Hence, current technologies are still

somewhat empirical.



28.3 DESIGN OF OSMOTIC DEHYDRATION

Osmotic dehydration is a versatile process, which

makes it possible to produce a variety of products

based on the same raw material. By a proper choice

of process parameters, a wide range of products can

be obtained starting with highly dehydrated and low

solute infiltrated products and ending with highly

impregnated and little dehydrated products. If hyper-

tonic solution contains other solutes the chemical

composition of the final product can be formulated,

according to the request [59]. Hence, the design of

the osmotic process depends on the expected quality

attributes of the final product.

28.3.1 PREDEHYDRATION TREATMENT

Fruits and vegetables undergoing processing come

from different parts of a plant. They are roots (car-

rots, parsley, beetroots), stems (kohlrabi, potatoes),

shoots (asparagus, onions), leaves (cabbages, spin-

ach), flowers (cauliflower, broccoli), fruits (tomatoes,

cucumbers, pumpkins, apples, pears, plums, green

bean), and seeds (green peas, beans) and must be

appropriately prepared for the osmotic process.

The epidermal tissue has very low permeability for

water and solutes, hence the skin must be removed

before osmotic treatment. In the case of small fruits

such as berries and grapes the skin permeability must

be increased. It can be done by treatment in NaOH

solution containing ethyl oleate. It proved to be

effective for tomato [60] and strawberries [61].

Most of fruits and vegetables are cut into pieces

before they are contacted with hypertonic solution.

Shape and size of the material pronouncedly affect

the rate of the process. Osmosed fruits and vegetables

have different forms that come from the technology

and consumer requirements [62,63]. Plums were de-

hydrated in whole or in halves [64]; apples were

cutinto 12 segments [65,66] or sliced into 3-mm slices

[67] or 3–4 mm thick [15]. Peaches were cut into 6 or 8

segments and pears into 8 segments [65]. Carrots were

cut into cubes of 5 or 10 mm [68,69]. Potatoes were

sliced 5 and 10 mm thick [70], or diced [20]. Papaya

was cut into cubes.

Lenart and Lewicki have shown that the thickness

of the material should not exceed 10 mm [71,72].

Taking into account further processing following os-

motic dehydration and use of the product, they con-

sidered a cube with a side dimension close to 10 mm

as an optimal size and shape for most materials.

Lewicki et al. [73–77] and Lerici et al. [78] dehydrated

apples, carrots, and potatoes as cubes of 8–10 mm on

a side. Flink, as well as Simal et al. [20], likewise used

this shape in most of his studies [79].
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Blanching of fruits and vegetables before osmotic

treatment strongly affects the course of the process.

Blanching of carrots and potatoes reduces water loss

and increases solids gain [73,77,80]. Hence, its effect is

detrimental to osmotic dehydration of these materials.

Steam or microwave blanching of strawberries affected

volatile profile of the product inhibiting formation of

esters of furanones [81]. Steam blanching gave better

results than microwave treatment [82,83]. Blanching of

apple pieces either by high temperature short time

(HTST) or low temperature long time (LTLT) process

resulted in softening of tissue [84] and adversely affected

quality of the dried apricots [85].

It has been reported that immersion of some ma-

terials in CaCl2 solution prior to osmotic dehydration

affects the properties of the product. Texture of apple

was improved [84]. Brining of cashew apple in NaCl

solution before osmotic dehydration resulted in fir-

mer texture of the candied product [86].

Immersion of cut material in ascorbic acid [87] or

citric acid [88] is used to prevent browning of the tissue.

The effect of high pressure on osmotic dewatering

was studied by Rastogi et al. [89,90]. It was shown

that the treatment has a damaging effect on tissue and

results in higher permeability to water and solutes.

The process of osmotic dehydration is facilitated by

high-pressure pretreatment.

High-intensity electric field pulses accelerated os-

motic dehydration of carrot [18]. A Fickian diffusion

coefficient for water and solute increased exponen-

tially with electric field strength. This effect was at-

tributed to increased cell wall permeability, which was

also manifested by the softening of product.

Most of the above-described treatments are aimed at

increasing permeability of plant tissue and facilitating

the osmotic dehydration. Damage to the tissue structure

results in increased permeability to water as well as to

solute. Hence, the pretreatment has no selective effect

and faster water removal is accompanied by greater

infiltration of solute into osmosed material. In many

cases, it is desirable to reduce infiltration of solute into

tissue as much as possible to obtain dehydrated product

with little or no change in its chemical composition.

The influx of osmoactive substance into the tissue

can be hindered by special pretreatment or by artifi-

cial semipermeable membranes. It was shown that

convective drying of apple cubes for time as short as

10 min forms a type of skin on the surface which does

not affect the flux of water but reduces the flux of

sugar during further osmotic dehydration [91]. Artifi-

cial semipermeable membranes are formed from pec-

tins or starch [91–95], alginate or low-methoxyl pectin

[96]. Coatings significantly reduce solute incorpor-

ation into tissue and result in increased weight loss

during osmotic treatment.
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28.3.2 OSMOACTIVE SUBSTANCE

Osmoactive substances used in food must comply

with special requirements. They have to be edible

with accepted taste and flavor, nontoxic, inert to

food components, and if possible, highly osmoactive.

Quality of the final product was the main aim of

most experiments testing the suitability of different

osmoactive substances. Their technological applicabil-

ity is estimated on water loss rate and final water con-

tent in the material. Usually, saturated solutions, or the

solutions at the same concentrations, are compared.

Flink [97] used two criteria to rate different osmoactive

substances: water loss and the amount of the substance

penetrating the material that is osmosed. Lowering of

water activity in the material was also used as an

indicator of suitability of an osmoactive substance [98].

Solutions of sugars are mostly used to dehydrate

fruits; and glycerol, starch syrup, and sodium chlo-

ride are used for vegetables [62,73,91,99]. Sucrose is

the most frequently used substance [17,65,100–104].

The control of pH of sucrose solution is recom-

mended for banana slices osmotic dehydration [105].

It was also shown that control of pH of sucrose

solution affects the course of osmotic dehydration of

apple and carrot [106]. Addition of ascorbic acid to

sugar solution is practiced to minimize browning of

fruit pieces during osmotic process [72]. Sucrose can

be substituted in part by lactose [15].

Glucose and fructose give a similar dehydration

effect [107,108]. In other publications it is reported

that fructose increases the dry matter content by 50%

as compared with sucrose. Water activity of the final

product was also lower with fructose as a hypertonic

solution [109]. In apple, banana, and kiwifruit, glu-

cose caused higher water loss and solids gain than

sucrose [102]. Starch syrup makes it possible to have

similar final water content in dehydrated material as

that obtained with sucrose but at a much lower influx

of osmoactive substance into tissue [87,101,110]. The

dextrose equivalent of the syrup strongly affected the

ratio between water loss and solids gain. Corn syrup

solids [111], cane sugar syrup [112], palm sugar syrup

[113], and hydrolyzed lactose syrup [114] were also

used in osmotic dehydration of fruits and vegetables.

The effect of the kind of osmoactive substance on the

water content of osmosed material is presented in

Figure 28.7 [115].

Mixtures of osmoactive substances are also used.

Maltini et al. [116] used sucrose and starch syrup in

a ratio of 1:1. Lerici et al. [117] dehydrated apples in a

solution containing 42% fructose, 52% sucrose, 3%

maltose, 3% polysaccharides, and 0.5% sodium chlor-

ide in dry matter. Mastrocola et al. [118] used solut-

ions containing sucrose and fructose in varying
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proportions. Water loss was similar for all solutions

tested but the penetration of the osmoactive substance

was different. Peaches dehydrated in solutions of glu-

cose and fructose were especially suitable to pasteur-

ization [119]. Solution of sucrose and glucose yielded

high drying rate of apple slices [17]. Mixture of crys-

talline sucrose and glucose lowered water activity of

guava to 0.77 whereas sucrose alone yielded a water

activity of 0.80 [120]. Mixture of sucrose and sodium

chloride is used to osmose fruits and vegetables [121–

123]. The presence of NaCl facilitates the process.

Mixture of sucrose and citrate was used in osmotic

dehydration of peas [124–126] and papaya [127].

Sodium chloride was used to dehydrate vegetables.

Speck et al. [68] used 10% solutions to dehydrate car-

rots. Lewicki et al. [80] used 15% NaCl to dehydrate

carrots and potatoes. Adambounou et al. [128] dehy-

drated paprika, tomatoes, and eggplant in saturated

salt solutions, getting water activity as low as 0.8.

Vijayanand et al. [129] used 5–25% NaCl solution to

dehydrate cauliflower. Use of sodium and potassium

chlorides made it possible to regulate sodium and

potassium content in dehydrated corn and green peas.

It has been found that the addition of low molecu-

lar weight substances such as sodium chloride, malic

acid, lactic acid, and hydrochloric acid in concentra-

tions of 1–5% to sugars or starch syrups improves the

process of osmotic dehydration. In general, they pro-

mote removal of water from the material. Calcium

chloride and malic acid were added to sucrose to

improve the texture of osmosed apples [130].

28.3.3 PROCESSING PROCEDURES AND PARAMETERS

Osmotic dehydration can be done basically in two

ways: by static or dynamic process. In a static process,
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the material is mixed with an osmoactive substance,

which can be used as crystals or solution, and the

mixture is left motionless until the desired water loss

is achieved. It has been shown that the mass transfer

resistance in this method is higher than that observed

in a dynamic process [131,132].

In a dynamic process, the mixture is mixed; dif-

ferent methods of mixing can be used. Movement of

food particles in a stationary solution, mixing of the

whole suspension, and the flow of the osmoactive

substance through the stationary layer of food pieces

are the commonly used designs of the dynamic pro-

cess. If crystals of the osmoactive substance are

used, the fluidized bed is the solution for the dynamic

process. It has been shown that the rate of motion

has little effect on the rate of osmotic dehydra-

tion [71,133]. It is just sufficient to induce motion of

particles or solution in the system to have increased

mass transfer rates. Moreover, it was shown that the

motion of osmotic solution in a turbulent region

affected water flux but no difference in solids gain

occurred in comparison with laminar flow [134].

Azuara et al. [121] applied centrifugal force to

suspension of potato and apple slices in hypertonic

solution. The force affected solids gain much more

than the water loss. In comparison with static

method, the application of centrifugal force resulted

in larger water flux and smaller solids gain.

Reduction of pressure during osmotic dehydra-

tion increases the rate of the process [115,135]. It

has also been observed that low pressure facilitates

penetration of the osmoactive substance into the tis-

sue [136,137]. Osmotic dehydration under reduced

pressure is done in two ways: reduced pressure is

kept continuously or reduction of pressure is done

in pulses [83,127,137–139]. In general, pulsed vac-

uum osmotic dehydration gives better results than

vacuum osmotic dewatering.

Apple cubes subjected to osmotic process and

treated by ultrasound, dewatered faster than the

nontreated ones [20]. Water and solute transport

rates were significantly higher in sonicated samples in

comparison with those not sonicated during osmosis.

The rate of osmosis increases with increase of

concentration of the osmoactive substance (Figure

28.8) [23,66]. The weight loss of mango and papaya

is linearly dependent on sucrose concentration up to

60% [140]. Similar results were obtained for apple,

carrot, and pumpkin. At higher concentrations, a

lower rate is observed and the impregnation of fruits

with saccharose is high. Ponting [65] used 65–70%

sucrose solutions to dehydrate apples. Pinnavaia

et al. [101] recommend 70% starch syrup for osmode-

hydration of apples. Lenart and Cerkowniak used

glucose, saccharose, and starch syrup solutions to
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dehydrate apples [141]. Rastogi et al. [23] recommend

40–708Bx sugar solution for osmotic dehydration

of bananas. A high rate of dehydration of carrot

and potato was obtained with 15% sodium chloride

solution [142,143].

Crystalline osmoactive substance is used at a

weight ratio of 1:1 to fruits [45,105]. For solutions,

investigations were done at weight ratios of 1:1 to 1:6

[87,144]. Osmotic dehydration of fruits and veget-

ables is recommended to be done at a weight ratio

of 1:4 to 1:5 of food to osmoactive solution [77,145].

Temperature has a substantial effect on the course

of osmotic dehydration. It not only affects the rate of

the process but also influences the chemical compos-

ition and properties of the product. Increased tempera-

ture increases the rate of chemical reactions and mass

transfer processes as well. Viscosity of hypertonic solu-

tion is lowered and the diffusion coefficient of water

increases with the increase of temperature [21,77].

Andreotti et al. [31] recognize a temperature of

438C as the optimal for osmotic dehydration of cher-

ries and pears in glucose or glucose–fructose syrup.

They recommended a temperature of 208C for os-

motic dehydration of apricots. Bananas were osmot-

ically dehydrated at 608C [146]; however, it was

shown that optimal temperature was dependent on

the concentration and pH of the osmotic solution

[105]. Pineapple was dehydrated at 42–478C [96] but

application of vacuum and temperature higher than

408C resulted in loss of volatiles [112]. Osmotic dehy-

dration of plums is done at 508C [147,148], kiwifruit

at 378C, and peas at 50–708C [124].

Kowalska et al. [149] recognize a temperature of

508C as the optimal for osmotic dehydration of straw-

berries and cherries in glucose, sucrose, and starch

syrup solution. They recommended osmosing fruits

at 30–508C. Nsonzi and Ramaswamy [21] osmotically

dehydrated blueberries at temperature 37–608C and



2

2

3

3

Time, h
4

4

5 61

1

1

W
at

er
 c

on
te

nt
, g

/g
i·d

·m

2

3

4

5

6

FIGURE 28.9 The effect of temperature on the course of

osmotic dehydration of apples in saccharose solution (1,

308C; 2, 508C; 3, 708C; 4, 908C). (From Lenart, A. and
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FIGURE 28.11 The effect of the kind of material on the

course of osmotic dehydration in saccharose solution at

208C. 1-apple, 2-carrot.
sucrose solution conc entration 47–70 8 Bx. Apples

were dehydrat ed at tempe ratur e 30–90 8 C [115] (Fig-

ure 28.9) . It has be en sho wn that the increa se of

tempe rature in the range of 30–80 8 C su bstantial ly

shorte ns the tim e of deh ydration [133]. How ever, in-

crease d tempe rature promot es penetra tion of

osmoact ive substa nce into the tissue [77] .

A HTS T proce ss was propo sed for osmotic de hy-

dration by Ma strocola et al. [118], Lerici et al. [78] ,

Levi et al. [150], and Dą browsk a an d Lena rt [151] .

The process is con ducted at 65–90 8 C at a tim e of

1–20 min. The de gree of dehydrat ion is equival ent to

that at 20 8C last ing for 2 h. The HTS T pro cess also

gives the effect of blanch ing, whi ch inact ivates en -

zymes and remove s part of the air from the inter cel-

lular sp ace. To obtain a high ratio between water loss

and soli ds gain (F igure 28.10) , a tempe ratur e between

20 8 C and 40 8 C is recomm ended [117, 152,153]. The

degree of dehyd ration is regula ted by the time of

osmosi s.

The cou rse of mass loss versus tim e is cu rvilinear .

The highest rates occur at the be ginning of the pr o-

cess [154]. Porosit y greatly increa ses during the first

period of osmot ic deh ydration . This impl ies that a

part of the air vo lume in the struc ture is replac ed by

the exter nal solution [155]. The most significan t

changes of water content , water loss, and soli ds ga in

take place during the first 30 min of dewat ering at

30 8 C. Rate of wat er loss is 5–10 times higher than the

rate of solids gain and depend s on the advan cement

of the dewateri ng pr ocess [156]. Accor ding to Lena rt
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[157], opt imal tim e of apple de hydration is 5–6 h at

20 8 C, 3–4 h at 30 8 C, and 1–1.5 h at 40 8 C. A redu ction

of mass by 50% can be achieve d after 2.5–3 h of

osmosis at 5 08C.

It is well recognized tha t the charact eristics of the

material undergoing dehydration by osmosis

strongly affect the c ourse of the proc e ss. U nder

identical c onditions some materials l ose w ater faster

than others (Figure 28.11). The penetration of the

osm oactive sub s t ance dif fers m arkedly (F igure

28.12); he nce, properties of the product and its c on-

sumer acceptance are strongly affected by the i nitial

properties of the material, supposedly by its tissue

structure.
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dehydration in saccharose solution at 208C (� �, apple;

4—4, carrot; ------, diagonal).
Concluding the effect of procedures and process-

ing parameters on the rate and efficiency of osmotic

dehydration it can be stated that all of them are

equally important. The kind and concentration of

the osmoactive substance, the weight ratio of the

solution to food, the kind of osmosed material, its

size and shape, temperature and pressure, and the

pretreatment of the material prior to osmosis affect

strongly not only the course of the process but also,

first of all, influence the quality and organoleptic

attributes of the final product. To reach reques-

ted quality of the product the process of osmotic

dehydration must be individually designed.
4
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6

FIGURE 28.13 Osmotic dehydration with reconcentration of h

drator; (3) redler conveyor; (4) heat exchanger; (5) scaraped surfa

of hypertonic solution; ------, vapor; ), high pressure steam; --
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28.3.4 OSMOTIC SOLUTION MANAGEMENT

Water withdrawn from the material dilutes the hyper-

tonic solution. Hence, it is important to keep its

concentration constant, either by a continuous evapo-

ration of excess water [133,144] (Figure 28.13) or by

dissolution of osmoactive substance [144]. Both

methods make it possible to use the same hypertonic

solution several times.

Dilution of the hypertonic solution depends on

the ratio between solids and the solution. At high

ratio, i.e., 1:10, dilution is low and amounts to few

percent, whereas at high ratio such as 1:2 the increase

of volume of osmotic solution can be as large as

several percent [158].

Evaporation of excess water, membrane separation,

or dissolution of osmoactive substance can bring the

concentration of hypertonic solution to the required

value but the solution is not the same as that used in

the beginning of the process. Leaching of solubles from

fruits or vegetables [159,160] to the hypertonic solution

changes its physical, chemical, and sensory properties.

Moreover, debries of fruits and seeds are present in

the solution after its use. And finally, may be this is

the most important issue, the solution becomes a

good medium for microbial growth.

Concentration of substances leaching from the

processed material stabilizes after few uses depending

on the kind of osmosed material, and reaches the level

similar to that of the osmotically processed fruits or

vegetables.

Designing theprocess of the reuseofosmotic solution

the coarse filtration, pasteurization, and decolorization
2 13

ypertonic solution (1) feeding conveyor; (2) osmotic dehy-

ce evaporator; (6) thermocompressor; (7) driven wheel; flow

----, heating steam).



must be taken into account. The sanitation of the solu-

tion is a priority in the recycling process.

Microbial contamination of the solution comes

from different sources but its water activity 0.90–

0.95 limits the growth of nonosmotolerant bacteria

and yeasts. Processing of fruits and vegetables results

in contamination of osmotic solution with moulds,

yeasts, and lactic bacteria. Reported microbial loads

of osmotic solution range from 102 to 105 cfu/ml after

long-time use [158]. Mild heat pasteurization is suffi-

cient to lower the microbial load of the solution to

value as low as 102 cfu/ml [161].

Heat treatment of sugar solutions containing

acids and proteins results in nonenzymatic browning.

The presence of 5-(hydroxymethyl)-2-furfuraldehyde

(HMF) was shown to be a good indicator of Maillard

reactions [158]. Decolorization of the solution can be

done with activated carbon, charcoal as filtration

coadjuvant and polyvinylpyrrolidone [132,160,161].

Filtered, pasteurized, and decolorized syrup can

be used few to several times depending on the pro-

cessed material and organization of the process. In

continuous processing more recycling can be done

in comparison to the process in which runs are not

done consequently. The possibility to reuse the os-

motic solution more than 20 times was reported

[158]. However, number of cycles is dependent on:

. Kind of processed material

. Type of reconcentration technology

. Pasteurization parameters

. Organization of the process

. Individual adaptation to the given process

Osmotic solution, even after several uses must

be disposed. In the case of fruit processing, some

ways of further use of osmotic solution have been

proposed [158]:

. Syrup for fruit canning

. Pproduction of jams

. Mixing with fruit juices

. Production of fruity soft drinks

. Production of natural flavorings

. Bee feeding

Processing of vegetables, especially with sodium

chloride yields solution which further management

is not solved until today.

Spent solutions if not used in other processes must

be discharged as wastewater. High carbohydrate con-

tent and the presence of other organic materials cause

very high demand for oxygen. The biological oxygen

demand (BOD5) of the osmotic solution is high and

efficient wastewater treatment is needed. The presence
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of salt in osmotic solution creates additional prob-

lems and probably the use of reverse osmosis is the

rational way of this spent-liquor treatment.

28.3.5 ENERGY ASPECTS OF OSMOTIC DEHYDRATION

Osmotic dehydration is distinctive in that water is

removed from the product without undergoing the

phase change. It offers a considerable potential for

energy saving in comparison with convection drying.

Most publications consider energy consumption

in a drying process that is preceded by osmotic dehy-

dration [162] or analyze the process under laboratory

conditions [142,163,164].

Energy consumption in the osmotic dehydration

process arises from the following [165]:

. Heating of the material and osmoactive solution

to the required temperature and making up a

heat loss
. Solution mixing or pumping and recirculation,

depending on the variant applied
. Dissolution of hypertonic substance in a diluted

solution
. Evaporation of water in an appropriate eva-

porator

It is estimated that dissolution of osmoactive sub-

stance in a hypertonic solution needs some 1 kJ/kg of

water removed from the material. Hence, this process

affects energy consumption in osmotic dehydration

negligibly.

The amount of water removed during osmotic

dehydration is not large. Processing of 1 ton of fruits

or vegetables per h will give, at the most, 450 kg of

surplus solution (i.e., some 5.5 tons of water evapor-

ated per day). Hence, a single-effect evaporator with

vapor recompression will meet the needs.

Energy use in the evaporator consists of electric

energy for syrup circulation and heat for water evap-

oration. Electric energy use is estimated to be equal to

10 kJ/kg of evaporated water, and heat consumption

is some 1.8 MJ/kg of evaporated water.

The increase of temperature shortens the osmotic

process. The use of energy for syrup mixing or circu-

lation is estimated as 17.2, 10.0, and 4.3 kJ/kg of

water removed at temperatures 208C, 308C, and

408C, respectively. To keep the process running at a

desired temperature, a supply of heat is necessary.

Depending on the amount of water removed from

the material, the heat supply amounts to 180–240

kJ/kg at 308C and 380–500 kJ/kg of water removed

at 408C [166].

Energy consumption in osmotic dehydration of

fruits and vegetables under industrial conditions is
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FIGURE 28.14 Energy use in osmotic dehydration ex-

pressed per kilogram of removed water. Temperature of

the process and the degree of dewatering are the parameters

( , diluted hypertonic solution completed with osmoactive

substance; &, diluted hypertonic solution concentrated in
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FIGURE 28.15 Osmotic dehydration with a vibrating bas-

ket (1, jacketed vessel; 2, basket; 3, shaft; 4, eccentric; 5,

spout). (From Lenart, A. and Lewicki, P.P., in IDS ’89,

Mujumdar, A.S. and Roques, M., eds., Hemisphere Publ.

Co., New York, 1990, p. 501. With permission.)
estimat ed to be between 100 an d 2400 kJ/kg of wat er

remove d (Figur e 28.14), depending on the tempe ra-

ture of the process an d the way the surplus solution is

managed. It is wort hwhile to notice that con vection

drying needs some 5 MJ/kg of evap orated water,

which is at least twice as much as is needed in osmot ic

dehydrat ion.

28.4 EQUIPMENT FOR OSMOTIC
DEWATERING

Depending on the aim of osmotic process and desired

produc t charact eris tics the process can be de signed as

far as process ing parame ters are concerned. To im-

pleme nt the de signed proce ss a specia l equ ipment is

needed which must assure control of pro cessing

parame ters and effici ency and econo mics as wel l.

Choi ce of the equipment is based on the following

criteri a:

. Type of process ing; periodi c or continuous

. Resist ance of food to mechani cal damage

. Shap e of food; whole or cut into pieces

. Suscepta bility of food to oxidat ion in contact

with air
. Relati ve mo vement of phases, soli d and liquid
. Possibi lity to control pro cessing pa rameters
. Invest ment and run ning co st

Accor ding to M arouzé et al. [167] process es of

osmot ic deh ydration can be categor ized as foll ows:

. Thos e in whi ch foo d is imm ersed in the osmot ic

solut ion
. Thos e in whi ch solut ion is intr oduced onto the

food
� 2006 by Taylor & Francis Group, LLC.
. Those in whi ch osmot ic substa nce in solid state

is con tacted with food
. Those in whi ch reduced pr essure is used to fa-

cilitate mass trans fer
28.4.1 FOOD IMMERSED IN S OLUTION

The sim plest way to contact foo d with osmo tic solu-

tion is to immerse a basket with food into solut ion.

The movem ent of solut ion is sli ght due to natural

convecti on. M ass trans fer is slow and most of pro -

cessing parame ters are not controlled. The method

can be used to soft frui ts.

Osm otic dewat ering can be facilitated by de -

creasing mass trans fer resistance . This can be

done eithe r by circul ation of solut ion or by slow

movem ent of food. Ci rculation of solut ion is done

by install ation of circul ation pump to a vessel in

which basket with food is immersed. Movement of

food in the solut ion is done by vibrat ion (Figur e

28.15) or by a conveyo r (Figur e 28.16). The latter

solution is used in Poland in the process ing of app le

slices [168,169] .

Com binati on of solution circulatio n and mov e-

ment of food particles is combined in such

equipment as vibrating plate mixer (Figur e 28.17)

and percolated bed with slow displacement of food

(Figur e 28.18) . In vibrated plate mixe r [133] , osmot ic

solution is circulating in two loops, one is a feed loop

by which food is fed into a mixer, and the second

loop maintains constant temperature of the solution.

Food moves from bottom of the mixer to its top
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FIGURE 28.16 Conveyor osmotic dehydration (1, perforated conveyor with osmosed material; 2, vessel with hypertonic

solution; 3, conveyor preventing apple slices from floating; 4, pump).
through a series of perfor ated vibrat ing horizont al

plates mou nted on a v ertical axis. In a pe rcolated

bed, food is delivered at the bottom of the tank by a

hydrauli c feed an d forms a poro us be d. The bed

moves slowly to the top of the tank an d is extracted

by a redler or buck et co nveyor. Solutio n is fed a t

the top of the tank an d is circul ated through the

feed leg. In this equipment, a countercurrent movement

of food and solution occurs. A cocurrent movem en t of

food and solut ion as a percola ted bed was also

designe d for osmot ic process [167] .

M ovement of solut ion an d pa rticles can be

done by mechanical mixing. Mixing device can be

install ed vertical ly (Figur e 28.19) or horizont ally

(Figur e 28.20) . In the first design, a worm screw is
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FIGURE 28.17 Osmotic dehydration with a vibrating plate

mixer (1, feed leg; 2, vessel; 3, vibrating mixer; 4, shaft; 5,

eccentric; 6, heat exchanger; 7, pump). (Adapted from

Pavasovec, V., Stefanovic, M., and Stefanovic. P., Drying

’86 Vol 2, Mujumdar, A.S., ed., Hemisphere Pub Co.,

New York, 1986, p. 761)
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placed coaxially inside a vertical cylindrical tank. The

screw moves particles of food from top to the bottom

of the tank. Then the pieces rise toward the surface

under the buoyancy force. In the second technical

solution or design, the screw is mounted horizontally.

The food pieces together with the solution are moved

along the cylinder axle. Pieces of food are carried in

rotation toward the end of the cylinder where a de-

flector catches the pieces and directs them to the

outlet.

Designs of equipment with mechanical motion of

food pieces exert some force on processed material.

Hence some disintegration and deformation of food

can take place and increased pulp content in the

solution can be observed.
2
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4

FIGURE 28.18 Osmotic dehydrator—a packed bed unit

(1, vessel; 2, redler conveyor; 3, feed leg; 4, pump). (Adapted

from Pavasovec, V., Stefanovic, M., and Stefanovic.

P., Drying ’86 Vol 2, Mujumdar, A.S., ed., Hemisphere

Pub Co., New York, 1986, p. 761)
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FIGURE 28.19 Osmotic dehydrator—a vertical mixer (1,

worm screw; 2, vessel; 3, shaft; 4, spout). (Adapted from

Marouze, A., Groux, F., Collignan, A., and River, M.,

J. Food Eng., 49,207,2001. With permission)
28.4.2 SOLUTION SPRAYED ONTO THE F OOD

Reduct ion of solution and food ratio can be done by

applic ation of thin layer of hyp ertonic so lution to

food pieces . It is done by placi ng food pieces on

perfor ated conv eyor and sprayi ng con centrated solu-

tion on process ed mate rial (Figur e 28.21). The de sign

is wel l suit ed to continuou s process ing but requir es
2
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FIGURE 28.20 Osmotic dehydrator—a horizontal mixer (1, fee

hopper; 6, shaft). (From Lenart, A. and Lewicki, P.P., Zesz. N

permission.)
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food pieces to be spread on the conveyo r in a single

layer. Hence, a large area of the conveyo r is needed to

process an y given quantity of foo d. This techni cal

solution of osmot ic de wateri ng was proposed by Le

Maguer [170] and Dall a Rosa et al. [161] .

28.4.3 SOLID OSMOTIC SUBSTANCE C ONTACTED

WITH FOOD

The low est solut ion and food rati o is obtaine d when

solid osmo tic substa nce is co ntacted wi th food. Cry s-

tals of sugar or mixt ure of sugar and salt are mixed

with food pieces in appropri ate proporti on an d tum-

bled in slowly rotating cylind rical tank . The amoun t

of osmo tic substa nce used should be such that wate r

remove d from foo d pieces form s no solut ion in the

tank. W et but solid osmot ic sub stance is sep arated

from food on v ibrating screen. How ever, some cryst als

stick to the foo d surfa ce an d can creat e prob lems in

packaging or furt her process ing of osmo sed material.

28.4.4 EQUIPMENT W ORKING UNDER

REDUCED P RESSURE

Static or pulsed- vacuum proc essing of immersed frui t

or vegeta ble pro ducts facilita tes os motic de waterin g.

Equipmen t used in this process c an be of any type

previously presented but requires hermetic design.
28.5 PRODUCT CHARACTERISTICS

Osmotic dehydration is a complex process of counter-

current mass transfer between the plant tissue and

hypertonic solution. This leads to dehydration of

the material and changes in its chemical composition
erating
tem

1

6

d hopper; 2, vessel; 3, worm screw; 4, deflector; 5, discharge

auk. SGGW-AR, Technol. Roln.-Spo _zz., 14, 33, 1981. With
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FIGURE 28.21 Spray osmotic dehydrator (1, spray nozzles; 2, feed conveyor; 3, perforated conveyor with material

undergoing osmotic dehydration; 4, collector for used hypertonic solution).
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FIGURE 28.22 The depth of osmotic substance penetration

and cell sap concentration in apple osmosed in 68.5%

saccharose solution at 408C for 4 h. (From Lenart, A. and

Lewicki, P.P., Zesz. Nauk. SGGW-AR, Technol.

Roln.-Spo _zz., 14, 33, 1981. With permission.)
as well. Hence, it must be expected that the proper-

ties of the material dehydrated by osmosis will dif-

fer substantially from those dried by convection

[5,10,76,171].

The flux of osmoactive substance penetrating the

osmosed tissue changes its chemical composition. It

has been shown that the content of sucrose increases

in cell sap during osmotic dehydration [15,67,172],

and the sucrose flux is increased by the presence of

sodium chloride [70]. On the other hand, use of starch

syrup gives only a small influx of sugars to the mater-

ial [144]. Glucose seems more effective than sucrose in

the water loss and in the solids gain by fruits [102].

Sodium chloride penetrates tissue very effectively,

hence contacting of the material with this substance

leads to salting rather than to dewatering of the tis-

sue [73,80]. There is also a flux of native substances

leaving the tissue. Concentration of organic acids is

lowered and native sugars are replaced by sucrose

[67,117,173].

Penetration of an osmoactive substance, except

sodium chloride, is a surface process. Sugars pene-

trate to the depth of 2–3 mm whereas changes in

water content are observed up to the depth of 5 mm

(Figure 28.22) [109,174,175]. When sodium chloride

is used, it penetrates carrot tissue to a depth exceeding

12 mm.

Concentration of the cell sap and influx of

osmoactive substance lower the water activity in the

tissue to a value dependent on processing parameters.

The water-binding capacity of the tissue is also

affected by the osmotic process, although changes

are observed only in surface layers [176]. Osmotic

dehydration done for 0.5 h led to a sixfold decrease

of water-binding forces at the surface of apple in

comparison to the raw material [177]. Water removal

from the tissue by osmosis shows a much stronger

effect on water-binding forces than by the convection

drying done to the same final water content [178].
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As it has been stated previously, osmotic dehydra-

tion cannot be treated as a food preservation process

per se. It is a pretreatment that removes a certain

amount of water from the material; to achieve shelf

stability, a further processing of the product is

needed. Hence, the interaction of osmotic dehydra-

tion with further processing is important for quality

assurance.

Use of osmotic dehydration practically eliminates

the need to use preservatives such as sulfur dioxide in

fruits. The process removes a substantial amount of

air from the tissue, thus blanching prior to osmotic

dehydration also can be omitted [166].

It has been shown that apples dried by osmosis

and then frozen compared favorably with the conven-

tional frozen fruits [144,179]. Osmotic dehydration

preceding freeze drying shortens the time of the pro-

cess and yields fruits superior to those not treated by

osmosis [15,79,97]. Osmotic dehydration followed by



vacuum drying gives products that are very stable

upon storage [65].

Most research has been directed toward combin-

ing osmotic dehydration with convection drying

[75,88,180–183]. The approach is of special interest

due to the growing consumer demand for commod-

ities in the freshlike state. The IMF comply well with

consumer expectations [184–186].

Osmotic pretreatment before microwave-assisted

air drying increase the final overall quality of the

product [187]. Fruits and vegetables treated by osmo-

sis can be further dehydrated in a convection dryer to

lower the water activity to the level of 0.65–0.90. At

those water activities, water content in the material is

still high and the product presents such organoleptic

attributes as chewiness, softness, elasticity, and plas-

ticity [76,188–190]. The product has a natural color,

well-preserved flavor, and high retention of vitamins

[132]. Its shrinkage is much smaller when compared

with that observed in convection-dried products at

the same water activity.
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 R. Dąbrowska and A. Lenart, Wpływ błon pektyno-

wych na odwadnianie osmotyczne jabłek, Materiały

VIII Konferencji Naukowo-Technicznej ‘‘Budowa i Eks-

ploatacja Maszyn Przemysłu Spo _zzywczego.’’ Dział

Wydawnictw i Poligrafii Politechniki Białostockiej.

Białystok, 59 (1998).
152.
 A. Lenart and P.P. Lewicki, Kinetics of osmotic de-

hydration of the plant tissue. In Drying ’87, Vol. 2

(A.S. Mujumdar, ed.), Hemisphere Publ. Co., New

York, 1987, p. 239.
153.
 A. Lenart and P.P. Lewicki, Mechanizm odwadniania
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głowicy. Patent P-329 263 (1998).
169.
 S. Smarkusz, J. Kiełkiewicz, W. Raczko, P.P. Lewicki,

A. Lenart, and W. Płocharski, Linia produkcyjna do

wytwarzania czipsów, Patent P-329 264 (1998).
170.
 M. Le Maguer, Osmotic dehydration: review and fu-

ture directions. In Prog. Food Preservation Processes,

Vol. 1, CERIA, Brussels, 1988, p. 283.
171.
 Z. Pałacha and A. Danak, Effect of temperature on

water sorption properties of osmo-convection dried
by Taylor & Francis Group, LLC.
pumpkin and carrot, In Properties of Water in Foods

(P.P. Lewicki, ed.), Warsaw Agricultural University

Press, Warsaw, 1997, p. 130.
172.
 H.N. Lazarides, P. Fito, A. Chiralt, V. Gekas, and

A. Lenart, Advances in osmotic dehydration, In

Processing Foods. Quality Optimization and Process

Assessment (F.A.R. Oliveira and J.C. Oliveira, eds.),

CRC Press, Washington, 1999, p. 175.
173.
 M. Janowicz, H. Kowalska, W. Pomarańska-Łazuka,
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wody z jabłka po obróbce dyfuzyjnej w zakresie

aktywności wody 0.9–1.0, Zesz. Nauk. Politech.
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29.1 INTRODUCTION

The pharmaceutical industry is one in which quality

of the final product cannot be compromised. Any

deterioration of the product (e.g., by microbial infec-

tion, oxidation, thermal decomposition, contamin-

ation by metallic particles or by unremoved organic

solvent) must be avoided at any cost. In light of that
, LLC.
the Good Manufacturing Practices (GMP) for drug

manufacture (see, e.g., Ref. [1]) put numerous de-

mands on the drying stage of the drug manufactur-

ing process. Noncontaminating dryer construction

materials are used, like polished stainless steel or

enameled iron. Closed-cycle dryers are often re-

quired as moisture removed is often an organic

solvent or their mixture. Drying must be often



performed in inert gas to avoid oxidation or explo-

sion if solvent is flammable. To avoid thermal de-

composition in many instances vacuum and freeze

drying must be employed.

All these requirements put dryers for pharmaceut-

icals among the most expensive and sophisticated

drying equipment. At the same time the wide variety

of drugs produced by any pharmaceutical company

(tens of thousands of individual drugs are produced

worldwide) in many different forms causes dryers in

the pharmaceutical industry to encompass a wide

range of types, both batch and continuous.

The manufacture of a drug that will be distributed

in nonliquid form (tablets, capsules, dragees) is

carried out in three subsequent stages:
� 20
1. Synthesis of intermediate products

2. Final synthesis of the drug

3. Manufacture of dosage forms
After each stage the products are dried. Selection

of a proper dryer for these products depends on the

properties of materials such as their form, thermal

sensitivity, tonnage, drying kinetics, and so on. Since

most pharmaceuticals are low-tonnage and high-

value products, considerations of energy saving are

usually of secondary importance in the selection of

the drying process.

TABLE 29.1
Classification of Granular Materials

Group Pore Size

(nm)

Drying Time in

Suspended State

Types of Dryers

Recommended

I >100 0.5–3.0 s Cyclone dryers

Flash dryers

Two-stage

flash dryers
29.2 CLASSIFICATION OF
PHARMACEUTICAL PRODUCTS WITH
RESPECT TO DRYER SELECTION

From the point of view of drying technology, all

substances dried in the pharmaceutical industry can

be classified into three major groups:

II 100–6 3–30 s Two-stage

flash dryers

Fast spouted bed

III 6–4 0.5–2min Vortex dryers

Batch dryers

4–2 2–20min Fluid bed

Vibrated fluid bed

Batch dryers

IV Ultramicropores,

particle

size 1–2mm

10–60min Vibrated fluid bed

Multistage fluid bed
1. Granular materials: Solids in the form of indi-

vidual particles of the size approximately in the

range 0.05 to 5 mm

2. Pastelike materials: Solids mixed with liquid to

form a free-flowing paste; size of particles ap-

proximately in the range 0.1 to 50 mm

3. Solutions and suspensions: Solids dissolved or

suspended in liquid in the form of fine (10–50

mm), ultrafine (0.1–10 mm), or colloidal (<0.1

mm) suspensions

Batch dryers

40–90min Batch dryers

Suspended state

dryers not

recommended

Particle size

>2mm

>90min
The criteria of classification are not clear-cut here,

and wet granular material of small particle size can as

well be classified as pastelike and a thin paste can be

classified as a suspension if it is pumpable. According

to the type of the material, appropriate drying systems

are chosen.
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For the first group the following types of dryers

are generally used: convective (tray, band, fluid bed,

flash dryers, and their modifications) or contact

(vacuum dryers such as double-cone dryer-blender,

conical dryer with rotating helical mixer, paddle

dryer). Pastelike materials are dried in tray dryers,

band dryers equipped with extruding devices, and

spin-flash dryers. Finally, thin pastes can be dried in

spray dryers or on fluid beds or spouted beds of inert

particles. Small amounts of solutions and suspensions

are generally freeze-dried, especially if the product is

thermolabile.

Further selection of dryers is based on the drying

kinetics, which is closely associated with the structure

as represented by their mean pore size and the type of

the moisture–material bond. Sazhin has developed a

classification based in principle on Rebinder’s pro-

posal, which classifies all materials into four groups.

This classification [2], which can be used to help select

a dryer, is presented in Table 29.1. Although the

selection of the dryers is limited to dryers for granular

materials, this classification scheme has general valid-

ity. The quantitative basis of the classification is the

minimum pore diameter from which moisture is to be

removed during drying.



The four gro ups are categor ized as foll ows:

TABLE 29.2
Classification of Granular Pharmaceuticals
According to Size (British Pharmacopoeia)

Class Particle Size

Range (mm)

Coarse powder 100% <1680 40% <355

Moderately coarse

powder 100% <1680 40% <250

Moderately fine

powder 100% <355 40% <180

Fine powder 100% <180

Very fine powder 100% <125

Ultrafine powder 100% <50 90% <5

� 20
Group I: Nonp orous or capil lary-porou s solids

with large por e sizes. Only free mois ture is re-

moved dur ing drying. Sodium chlori de and acet-

ylosal icyclic acid (ASA) belong to this group .

Group II: Unifo rmly an d nonuni form ly porous

mate rials wi th pore sizes down to 6 nm . Mois-

ture remove d dur ing drying is phy sically or

physicoch emically bonde d. That is, it includes

free mois ture, mois ture of macro- an d micr o-

capil laries, and surfa ce-adso rbed mois ture.

Phenoba rbit al, methen amine (Urotropi n), and

sodium perborat e belong to this g roup.

Group III: Micropo rous or colloid -capilla ry-

poro us materials. Duri ng drying all phy -

sicochem ically adsorbed moisture is remove d.

The foll owing substa nces belong to this grou p:

6–4 nm subgroup , glucose and sulf adime thox-

ine; 4–2 nm sub group, calciu m gluconat e and

calci um glycer ophos phate.

Group IV: Ultram icropor ous material s. Pore size

is c omparabl e to the size of mo lecules of re-

moved moisture. Moist ure of ultr amicropo res

is remove d in intens e drying, whi ch corres ponds

to mois ture content s as low as 0.2–0. 1% or less .

Chem ically bonde d mois ture is also remove d in

this case.
Besides the pore size, which characterizes the drying

time of individual particles, granular materials have

certain flow properties that describe among other prop-

erties how easily they can be transferred into a sus-

pended state. Materials that have large cohesion tend

to form agglomerates and are difficult to dry in fluid

beds or pneumatic dryers. Agglomerates have larger

perimeters than individual particles, and the macro-

pores formed between  particles increase the  diffusional

heat and mass transfer resistance. Roughly, granular

materials are classified as free-flowing and sticky mater-

ials. The degree of stickiness depends on particle size

and viscosity of surface moisture. Generally the smaller

the particles and the more viscous the fluid the stickier

the product will be. Selection of a dryer for a free-

flowing material is usually simple whereas drying of a

sticky product may be a serious problem. Certain prod-

ucts not sticky at normal temperatures become sticky at

elevated temperatures due to plasticizing or dissolving

in moisture. This may lead to defluidization of a bed at a

certain temperature, for instance.

Granu lar mate rials are often class ified by size.

Accor ding to the Br itish Pha rmac opoeia class ification

shown in Table 29.2, they are divide d into six class es.

This c lassificat ion helps in dryer selection. Genera lly,

very fine powder s and ultrafin e powder s are not
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recomm ended for drying in fluid bed dryers owing

to their very low entrain ment veloci ties an d often

poor fluidization quality due to agglomeration.

29.3 PROPERTIES OF PHARMACEUTICAL
PRODUCTS

29.3.1 PHYSICAL PROPERTIES

29.3.1.1 Particle Size

Pharmaceuticals are usually obtained by crystallization.

Under most conditions their particle size seldom grows

larger than 1 mm. Generally, owing to their low solu-

bility, the crystals are small or very small. The particle

size distribution of a typical pharmaceutical as meas-

ur ed by s ieve analy sis is shown in Fig ure 29 .1. From the

point of view of drying technology, for monodisperse

materials, such as ASA and sodium p-aminosalicylate,

the aerodynamic conditions in dryers are much easier

to select. If particle size distribution is unimodal but

widespread (e.g., Urotropin or phenyl salicylate) or

bimodal (e.g., codeine, streptomycin, or sulfanilamide),

the material is more difficult to dry in suspended state

as particle segregation may occur.

Materials produced in spray dryers from solutions

and suspensions are characterized by a very small

particle size. Particle sizes in the range 1 to 500 mm

are observed. All powders must be granulated before

tableting. According to Remington [3], the following

granulate size should be used to produce tablets of

given diameter.

Tablet Diameter (in.) Granulate Size (mesh)
0–3/16
 20
7/32–5/16
 16
11/32–13/32
 14
>7/16
 12
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FIGURE 29.1 Size distribution of typical pharmaceutical products: (a) 1, streptomycin sulfate; 2, ascorbic acid; 3, hydrate of

diaceto-2-keto-L-gulonic acid; 4, starch; 5, talcum; (b) 1, sulfanilamide; 2, acetylosalicyclic acid; 3, sodium p-aminosalicylate;

4, codeine þ terpin hydrate. (From Golubev, L.G., Sazhin, B.S., and Valashek, E.R., Drying in Chemicopharmaceutical

Industry, Meditsina, Moscow, 1978 (in Russian). With permission.)
About 10–20% of fine particles in granulate are

generally allowed as they improve the flow properties

of the granulate.

29.3.2 THERMAL PROPERTIES

Among thermal properties, thermal decomposition

rate is of primary interest. Usually thermal decom-

position follows a first-order reaction kinetics, that is,

c ¼ c0e
�kt

where c is the actual concentration, c0 is the initial

concentration, k is the rate constant (1/s), and t is the

time (s).

The reaction rate constant depends on tempera-

ture according to Arrhenius theory:

k ¼ Ae�E=RT

where A is constant (1/s), E is the activation energy

(J/mol), R is the universal gas constant (J/(mol K)),

and T is temperature (K).

For example, thiamine hydrochloride in aqueous

solution has E ¼ 92.18 kJ/mol and A ¼ 9.58�1010

1/min. Processing such solution at 908C for 10 min

would result in c/c0 ¼ 0.949 (i.e., about 5% loss). One

has to remember that thermal decomposition is usu-

ally influenced by water content of the processed

material.

Other properties of interest include melting point

temperature, specific heat, and heat conductivity of
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solid. They may be found in specialized books [2,4]

for most common pharmaceuticals.

29.3.3 SORPTIVE PROPERTIES

Sorptive properties of the pharmaceutical products as

represented by their sorption isotherms reflect their

ability to absorb water from the air and are the source

of valuable information for the selection of dryers as

well as the packaging conditions. The sorption iso-

therm is the relationship between the relative humid-

ity of the air and the moisture content of solid in

equilibrium with this air.

They are usually measured by gravimetric methods,

where a known amount of solid of known initial

moisture content is exposed to a gas of specified

relative humidity. After sufficient time, the new

weight of the sample is measured, which allows one

to calculate the actual moisture content.

In most cases the sorption isotherm produced

under conditions of increasing humidity (sorption)

differs from that produced when humidity is de-

creased (desorption). This phenomenon, known as

sorption hysteresis, can sometimes be very substan-

tial. For drying purposes only desorption isotherms

are of practical significance.

Sorption isotherms should if possible be measured

under dynamic conditions, as in a condition of fluid-

ization. The use of sorption isotherms measured

under static conditions can lead to substantial errors

when used for calculations of fluid bed, pneumatic, or



other dryers with partic les suspen ded in the air. Sor p-

tion isot herms for a seri es of selected pharmac eu ticals

were tabula ted by Reprin tseva and Fedor ovich [4].

Analysis of their so rption isot herms allows one to

classif y the products an d give so me indica tions

about the selection of dryer.

M aterials with intens ive hyster esis for whi ch sorp-

tion and desorpt ion isotherms coincide only at two

points , at zero and saturati on hum idity, belong to

colloid al bodies acco rding to Rebi nder’s class ifi-

cation . Most of the final pharmac eutic al produ cts

belong to this group. All table ting formu lations co n-

taining star ch or gelatin are obt ained by spray dr ying

a mixt ure of the drug with all other table t compo n-

ents, such as lubri cants, binders , and diluent s, which

are co lloid in na ture.

M aterials that displ ay no sorption hysteresis , or if

their hyster esis is limit ed (the range RH 0.2–0. 9 or

over a narrow er range) , are classified as cap illary-

porous bodi es. As exa mples, ascorbi c acid, p-amin o-

benzosu lfamide, and he xameth ylenetetra mine may be

mentio ned here. Materials showing sorpti on iso-

therms intermed iate between these tw o ca tegories be-

long to the so -called capillary- colloid-po rous bodies,

and they include ASA and penici llin. The en ergy of

the solid –moisture bond increases from cap illary-

porous to colloidal bodies. Adeq uate drying temp-

erature s an d resid ence times must be used for dry ing

such difficult to dry solid s. The tempe rature of dry-

ing is direct ly proporti onal to the energy of the solid–

moisture bond. The drying tim e depends on parti cle

size and the amount of mo isture remove d.

M ore informat ion can be obtaine d from dry ing

kinetics and exp erimental measur ement s. These ex -

perime nts provide the ulti mate basis for selection of

the app ropria te dryer an d drying conditio n. Often

one may arrive at severa l alte rnate dry ing eq uipment

for drying a given pr oduct.

Som e infor matio n on moisture–m aterial bond

type is present ed in Table 29.3 for selected pr oducts.

More specific infor mation on sorption isot herms for

most common mate rials used in the pharmac eutic al

indust ry together with measur ing methods may be

found in Stahl [5].
29.4 DRYER TYPES AND THEIR
PERFORMANCE

High-q uality standar ds and high price of the fina l

produc t demand high reliabil ity an d just ify more so-

phisticat ed con struction of pharmac eutic al dry ers

than dryers used in most other indust ries. Tradit ional

dryers of the pharmac eutical indu stry, such as shelf or

batch flui d be d dryers , are continuous ly sup pleme n-
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ted by dryers first used in other fields of applic ation.

Increas ing quan tities of prod ucts may call for con -

tinuous dryers . Increased quality co ntrol an d large r

producti on rates continuous ly broaden the rang e of

dryer types us ed in the pha rmace utical indust ry. Thi s

chapter pr esents only the most wi dely used types of

dryers for pha rmace uticals. More infor mation on per-

forman ce of industrial dryers for pharmac eutic als is

given by Simon [6]. It shou ld be noted that most of

these dryers are discussed in greater detai l elsewhere

in this handbo ok.

29.4.1 DIRECTLY HEATED DRYERS : BATCH DRYERS

29.4.1 .1 Ovens

For smal l batches of pha rmace uticals, ovens are still a

good cho ice. They allow for placi ng mate rial upon

several shelve s, whi ch can be carried by a truck. Dur-

ing drying, hot air is cross- circulated be tween the

shelve s to permit drying of differen t pro ducts at the

same time. Inter nal circulati ng air filter s are often

provided (Figure 29.2) to protect against cross-contam-

ination of the products. Similar ovens can be used for

thermal sterilization of vials and bottles, for example.

29.4.1 .2 Flui d Bed Dryers

Small ba tch flui d bed dryers (Figur e 29.3) a re ve ry

commonl y used in the pharmac eutical indust ry.

Owing to better a ir–solid co ntact, drying in fluid

beds is faster than in tray ovens and beca use of

good mixi ng product unifor mity is muc h improve d.

Usually they are sup plied with roll-on roll-off drying

chambers often eq uipped with an agitator. Air afte r

drying is filter ed, us ually in multicycl ones or bag

filters. The use of bag filter s is, howeve r, troublesome

if the dryer is often used for different produ cts as it

requir es very caref ul cleani ng.

29.4.2 DIRECTLY HEATED DRYERS : CONTINUOUS

DRYERS

29.4.2.1 Band Dryers

Relatively seldom used in the manufacture of final

pharmaceutical products, band dryers find wide use

in drying of raw materials, especially herbal and me-

dicinal plants. Usually several bands in one-above-

another configuration are used. Bands are made of

stainless steel screens or perforated plates. Band

speeds from several centimeters to about 0.5 m/min

are used. Bandwidths vary from as low as 0.5 m up to

2 m. Drying air temperatures in the range 80–1008C,

initial moisture contents of 45–100%, (d.6) and drying

rates of 5–18 kg/m2 h are usual in industrial practice.



TABLE 29.3
Data on Water Sorption Properties of Selected Pharmaceutical Materials

Substance Moisture Content (% Dry Basis)

Physicochemical Bond Desorption Sorption Desorption Maximum

Hygroscopic

Moisture

Content

Heat of

Sorption

(�10�2,

kJ/kmol)

Physicomechanical Bond Polymolecular Adsorption Monomolecular Adsorption

Capillary Osmotic Sorption

Penicillin 21.4 9.6 3.0 3.6 1.0 1.0 19.0 134.0

Streptomycin 20.0 10.0 9.0 12.0 6.8 6.0 25.0 158.0

Phenylsalicylate — — — — 0.18 — 1.0 58.12

Acetylosalicyclic acid 8.5 6.0 1.5 1.7 0.5 0.5 5.8 23.50

Sodium p-aminosalicylate 20.0 12.0 8.0 10.0 2.0 2.0 20.0 —

Ascorbic acid 13.0 13.0 0.5 0.6 0.25 0.25 2.0 8.95

Talcum — — 0.1 — 0.05 — 0.35 10.36

Starch 32.0 22.0 13.6 16.0 8.2 10.0 26.0 56.35
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FIGURE 29.2 Shelf batch dryer (1, shell; 2, truck with

shelves; 3, heater; 4, fan; 5, air filters; 6, valves).
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FIGURE 29.4 Turbo-tray dryer (1, shelves; 2, blades; 3,

heater; 4, fan rotors; 5, shelf and fan drive).
29.4.2 .2 Tur bo-Tray Dryers

Turbo -tray dryers , suitable for granula r feeds, ope r-

ate wi th rotat ing shelve s and forced convecti on of the

air ab ove the shelves (Figur e 29.4). The product layer

fed onto the first she lf is level ed by the set of stat ion-

ary blades, whi ch also scrat ch a series of grooves onto

the layer surfa ce. All blades are staggered so that a

new surfa ce layer is form ed by each set. This way the

layer is well mixed and dries unifor mly. After trave l-

ing one rotation, the material is wiped off by the last

blade and falls onto the lower shelf. The dryer can

have up to 30 trays or more a nd pro vide large resi -

dence times. Herm etic sealing of the whol e dryer is

easy so that solvent recover y can be achieve d. 
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FIGURE 29.3 Batch fluid bed dryer (1, fluidizing chamber;

2, gas distributor; 3, plenum chamber; 4, blower; 5, heater;

6, filters; 7, bag dust collector).
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29.4.2 .3 Pne umat ic Dryers

In pneumat ic dryers the wet feed is introdu ced into a

stream of hot gas flowi ng with velocitie s of severa l

meters per second, usuall y in a verti cal insul ated duct.

Durin g their cocurrent co ntact mois ture is evap or-

ated, co nsumin g the sensible heat of the gas. High

evaporat ion rates (values as high as 240–1200 -kg

moisture per h and per m 2 of contact area are gener-

ally met) and co current co ntact protect the pa rticles

from overheat ing. Aft er a time of the order of a

fraction of a second to a few seconds, the dried ma-

terial an d gas leave the duc t and are sep arated in a

cyclone. Very short times of con tact allow drying only

the unboun d moisture from smal l particles .

To prolon g the contact time with the same dry er

height (or length ), spiral inserts may be install ed inside

the dryer tube. Simi lar to other direct ly heated dryers ,

they can operate in a closed cycle. A closed-cycl e

pneumatic dryer is shown schematically in Figure 29.5.

29.4.2 .4 Cyc lone Dryers

Observa tions of pne umatic dryers proved that a co n-

siderab le amount of total mois ture remove d evap or-

ates in the cyclone sep arator. Se veral new dryer types

were constr ucted that app ly the princi ple of vortex

flow. In ad dition, the cyclone dryers have particle

separation featu res. Centrifuga l force keeps large

and wet pa rticles rotating whereas small an d dry

particles can be carried away with gas. Adjus tment

of gas velocity can thus change the critical parti cle

size as well as resid ence time in the dryer.

29.4.2.4.1 Convex-Type Dryers

The constr uction of conve x-type dryers resem bles a

flat c yclone without the con ical bottom (Figure 29.6) .
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FIGURE 29.5 Closed-cycle pneumatic dryer in conjunction with a centrifuge (1, dryer tube; 2, cyclone; 3, blower; 4,

condenser; 5, heater; 6, centrifuge).
A fast stream of hot gas carryi ng suspended wet

particles is intr oduc ed tangent ially into the c hamber.

After severa l spins (i.e., he lical motion wi thin the

chamber) , the gas and mate rial escape throu gh a

centra l exhaust port and are separat ed in a cyclone.

A ch aracteris tic featu re of this type of dryer is that

only smal l pa rticles can be carried away as large wet

particles are throw n by the centrifugal force toward

the peripher y. Thi s type of dryer can be designe d to
FIGURE 29.6 Schematic of a convex dryer.
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obtain a fina l pro duct of requir ed particle size. To he lp

disintegra te the large pa rticles, mechani cal impac t

disintegra tors are often built into the drying ch amber.

29.4.2.4.2 Spin-Flash Dryers

The princip le of separat ion of wet and dry pa rticles is

applie d in the design of a spin-fla sh dryer for sticky

and pastel ike mate rials (Figur e 29.7). In the bot tom

of a cylin drical chambe r a high-spe ed impeller disin -

tegrates the wet feed in a rapid stream of the tangen -

tially intr oduced he ated gas stream. The swirl ing ga s

carries away dry particles , which are then separated in

a cyclone. Par tially dried particles fall back into the

impeller zone and are disi ntegrated. This type of dry er

is especia lly suit able for thick pa stes as it can hand le

them wi thout dilut ion.

29.4.2.4.3 Countercurrent Spin Dryers

In a countercur rent spin dryer, a princi ple of two

coaxial cocurrent swirls of gas is applie d. An exem-

plary drye r scheme worki ng accordi ng to this prin-

ciple is shown in Figu re 29.8. The cyli ndrical chamb er

is equipped with a series of side ports that introduce

air tangentially into the chamber. The velocity of the

side airstreams varies in the range of 5–100 m/s and is

capable of producing a looser or tighter spiral, or

finally a stationary circular motion of the entrained
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FIGURE 29.7 Schematic of a spin-flash dryer.
particles depending on the side nozzle inclination and

gas velocity. In this way particle residence time can be

controlled. Wet solids are introduced at the top of the

dryer chamber. Drying occurs as the solids descend

and finally separate from the gas, leaving the chamber

through a bottom port equipped with an airlock.

29.4.2.5 Spouted Bed Dryers

A spouted bed is essentially a conically shaped cham-

ber with a cylindrical section on top supplied with air
Product

Feed

Vapors
Air

FIGURE 29.8 Schematic of a countercurrent spin dryer.
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through a single nozzle at the bottom (Figure 29.9).

The operational regime of the spouted bed dryer

depends on the properties of feed and the assumed

final product requirements. Polydisperse, slow-drying

granular materials are continuously added and re-

moved from the bed. Particles that undergo severe

attrition or dramatically lose weight when dry can

be carried away from the chamber with the heat

carrier. Product size and moisture content are thus

controlled by superficial air velocity in the cylindrical

part of the drying chamber. Pastelike materials can be

sprayed onto a spouted bed of inert material. Owing

to severe attrition the dry product is removed from

the particles and carried away with gas for collection

in a separator.
3

5

1

2

4

FIGURE 29.9 Schematic of a spouted bed dryer with an

inert bed (1, shell; 2, nozzle; 3, particle separator; 4, spray

nozzle; 5, inert bed).



29.4.2 .6 Vib rated Bed Dry ers

For highly polyd isperse or stic ky produc ts with long

drying times, the vibrat ed bed type of dryer offers the

possibi lity of co ntinuous operatio n accompani ed by

gentle mate rial hand ling and unifor mity of the fina l

produc t mo isture con tent. A trough vibrating in a

direction sligh tly inclined to the verti cal at frequenci es

up to 60 Hz an d amplitudes up to severa l mil limeter s

offers the pos sibility of sim ultane ous mate rial trans -

portation and vigorou s mixing. In such a dryer,

granula r mate rial can be he ated directly from gas

blown through a perforated trough bottom or indir -

ectly from heatin g surfaces imm ersed in the be d. Vi -

brator y acti on reduces mate rial cohesion, which

makes this dryer suitable for very wet or sticky ma-

terials . Spiral constr uction of the trough ca n, if neces-

sary, extend the resi dence time of the mate rial up to

30 min. Thes e dryers can operate wi th virtuall y any

gas veloci ty up to the entrai nment lim it. The ga s

velocity can be ad justed to the particle size. In direct

drying cond itions, evaporat ion rates 30–100 kg/h � m2

of grid area are obse rved. If the amou nt of hea t

carried with gas is not adequate for drying, additio nal

contact he aters can be employ ed.

Radi ant heati ng by infrared rad iation (IR) radi-

ators can also be used . How ever, in this case onl y very

thin be ds can be unifor mly he ated. For gluta mic acid

with mate rial load 15 kg/m 2 and rad iant heat flux 3.5

kW/m 2, evaporat ion rates up to 4.5–9 kg/m 2�h have

been observed.

29.4.2 .7 Flui d Bed Dryers

Continu ous fluid bed dryers are generally built in two

version s: vessel-l ike ideal ly mixe d dryers and trough-

like plug-flow dryers . Perfectly mixe d fluid bed dryers

are charact erized by a rapid decreas e of the feed

moisture co ntent as it is diluted in the large vo lume

of the relative ly dry bed . Therefor e, they can han dle

relative ly high init ial mo isture co ntent feedstock .

Trough dryers are much more sensi tive to initial

feed moisture con tent since the solid ’s mois ture de-

crease s gradual ly with dryer lengt h. As expecte d, they

provide a much bette r resid ence tim e dist ribution

(RTD) of soli ds in the dryer. Fluid bed dryers can

be built virtu ally in any requir ed scale . Besides dr ying

they can be used for cooling and g ranulation. Thei r

modificat ions, such as vibrated, stirred, and pulsed

fluid beds, can be used to dry or process polydisp erse

and relative ly sti cky material s.

29.4.2 .8 Sp ray Dry ers

Solutio ns and thin slurries of dru gs can be spray dr ied

by con tact with hot air. Par ticles of dry produ ct
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obtaine d in such a way are very fine , so after mixing

with oth er compo nents and granu lation they can be

used directly for tableting . W hen the spray drying

operatio n is cocurrent , that is, hot a ir is intro duced

into the dryer close to the atomizing device, there is

no da nger of ov erheat ing as evapo ration rates are

high (34–16 0 kg/h �m 2 of particle area) . Thus , highly

heat-sensi tive mate rials can be spray dried.

A typic al arrange ment of an open -cycle spray

dryer for pharmac eutic als is shown in Figure 29.10.

Gas–liqui d nozzles are commonl y used to spray feeds

that are solut ions. How ever, in the produ ction of

certain pharmac euticals, such as antibioti cs, the pow-

ders obtaine d by spray dr ying low -concent ration

aqueou s solut ions have low bulk den sity. Highe r

bulk density can be obtaine d if the feed is partly

precipitat ed. High bulk density antibi otics are pro -

duced from suspen sions of precipitat ed substrates in

organic solvent s; this requires the use of a closed- cycle

dryer to recuperat e the solvent an d also an inert ga s

as drying medium to avo id the risk of ignition. Se v-

eral pharmac eutic al prod ucts after filtrati on form

pastes that can be spray dried if they are pum pable.

Pastes that are too thick must be thinned wi th solv-

ents or by disi ntegra tion of their struc ture, as in the

case of thixot ropic pa stes. Fro m a prac tical point of

view, disk atomizers are bette r capable of han dling

thicke r pastes than are two -fluid noz zles.

In many cases, when inert ga ses are used for dry-

ing or valuabl e solvent s must be recover ed, a closed-

cycle dryer can be designe d ac cording to the rules

explain ed in Secti on 29.6.

29.4.3 INDIRECTLY HEATED DRYERS

29.4.3.1 Drum Dryers

Drum dryers are frequently used for drying slurries

and thin pastes, especially those that easily adhere to

the metal surface and therefore are difficult to dry in

other dryers. The slurry or paste is fed onto the drums

by means of various types of feeders. Some of the

standard feeding arrangements and recommendations

for their use are indica ted in Figure 29.11. The dry

product is removed by doctor blades. Depending on

the material properties, the product is removed in the

form of powders, flakes, or webs. The drum can be

entirely enclosed in a hood and supplied with the

necessary amount of drying gas. Thus, organic solvents

can be recovered in a closed-cycle operation.

29.4.3.2 Vacuum Dryers

Materials that are thermolabile or easily oxidizable,

especially when wet, can be dried in vacuum dryers.
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FIGURE 29.10 Spray dryer installation (1, drying chamber; 2, atomizer; 3, air dispenser; 4, air heater; 5, feed pump; 6, main

cyclone collector; 7, wet scrubber; 8, pneumatic conveying system; 9, conveying cyclone). (Courtesy of A/S Niro Atomizer,

Soeborg, Denmark.)
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FIGURE 29.11 Some standard feeding arrangements for drum dryers: (a) nip feed, suitable for thin solutions; (b) feed roll,

suitable for glutinous materials, such as starch; (c) double applicator roll, for heat-sensitive materials; (d) splash feed, used

for slurries; (e) dip feed, for suspensions; (f) multiple applicator roll, used for increasing film thickness (1, drums; 2,

applicator rolls; 3, doctor blades; 4, conveyors). (Courtesy of R. Simon and Sons, Basford, England.)
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FIGURE 29.12 Double-cone batch vacuum dryer (1, steam jacket; 2, hatch; 3, drive; 4, vacuum ducts; 5, steam supply;

6, bearings).
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FIGURE 29.13 Conical vacuum dryer with epicyclic screw

mixer (1, steam jacket; 2, hatch; 3, feed tube; 4, exit port and

valve; 5, motor; 6, drive arm; 7, mixing auger).
Various types of vac uum dryers are in use for drying

pharmac eutic al prod ucts.

29.4.3.2.1 Double-Cone Dryer-Blender

Opera ted in batch mode, the doubl e-cone dryer-

blender dryer (F igure 29.12) is suitable for drying

wet granula r mate rials. Owing to the intens e blend ing

that occurs during the drying cycle, they can be

used for preparat ion of the table ting form ulatio ns.

Commerci al double-cone dry ers ha ve capacities up

to 10 m 3. They may be glass lined to pro vide high

purity of the pro duct. They are especi ally suit able to

perfor m co nsecutive ch emical reaction-dr ying cycles .

Reage nts can be suppli ed throug h a feed tube or

through a hollow shaft. The heat necessa ry to eva p-

orate the mois ture is supplie d from steam-heat ed

dryer walls. Dryin g rates observed here are in the

range 2–7 kg /h� m 2 of the heated area.

29.4.3.2.2 Conical Dryer with Screw Mixer

The conical dryer with screw mixe r is sim ilar in prin-

ciple to the doubl e-cone dryer-blend er althoug h the

vessel is stationar y a nd solid s are mixed by epicycl ic

screw mixe r (Figur e 29.13) . For pressur es from 25 to

150 mbar an d wall tempe ratur es from 40 to 60 8 C,

Simon [6] report s evaporat ion rates of water up to

10 kg/h � m 2. Units up to 5 m3 are commer cially avail -

able. The dryer ha s no dead spaces and is easy to clean.

29.4.3.2.3 Paddle Dryers

Continu ously ope rated dryers of the pad dle type

(Figur e 29.14) pro vide drying times up to severa l

hours. Suitabl e for pastelike an d granula r mate rials,

they are steam heated. A horizontal rotating shaft

fitted with paddles scrapes the product from the
� 2006 by Taylor & Francis Group, LLC.
walls and mixes and transports it along the dryer

length. Solvents can be fully recovered if a suitable

condenser for vapors is provided. Evaporation rates

of water up to 10 kg/h�m2 are observed.
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FIGURE 29.14 Continuous vacuum paddle dryer (1, vapor filter; 2, steam jacket; 3, shaft with paddles; 4, paddles; 5, valves;

6, shaft drive; 7, shaft oscillator).
29.4.3.2.4 Vacuum Band Dryers

Vacuum band dryers are suitable for all types of

pastelike materials. Wet material is dried as it is

transported on a moving band. Heat is supplied by

infrared low-temperature radiators or by contact with

heated bands. A multiband vacuum dryer is shown in

Figure 29.15. To allow continuous production, such

dryers are equipped with an automatic discharge

system that prevents dehermetization of the dryer
1 6

2 3 4 5

FIGURE 29.15 Band vacuum dryer installation (1, feed mixer;

condenser; 7, scraper; 8, product collector system).
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chamber. Drying chambers that provide drying sur-

face areas up to 120 m2 are available commercially.

29.4.3.2.5 Filter Dryer

The filter dryer is a combination of two operations in

one vessel. Usually it has a cylindrical form with

a bottom that serves as a filter. It is equipped with a

paddle agitator that can be heated internally or heat

may be transmitted through jacketed walls. In the
7

8

2, filter; 3, feed pump; 4, band; 5, heating panels; 6, vapor



TABLE 29.4
Performance Parameter Ranges for Pharmaceutical
latter case, the vessel is turned ups ide down after

filtering. Units of filter area up to 15 m 2 a nd volume s

up to 22.5 m 3 are built .

Freeze Dryers

Parameter Normal

Conditions

Special

Conditions

Chamber pressure (mmHg)

Peak 100–200 50

Final 20–50 5–10

Shelf temperature (8C)

Lowest �40 �50

Highest 70 80

Shelf heat-up rate (min),

from �408C to 708C 90 60

Shelf cool-down rate (min),

from 228C to �448C 90 60

Evacuation rate (min) to

reach 100 mmHg 15–30 5–10

Vapor handling capacity

(kg H2O/h�m2) 0.98 1.47

Total shelf area (m2) 11–25 0.75–3.5
29.4.3 .3 Freeze Dry ers

Freeze drying is the best method for drying highly heat-

sensitive or easy oxidizable materials. However, its se-

lection must be governed by economic considerations.

Early applications of this method were the drying of

blood plasma and serum during World War II.

The high cost of freez e-drying discour ages its

wider applic ation. In freez e-dryin g, solut ions of pha r-

maceut icals dos aged into vial s are frozen a nd placed

in a vacu um chamber. Ice su blimes, consumi ng the

latent heat of subli mation , suppli ed from heated

shelve s. Recently, micr owave he ating has also been

used in freeze dryers . The vapor is con tinuous ly re-

moved by a vacu um pump. After all mois ture su b-

limes, a very fine por ous struc ture remains that can be

easily rehydrat ed. It was notice d that solut ions di-

luted be low 1% (weight ) con centration of solids do

not prod uce such structure. The struc ture is labil e and

can colla pse if its tempe ratur e is raised ab ove a cer-

tain tempe ratur e of collap se. Thi s tempe ratur e can be

as low as � 40 8 C (e.g., for glucose a nd fructo se) or

� 10 8C (e.g., for starches an d protei ns) an d increa ses

with the increa se of molec ular weight of the lattice

and its dryn ess. To pro tect agains t even slight rehydra-

tion the freez e-dried vial s are immed iately stopp ered,

prefera bly by internal devices without deco mpression

of the chamber.

Among othe r requ irements that freez e dryers for

pharmac eutic als have to fulfil l, the a ctual trend is

that they shou ld provide the followin g range of per-

forman ce parame ters (Table 29.4) [7]. Und er the

conditi ons refer red to as nor mal, most of the pha r-

maceuticals can be dried. Under normal conditions,

with shelves fully covered with vials at an operating

temperature of 608C, a drying rate of about 1 kg/m2�h
may be expected. Peak evaporation rates can reach

1.5 kg/m2�h for an operating temperature of about

708C. Because of the critical drying conditions met

during drying of pharmaceuticals, the whole drying

system (Figure 29.16) and its componen ts must meet

the following requirements:
� 20
Chamber: Should if possible be built of easy-to-

clean and noncorrosive materials and provided

with a vial-stoppering facility.

Shelf heating and cooling: In order to protect

against product melt-back, dryer shelves must

be frozen during loading and chamber evacu-

ation. Further, during drying they must be
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heated, preferably with the possibility of tem-

perature control.

Vacuum pump: In a typical dryer with the shelf-

freezing feature, the vacuum pump should have

a capacity of about 50 L/s�m2 of the shelf area.

As leakage of air is inherent in any practical

vacuum system, this capacity is used to main-

tain the desired operating pressure. If, however,

the shelves do not have the freezing capacity,

the vacuum pump should have a much higher

capacity to provide nearly instantaneous dryer

evacuation.

Condenser: All freeze dryers are equipped with

condensers to remove water vapor from the

gases coming out of the drying chamber.

Instrumentation and control: Provide monitoring

and control of pressure and temperature at stra-

tegic points in the dryer, which includes the

control of shelf temperature and often the

vacuum if product sublimation is possible.
Only the most sensitive and expensive products

are usually freeze-dried. Among these are antibi-

otics, antitoxins, antisera, certain vitamins, cancer

chemotherapy drugs, diagnostic reagents, and other

unstable and easily oxidizable materials. Because of

the high value of the dryer load, they are often

equipped with standby vacuum pumps and re-

frigeration units, as well as a standby electrical

power supply and control instrumentation to protect

against any failure.
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FIGURE 29.16 Freeze-drying system (1, drying chamber; 2, heated or cooled shelf; 3, ice condenser; 4, diffusion vacuum

pump; 5, rotary vacuum pump; 6, tank for cooling shelf circulating liquid; 7, tank for heating shelf circulating liquid;

8, freezing aggregate; 9, circulation pump; 10, air filter).
29.4.4 GRANULATION AND DRYING

To ha ve proper solubi lity the table ts are form ed from

very finely dispersed dru g mixtures. How ever, the

process of tableting is not smoo th if these powder s

are fed direct ly to the table ting machi nes. Granul a-

tion of the powder s before table ting is usually re-

quired. Also, several pharmac eutic al pro ducts, such

as gluco se prepa rations, a re sold in gran ulated form .

Granu lation may be carried out as a dry or a wet

process . Aggl omerat ion of parti cles of very fine (i.e.,

few micromet ers in size) dry powder s can occur owing

to van der W aals forces of attracti on. Aspirin, acet-

ophen etidin, thiamine hydro chloride, ascorbi c acid,

and others can be g ranulated using a dry pr ocess.

For wet granu lation, a suitab le liquid is sprayed

onto the vigorou sly mixe d powd er. Adhesi on of par-

ticles takes place owin g to the developm ent of liquid

bridges and capillary forces betw een parti cles. In the

drying pha se followi ng the granula tion process , solid

bridges de velop owi ng to cryst allization of dissolved

substa nces.

Spr ay granula tion may be c arried out in fluid bed s

or vibrated fluid beds as a separat e process , or this

may be perfor med in the dryer its elf as the fina l stage

of the drying process . Figu re 29.17 illustr ates appli-

cation of a vibrat ed fluid be d dryer as a secon d stage

of a combined drying and granula tion process . In

the first stage the mate rial is spray dried. Resid ual
� 2006 by Taylor & Francis Group, LLC.
moisture is remove d from the powder in a vibrated

fluid bed dryer. In the same dryer the powder is sp ray

granula ted and the granule s are dried to the requ ired

final moisture content .

In an alte rnate method of agglom eration , satur -

ated steam is blow n for a specific period of time

through the fluid bed of cold pa rticles. Cond ensation

of moisture on the particles form s agglom eration c en-

ters and allows form ation of granule s of the produ ct

during fluidiza tion.
29.5 DRYING OF DOSAGE FORMS

Final drug form ulation is a mixt ure of active dru gs

with a su itable excipi ent and necessa ry additive s

(binder , color, aroma, etc. ). The mixtu re may be

obtaine d directly through spray drying of solution

or suspensi on; otherw ise, crystall ine substa nces must

be carefully grou nd and blended. Pow dered prepar-

ation is usually converted into granules, tablets, or

dragees. Granules obtained by wet granulation re-

quire postgranulation drying, which may be per-

formed in the same unit (see Sectio n 29.4. 4). Tabl ets

usually do not require drying although they contain

some water that was present in powder to im-

prove tableting. Dragees, which are essentially lac-

quered tablets, need drying as a final stage. Their

coating is sprayed usually in many layers, including
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FIGURE 29.17 Combined spray drying–agglomerating system (1, spray dryer; 2, cyclone; 3, vibrated fluid bed dryer-

granulator).
an an tioxidant layer , dissolv ing rate-limit ing layer ,

and tast e and co lor layer . Coating layer s may be

water or solvent ba sed. Drage es may be dr ied in a

batch dryer with flow of air through the bed or in a

continuous fluid be d. These dryers are integral parts

of dra gee-coa ting machi nes.
29.6 SOME TECHNOLOGICAL DATA

ON DRYING OF PHARMACEUTICAL
PRODUCTS

The following is a short summa ry of some techni cal

informat ion on drying of some of the more com-

monly encoun tered pharmac euticals and inter media te

produc ts.

Tabl e 29.5 present s a su mmary of the va rious

types of dr yers, toget her with exampl es of pharma-

ceutica l prod ucts for whi ch they are used commer -

cially. It should be noted that in most ca ses alte rnate

dryers are used in practice to dry the same pro duct.

Typical ope rating data for drying of selec ted pharma-

ceutica ls are given in Tabl e 29.6. The infor mation

contai ned in Table 29.6 is derive d from ope rating

dryer perfor mance data as well as from laborat ory-

scale experi ments. Labor atory an d often pilot-sc ale

tests are necessa ry before a co mmercial -scale dry er
� 2006 by Taylor & Francis Group, LLC.
may be designe d wi th confid ence. For pharmac eutic al

products , labo ratory tests are perfor med to provide

data on the thermal sensitiv ity, oxidiz ability, stabi lity,

and fina l product mois ture content . This forms the

basis for the selec tion of a dryer and process param-

eters. If the product is pro duced in small quantities , a

batch dryer may be selec ted. In large -scale produ c-

tion, energy losses, losse s due to deterio ration of the

product qua lity, and other losse s can be quite sub -

stantial if the dryer type and operati ng parame ters

are not optim ally selected. To show how the drye r

type influen ces the drying kineti cs, severa l drying

rate curves for selected pha rmace uticals are present ed

in Figu re 29.18.
29.7 ASEPTIC CONDITIONS IN
PHARMACEUTICAL DRYERS

The prob lem of maint aining asep tic condition s exist s

in all stage s of pharmac eutic al prod uction. The fina l

stages of the pharmaceutical production process, dry-

ing, tableting, and packaging, are especially suscep-

tible to microbial infection. High-sterility standards

are required for pharmaceuticals of biologic origin,

standards, laboratory reagents, and others. The two

possible sources of bacterial infection during drying



TABLE 29.5
Applications of Different Pharmaceutical Dryers

Type General Application Example Product

Directly heated

Fixed bed

Ovens Small batches of all types of pharmaceuticals Various products

Band dryers Organic raw materials, preformed pastes Various products

Turbo-shelf dryers All kinds of medium and coarse granular materials with

long drying times

Penicillin, ascorbic acid, mannitol,

monosodium glutamate, nicotinic acid,

riboflavin, sorbitol, starch

Suspended state

Pneumatic dryers Removal of unbound moisture, narrow particle size Ascorbic acid, hydrate of 2-keto-L-gluonic

acid, p-aminobenzosulfamide, tetracycline

sulfathiazole, aminopyrine, ASA

Cyclone dryers Removal of unbound and bound moisture, possible

self-adjustment of particle size, longer residence times

than in pneumatic dryer

Thiamine bromide, phthalimidopropionitrile,

ascorbic acid, folic acid, nicotinic acid

Spouted bed dryers Long drying times, increased thermal sensitivity, suitable

for drying pastes on inerts

ASA, hexamethylenetetramine, 2-amino-5-

ethyl-1,3,4-thiodiazole

Vibrating bed dryers Granular polydisperse materials, long residence time Nicotinic compounds, sorbose, ascorbic acid,

lactose

Fluid bed dryers Medium and coarse granular materials, possible

granulation

Vitamins, lactose, glucose, sodium glutamate,

Urotropin, antibiotics (oxytetracycline),

paracetamol, pancreatin powder, ASA

Spray dryers Pastes, solutions, and suspensions Aminosalicyclic acid, bacitracin, blood plasma,

blood serum, methicillin salts, culture media,

dextran, enzymes, gamma-globulin,

hormones, streptomycin, iron dextran,

lysine, casein hydrolysate, penicillin, serum

hydrolysate, penicillin, serum hydrolysate,

tetracycline vitamins, oleandomycin,

chloramphenicol succinate salts

Indirectly heated

Drum dryers Thin pastes and slurries Calcium panthothenate, streptomycin sulfate

Vacuum dryers All types of heat-sensitive materials Various products

Freeze dryers Extremely heat-sensitive materials in solutions and

suspensions

Antisera, antibiotics, antitoxins, vitamins,

cancer chemotherapy drugs, various

diagnostic reagents and standards
are the feed and air used for direct dry ing. Prop er

sanitary han dling of the feed must be maintained

throughou t the whole producti on cyc le. If the drug

is not thermo degradabl e, sterilizati on by sup erheat ing

can be applied . If the fina l pro duct is thermolabi le,

therma l ster ilization of the raw mate rials somet imes

can be ap plied or chemical, ultr aviolet, or radioac tive

means of ster ilization shou ld be used .

For all high-s terility manufa cturi ng operatio ns,

class 100 air cleanl iness acc ording to U.S. Fede ral

Standard 209A (1966) must be maintained. High-

efficien cy air filtrati on and lami nar flow units must

be inst alled in packaging areas. Rem oval of the

airbor ne micr obes from the air that feeds the dryers

and pack aging areas is usually perfor med by
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high-e fficiency particu late air (HEP A) filter s. They

are claimed to remove up to 99.97% of all pa rticles

larger than 0.3 mm, that is, most of the known bacter ia

(but not viruses).

To protect HEPA filters against premature clog-

ging, air filtration is usually multistage. At least one

prefilter is added to remove dust from the air before it

enters the HEP A filter . Figure 29.19 sho ws a sche-

matic diagram of a typical aseptic spray dryer system.

If drying is performed at low temperatures, air

washing with sterilizing liquid also may be used.

This is also applicable to air supplied to the packag-

ing areas. Prewashing of the air with antibac-

terial liquids can remove up to 95% of all viable

microorganisms present.



TABLE 29.6
Process Parameters for Drying of Selected Pharmaceuticals

Materiala Dryer Type,

Bed Height

Moistureb Initial

Moisture

Content

(3102 kg/kg)

Final

Moisture

Content

(3102 kg/kg)

Initial Air

Temperature

(˚C)

Final Air

Temperature

(˚C)

Dryer

Throughput

(kg/h)

Evaporation

Rate

(kg/m2�h)

Residence or

Drying

Time

Unit Air

Consumption

(kg air/kg material)

AET Batch fluid bed 17–18.6 0.5 150–155

Batch fluid bed,

100mm

20–23.5 0.5–1 90–95

Batch fluid bed,

100mm

110–115

Aminopyrine Combinedd 15 0.68 95 45 86 83c

Antibiotics Batch fluid bed 19.3 0.8 70 80min

ASA Batch fluid bed 15 1 40 20min

Ascorbic acid Combined 6.34 0.06 170 60 35.7

Vortex Ethanol 12 0.35 90 55 45 s 10.3

Azorybitylamine Combined 50 0.5 160 65 252

Barbituric acid Combined 30 0.2 250 65 109.7

Biomycin Pulsed fluid bed 25–48 0.05 1–1.5 h

DKGA Combined fast

spouted bed

15 0.5 45 38 65.3 117c

11 0.2 55 10 s

Folic acid Vortex 20 0.4 80 50 52 s 10.6

Nicotinic acid Combined 20.9 0.005 100 60

Vortex 20 0.55 120 80 36 s 16.6

Vortex 27 0.34 130 78 38 s 15.0
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Vortex 28 0.54 130 80 42 s 14.0

Vortex 27.6 0.36 150 98 57 s 13.6

Vortex 27.8 0.43 160 105 62 s 12.0

Oxytetracycline Pulsed fluid bed 18–24 3–5 1.5–2 h

Phthalimidopropionitrite Vortex 18 0.3 80 52 45 s 10.2

Piperazine Combined 30–5 5–0.5 90–160 50–80 40–79 30–50c

Riboflavine Combined 40 0.75 130 80 150

Sorbose Combined 6 0.2 124.7 32.8 62.7 29.2

Sulfaguanidine Pneumatic 14.8 8.93 0.3–0.5 h

Terpin hydrate Pulsed fluid bed 20–28 0.1–0.3 130 50 80.1 58.8c

Tetracycline Combined 30 18 130 20

Pneumatic 30–35 15–12 0.3–0.35 h

Granulated Pulsed fluid bed 24–26 12–14 0.4–0.5 h

Hydrochloride Pulsed fluid bed 17–21 1–2

Thiamine bromide Vortex Ethanol 15 2 65 46

16 1.8 80 50 38 s 13

18 1.5 90 55 36 s 12

20 0.6 100 70 23 s 11

20 0.4 100 75 42 s 10

Vitamins Turbo-tray 20 5 90 30 s 8

aAET, 2-amino-5-ethyl-1,3,4-thiodiaz ASA, acetylosaloicyclic acid; DKGA, hydrate of 2-keto-L-gluonic acid.
bMoisture removed is water if not otherwise indicated.
cIn kg air/kg water evaporated.
dFree fall of extruded particles in countercurrent with air and fluid bed.
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FIGURE 29.18 Drying kinetic data for (a) penicillin; (b) ascorbic acid (1, countercurrent spin dryer; 2, flash dryer with

impacting streams of gas; 3, spouted bed dryer; 4, gas filtration in stationary bed; 5, fluid bed; X, moisture content; t, time; N,

drying rate).
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FIGURE 29.19 Aseptic open spray drying system (1, drying chamber; 2, air dispenser; 3, atomizer; 4, prefilter; 5, filter;

6, heater; 7, HEPA filter; 8, sterile feed filter; 9, feed pump; 10, cyclone collector; 11, packing room). (Courtesy of A/S Niro

Atomizer, Soeborg, Denmark.)
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The packaging areas should be provided with

laminar flow units supplied with filtered or washed

air. All personnel and ancillary equipment must be

placed downstream from the sterile product. A sche-

matic of the packaging area of a typical spray dryer

for aseptic operation is shown in Figure 29.20. In

general, for aseptic noncontaminating drying oper-

ation, rotating or sliding parts should be avoided in

dryer installations. Dryers themselves and their duct-

work can be easily sterilized by maintaining the in-

stallation at elevated temperatures for specified

periods. The U.S. Pharmacopoeia specifies heating at

160–1708C for 2–4 h. However, most aseptic dryers

are sterilized at temperatures in the range 200 to

2508C for several hours in practice.

Effectiveness of thermal sterilization may be

tested by placing samples of test bacteria (Bacillus

subtilis for hot air and spores of Bacillus stearother-

mophilus for steam sterilization) in strategic locations

in the installation. After sterilization, samples are

sown onto culture media in petri dishes and observed

for growth. Absence of any growth indicates that

sterilization was successful.
Bottles out

Filling machine

Clean room with
laminar flow

Bottle steri

Hepa filt

Cyclone

Outlet air

Atomizing air

Feed

Feed pump

Pre-filter I Pre-filter II Hepa filter

Two f

Sterile feed filter

Air blower Heater

FIGURE 29.20 Aseptic spray dryer and packaging area. (Court
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To maintain high-purity standards of the product,

several precautions must also be taken in the design of

the drying chamber and installation [8].
lizer

er

luid n

Dr

esy
The installation must be leakproof and must op-

erate under slight overpressure.

All inside surfaces must be as smooth as possible;

all corners must be rounded to guard against

material deposition.

All ductwork should be as short as possible to

prevent product buildup.

All locations where mechanical friction of parts

take place should be eliminated as they can

produce small metallic contaminations in the

product. Rotating or sliding parts should be

avoided.

Aseptic dryers with an open drying cycle provide

satisfactory protection against microbial infec-

tion. Nevertheless, closed-cycle dryers offer a

much better possibility of maintaining proper

sanitary conditions. Unfortunately, their higher

costs make them justified only in some special

cases.
Bottles in

Fan Pre-filter

ozzle

Hepa filter Heater
Fan Pre-filter

Drying air

ying chamber

of A/S Niro Atomizer, Soeborg, Denmark.)



29.8 SOLVENT RECOVERY AND
CLOSED-CYCLE DRYING

A large por tion of all pharmac eutic als is obtaine d

from nonwat er solutions. The solvent is eithe r a single

compon ent solvent (i.e., ethanol , methan ol, acetone,

etc.); howeve r it is often a mixtu re of solvents. Table

29.7, contai ning some infor matio n selec ted from

Pakowski [9], present s exempl ary drugs with mois ture

that is a solvent mixture.

These solvents, due to their high cost and detrimen-

tal influence on the environment, may not be disposed

off into atmosphere even at very low concentrations. In

vacuum dryers solvent vapors after filtering in dust

collectors undergo condensation in single or multistage

condensers. In convective drying the presence of solv-

ents and powders can produce an explosive mixture

with air, which calls for inert gas as the heat carrier. It

is then necessary to close the drying cycle.

In closed- cycle drying the spent gas, after separ-

ated from the dried mate rial, is dehu midified and

after reheat ing retur ned to the dryer.

A closed-cycl e dr yer is justified in the foll owing

cases:
TA
Som

Soli

Raw

Com

Vita

Dib

Pan

Ster

Mu

Ant

� 20
Flamm able, toxic, or valuabl e organic solvent

is used. In this case the solvent will be fully

recuperat ed.
BLE 29.7
e Pharmaceuticals Containing Multicomponent Moistu

d Moisture Compos

vitamin C 1,2-Dichloroethane

Trichloroethylene

Acetone

Ethanol

mercial vitamin C Methanol

Water
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oids Methanol
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Inert gas is used as drying medium , which is

recomm ended if flamma ble solvent or soli d is

dealt wi th. Easy ox idization of the pro duct also

requir es inert gas drying.

Solids or its solvent or vapo rs produ ced during

drying are toxic , ha ve an unpleasa nt odor , or

can by other means pollut e the atmos phe re.
Inert gas, usu ally nitr ogen, c irculatin g in the cycle

is co ntinuous ly suppli ed with a fresh mak eup gas. For

a spray dryer with evaporation rate of acetone, 110

kg/h, approximately 3 m3/h makeup nitrogen is ne-

cessary during normal operation. Purging of the in-

stallation after washing and sterilization requires

approximately 75 m3 nitrogen.

A closed-cycl e spray dryer is shown in Figure

29.21. Essenti ally the same elem ents of installation

are used as for normal open-cycle dryers; however,

disk or liquid-nozzle atomizers are preferred as they

do not require gas for spraying. Solvent evaporates

into the stream of inert gas, usually nitrogen, leaving

the material dry. Most of the particles then formed

are separated in the dryer; the rest are recovered in

high-efficiency cyclones. Hot and humid effluent gas

is contacted with cooled solvent in a scrubber where

the solvent vapors partially condense. Dehumidified

gas is reheated and returned to the dryer. Another

solution for water-based solids is a self-inertizing
re

ition, wt%

Total Moisture Content, wt%

Initial Final
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FIGURE 29.21 Closed-cycle spray dryer system (1, drying chamber; 2, atomizer; 3, gas dispenser; 4, cyclone collector; 5, inert

gas supply; 6, scrubber-condenser; 7, heat exchanger; 8, vent for purging dryer; 9, gas heater (indirect); 10, feed pump).

(Courtesy of A/S Niro Atomizer, Soeborg, Denmark.)
dryer (Figure 29.22) in which oxygen concentration in

drying air is lowered to 4–5% in a directly fired

gas heater.

The throughput of closed-cycle dryers is generally

limited by the volume of the scrubber used for cooling

and condensation. The dimensions of the scrubber

increase with the amount of gas used for drying;

however, closing the cycle of even such extensively

gas-consuming dryers as pneumatic or fluid bed

dryers was found justified.

Among the pharmaceuticals dried in closed-cycle

spray dryers, antibiotics and antibiotic by-products
1

6

4

3

2

FIGURE 29.22 Self-inertizing closed-cycle dryer (1, feed tank;

6, drying chamber; 7, pumps; 8, cyclone; 9, fans; 10, cooler). (C
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can be mentioned. Coating of powders with poly-

meric coating material dissolved in the feed or so-

called microencapsulation is a new application of

closed-cycle spray dryers. For dryers using very

high gas flow rates, such as fluid bed dryers, the

following principle may be used. The outcoming

gas from the drying chamber is split into two

parts. One part is heated and recirculated whereas

the second part is sent to a condenser; after solvent

removal it is mixed with the recycle stream and

returned to the drying chamber. This allows oper-

ation at high gas flow rates in the drying chamber
10

3

8

2, direct heater; 3, atomizer; 4, atomizer drive; 5, scrubber;

ourtesy of APV Pasilac Anhydro, Soeborg, Denmark.)
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FIGURE 29.23 Closed-cycle batch fluid bed dryer (1, drying chamber; 2, bag filter; 3, blower; 4, heater; 5, condenser;

6, pump; 7, product collector).
and also relatively high solvent concentrations in

the exit streams, which makes condensation more

efficient. In the falling rate period, when the concen-

tration of the solvent in the exit gas decreases, re-

moval of moisture usually requires lowering the

temperature of the cooling medium in order to ob-

tain condensation at the required concentration of

solvent. Figure 29.23 shows schematically a batch

fluid bed dryer working in a closed-cycle opera-

tion [10]. Two condensers operating at different

temperatures are used; this arrangement is espe-

cially appropriate when condensing a mixture of

two different solvents.

Traces of solvents in gas vented to atmosphere

from closed-cycle dryers are usually removed by in-

cineration in gas or catalytic burners. This method

may also be used for deodorization of exhaust gas.

Chlorine-containing solvents cannot be burned and

must be adsorbed on a suitable sorbent.
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30.1 INTRODUCTION

Nanomaterials represent today’s cutting edge in the

development of novel advanced materials, which

promise tailor-made functionality for unique appli-

cations in all important industrial sectors. Nanoma-

terials can be clusters of atoms, grains 100 nm in size,

fibers that are less than 100 nm in diameter, films that

are less than 100 nm in thickness, nanoholes, and com-

posites that are a combination of these. In other words,
, LLC.
it implies that the microstructures (crystallites, crystal

boundaries) are nanoscale [1]. Nanomaterials include

atom clusters, nanoparticles, nanotubes, nanorods,

nanowires, nanobelts, nanofilms, compact nano-

structured bulk materials, and nanoporous materials

[2]. Materials in nanosize range exhibit fundament-

ally new properties and functionalities such as surface

effects, dimensionality effects, quanta effects, and

quanta tunnel effects, etc.



Due to their unique optical, electronic, acoustic,

magnetic, thermal characteristics and advantages as

catalysts, etc., the applications of nanomaterials can

be found in many fields and some are listed as below

[3–6]:

. Pharmaceuticals, healthcare, and life sciences: New

nanostructured drugs, gene and drug delivery sys-

tems; biocompatible replacements for body parts

and fluids, self-diagnostics for use in the home,

sensors for labs-on-a-chip, material for bone and

tissue regeneration; blood replacement
. Manufacturing: Improvements for precision en-

gineering; new processes, and tools to manipu-

late matter at the atomic level; nanopowders

that are sintered into bulk materials with special

properties that may include sensors to detect

incipient failures and actuators to repair prob-

lems; chemical–mechanical polishing with nano-

particles, self-assembling of structures from

molecules; bioinspired materials and biostruc-

tures
. Automotive and aeronautics industries: Nanopar-

ticle-reinforced tires; external painting; non-

flammable plastics; self-repairing coatings and

textiles
. Electronics and communications: Media-recording

devices using nanolayers and dots, wireless

technology; dramatically more capable electronic

circuits
. Chemicals and materials: Catalysts; superhard

and tough-drill bits and cutting tools; ‘‘smart’’

magnetic fluids for vacuum seals and lubricants
. Energy technologies: New types of batteries, ar-

tificial photosynthesis for clean energy, quan-

tum well solar cells, safe storage of hydrogen

for use as a clean fuel, energy savings from

using lighter materials and smaller circuits
. Space exploration: Lightweight space vehicles,

economic energy generation and management,

ultrasmall and capable robotic systems
. Environment: New membranes that can select-

ively filter contaminants; nanostructured traps

for removing pollutants from industrial efflu-

ents, characterization of the effects of nanos-

tructures in the environment
. National security: Detectors and detoxifiers of

chemical and biological agents, hard nanostruc-

tured coatings and materials, camouflage mater-

ials, light and self-repairing textiles, miniaturized

surveillance systems

Research done on nanotechnology is found

throughout the literature. For example, when a drug

is administered as nanoparticles, the absorption and
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oral bioavailability of them, e.g., heparin [7], enala-

prilat [8], tobramycin [9], and antitubercular drugs

[10], were significantly enhanced in comparison to

oral-free drugs. Chastellain et al. [11] synthesize the

magnetic nanoparticles with specific shape and precise

size with tailored surface chemistry and topography

for biochemical purposes, i.e., the precise delivery of

drugs using magnetic nanoparticles to the exact tissue

by applying the external magnetic fields. Pandey et al.

[12] investigated the process that the drug was encap-

sulated in nanoparticles of a synthetic polymer. The

results emphasize the power of nanotechnology to

make the concept of enhancement in oral bioavailabil-

ity of azole antifungal drugs come to reality.

Since 1976, over 80,000 nanotechnology-related

patents have been issued by the United States Patents

and Trademarks Office (USPTO) [13]. However,

among them, the United States leads the biomaterials

such as tissue engineering and advanced controlled

release as well as semiconductor technology. Europe

is in a strong position in molecular sensors and diag-

nostics. In Asia, Japan leads in ceramics and magnetic

materials. China and Korea also are amongst the

most rapidly developing nations with strong R&D

activities in nanotechnology in recent years [1].

The preparation of nanomaterials can be classified

into three main approaches according to the states of

the reactants used: liquid-phase, solid-phase, and gas-

phase method [14,15]. One of the most popular

methods in both laboratory and industry at present

is the liquid-phase method. In the preparation of

nanoparticles by the liquid-phase method, drying is

an indispensable unit operation. Nanoparticles tend

to agglomerate and properties of nanoparticles are

adversely affected if we do not choose appropriate

drying methods. So to assure that nanoparticles are

well dispersed during drying is a vital requirement in

the preparation of such products.

Rabani et al. [16] have presented an important

finding that the drying process may mediate the

self-assembly of nanoparticles since the systems may

exhibit complex transitory structures [17] when the

equilibrium fluctuations are mundane. They used a

numerical model to show how the choices of solvent,

nanoparticle size, and thermodynamic state affect the

final morphologies. Since drying plays a role in nano-

material processing, Pakowski [18] investigated the

phenomenon of nanomaterials drying, such as drying

stress and deformation of structure during drying, as

well as the diffusion among the nanopores, etc. Wang

et al. [6] presented and discussed more about the typical

drying methods used in nanomaterials processing.

The preparation of gels includes mainly two steps:

synthesizing ramiform- and continuous-structured

gels in a liquid medium by the sol–gel process, and



then removing solvents from the gel pores [19]. Be-

cause gels are prone to deform or crack during drying,

one of the difficulties in preparing aerogels is to pre-

serve the microporous-structured gels. So rigorous-

controlling conditions are demanded during drying

and a minor mistake may result in failure of the

whole preparation process.

30.2 RESEARCH IN DRYING
OF NANOMATERIALS

Compared with drying of conventional materials,

drying of nanoporous materials is really a complex

task, because we must remove the solvents carefully

without damaging the porous microstructure of gels.

In the case of nanoparticles, agglomeration among

particles must be prevented. The theoretical research

on the drying of nanomaterials focuses mainly on the

mechanism for cracking of porous-structured gels,

agglomeration of nanoparticles, and solvent evapor-

ation during drying.

30.2.1 SOLVENT EVAPORATION MECHANISM

IN NANOMATERIAL DRYING

It is generally believed that solvent evaporation in-

volves three periods, namely a constant rate drying, a

first falling rate, and a second falling rate period [20].

In the constant rate-drying period, drying rate is

independent of time and thickness of the gel. Addition-

ally, the contraction (or shrinkage) rate of gel volume

is equal to the solvent evaporation rate. Therefore,

pores of gels are always filled with solvents in this

period. In the initial period when contraction of gel

volume takes place, the skeleton of the gel is very soft

and capillary tension acting on the gel body is also very

low. As the gel skeleton contracts and tends to become

harder, its resistance ability against shrinkage is also

strengthened while capillary tension increases simul-

taneously. In the constant rate-drying period, liquid

flux from the pores interior to surface is equal to the

liquid-evaporating rate. Liquid transfer occurs mainly

by flow; diffusion is responsible for only a small fraction

of the total flow.

Along with liquid solvent evaporation, the gel

body shrinks and its skeleton strength also increases

until it is strong enough to withstand compressive

stress. When the contraction rate of gel is no longer

equal to solvent evaporation rate, the solid surface is

exposed and the first falling rate-drying period begins.

At the critical point where the constant rate-drying

period ends and the first falling rate-drying period

begins, the radius of curved liquid is equal to the

size of the gel pores, if contact angle is 08, capillary

tension reaches maximal value, and the gel skeleton
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does not contract anymore. Below the critical point,

the evaporation rate starts decreasing; liquid evapor-

ation front recedes into the interior of the gel body,

but primarily takes place over the solid surface. Endo-

phragms of unsaturated pores are covered by a

continuous thin liquid layer, which can provide a

channel for transfer of liquid from pores. Therefore,

in the first falling rate-drying period, liquid transfer

occurs primarily by flow accompanied by vapor dif-

fusion. In the first falling rate-drying period, a vapor–

liquid interface appears in the interior of gel body, so

cracking of the gels appears mainly during this

period. Moreover, it is dependent on the thickness

of the gel.

In the first falling rate-drying period, a thin liquid

layer covers the unsaturated region of gel pores. There-

fore, the outside surface of the gel does not change

immediately so long as liquid flux is comparable to

evaporation rate, and this state may be continuously

preserved. However, as evaporation goes on, distance

from the solid outside surface to drying front increases,

the pressure gradient decreases and so does the flow

rate. Hence, distribution of liquid on the outside sur-

face becomes discontinuous, and drying enters the

second falling rate period. In this period, evaporation

completely occurs inside the gel body. The solvent

evaporation rate is no longer sensitive to external con-

ditions, the liquid near the external surface of the gel

pores appears discontinuous, and transfer of liquid

from the gel pores to the outside is taken by flow

with diffusion as predominant. The force exerted on

the gel is significantly mitigated during the second

falling rate-drying period. Therefore, the gel body

may dilate slightly. Because compressive stress on the

nondrying side of skeleton is larger than that on

the drying side, this may deform and collapse the gel

skeleton. In this period, the gel volume no longer

changes but its quality gradually decreases. Along,

with this excess part of solvent evaporation, various

degrees of collapse may appear, micropores vanish,

and the original skeletal structure shrinks into large

agglomerations.

30.2.2 MECHANISM OF CRACKING OF GELS

AND AGGLOMERATION OF NANOPARTICLES

30.2.2.1 Capillary Pressure Theory

Capillary pressure is the major cause leading to crack-

ing of the gel skeletons or agglomeration of nanopar-

ticles during drying [21]:

P ¼ 2s cos u

rp

(30:1)



where P is the capillary pressur e, s is the liqui d–vapo r

interfaci al en ergy (or surfa ce tensi on), u is the contact

angle, and rp is the rad ius of cu rvature. As we note

from Equat ion 30.1, in order to prevent nanop articles

from agglomerating or gels from collapsing, capillary

pressure must be decreased to a minimum. The fol-

lowing means can decrease capillary pressure:

. Reducing surface tension (using supercritical

drying, freeze-drying, and solvent-replacement

drying)
. Changing wetting angle and making it to ap-

proach 908 (surface modification drying for

nanomaterials)
. Enlarging pore size of gels properly (for capillary

pressure is inversely proportional to the radius of

pores) and making it uniformly (uneven pore size

of gels leads to different capillary pressure and

damage of the nanostructure)

Also we can use the microwave drying technique since

it can shorten the drying period and heat materials

evenly.
30.2.2.2 Models for Cracking of Gels

There are many divergent opinions about the causes

of gel cracking and many models have been suggested

based on experiments and observed results. The

macroscopic model and the microscopic model are

among the more representative models reported.

30.2.2.2.1 Macroscopic Model

The macroscopic model [6] assumes that drying stress

is responsible for cracking of gels. Stress produced

during drying is macroscopic and is exerted on the

whole body of gels and not only on local drying

regions. Its experimental basis is that gels either are

integrated or crack into pieces, but never turn into

powders. This model can illustrate quota relationship

among cracking and evaporation rate, thickness of

gels, and penetration coefficient. It can also explain

some drying phenomena adequately. But it also has

limitations, for example, the macroscopic model fails

to explain why cracking mainly appears at the critical

point, because there is not a sudden stress change that

can cause gel cracking according to this model.

30.2.2.2.2 Microscopic Model

The microscopic model [6] assumes that the main

cause of gel cracking is asymmetry of pores. Accord-

ing to this model, behind the critical point evapor-

ation of liquid occurs in the larger pores initially, thus

the stress on the larger pores can be relaxed. How-

ever, stress is still present in the smaller pores, which
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can cause shrinkage of pores before cracking. Unlike

the macroscopic model, the microscopic model as-

sumes that the stress produced by local asymmetry

of gel microstructure during drying is microscopic,

and thus only affects this local region. So the distri-

bution of pores plays a key role in this process; crack-

ing is likely to occur with wider distribution of pores.

This model can explain why the cracking takes place

at the critical point. However, it fails to explain why

cracking is reduced when the drying rate and the

dimension of gel decrease. Clearly, this is also a defi-

ciency of the microscopic model.
30.2.2.3 Mechanism of Agglomerations

of Nanoparticles

At present, there are no generally accepted views on

the formation of hard agglomerates of nanoparticles.

There are several representative theories proposed,

e.g., including crystal bridge theory, capillary pres-

sure theory, hydrogen bond theory, chemical bond

theory, etc. [21]. We shall only mention the essential

concept of each theory.

Crystal bridge theory: During drying, capillary

pressure enables particles to approach each other;

crystal bridges form and tighten due to deposit of

dissolved surface hydroxyls. With time passage these

crystal bridges combine and large agglomerates can

be formed.

Capillary pressure theory: When gels are heated, a

solid surface is partially exposed due to evaporation

of the absorbed water. Thus, surface tension resulted

from the existence of capillary pressure in water may

cause shrinkage of capillary walls. This is thought to

be the main cause of agglomerates formation.

Hydrogen bond theory: Nanoparticles become at-

tached as a result of hydrogen bond effects, and thus

form agglomerates.

Chemical bond theory: Jonts and Norman believed

that nonbridging hydroxyls existing on a nanoparticle

surface are the basic sources of hard agglomerates.

The reaction of nonbridging hydroxyls on the surface

of neighboring particles taking place in this case is

Me�OHþHO�Me!Me�O�MeþH2O (30:2)

Here Me–O–Me group accounts for the formation of

agglomerates.

In fact, it is very difficult to illustrate mechanism

of agglomerations by a single theory. Most authors

attribute agglomeration to capillary pressure, but

capillary pressure theory fails to explain why gels



exhibit large differences in agglomeration states when

using different organic solvents with similar surface

tension to replace water. Agglomerates can be easily

dispersed in water if the particles are combined only

by hydrogen bond effect, but actually it is very diffi-

cult, and therefore this type of agglomerate cannot be

attributed solely to hydrogen bond theory.
30.3 DRYING METHODS FOR
NANOMATERIALS

There are many advanced drying techniques for

nanomaterials that have not been classified systemic-

ally so far. In this chapter, we try to classify these

methods into direct drying, solvent-replacement dry-

ing, and modification drying for nanomaterials.
30.3.1 DIRECT DRYING

Direct drying method involves drying or calcinations

of precipitates prepared by liquid-phase method after

simple washing or filtering, but without solvent-

replacement and surface modification. There is direct

contact between the wet solid and the convective

drying medium. The following are some of the more

common methods in use.
TABLE 30.1
Nanoparticles Prepared by Spray Pyrolysis

Particles Chemical Mean Size (nm)
30.3.1.1 Oven Drying

It is difficult to preserve slender porous gels when we

are removing liquid solvents from gel pores. During

oven drying, tremendous capillary pressure is pro-

duced in micropores when the solvents are removed,

which may lead to serious agglomerations. Rapid dry-

ing can cause cracking of gels because gels and liquid

solvents have different thermal expansion coefficients,

so drying rate must be controlled as low as possible.

But according to literature, low rate of safe drying will

take as long as 1 year [14,21]. Oven drying is mainly

used in the laboratory. Nanoparticles obtained by this

method result in severe agglomerations, so quality of

products is not very good.
CuO�Cr2O3 Nitrate 70

CoO�Fe2O3 Chloride 70

MgO�Fe2O3 Chloride 70

Cu2Cr2O4 Nitrate 70

MgFe2O4 Chloride 50

MnFe2O4 Chloride 50

(Ni,Zn)Fe2O3 Chloride 50

BaO�6Fe2O3 Chloride 75

Source: From Wang, B., Zhang, W., Zhang, W., Mujumdar, A.S.,

and Huang, L., Drying Technol., 23(1–2), 7, 2005.
30.3.1.2 Spray Drying

Spray drying is an established method that is initi-

ated by atomizing and spraying suspensions into

droplets followed by a drying process, resulting in

solid nanoparticles. This method is widely used due

to its many advantages, including the fact that it

is a simple system, low cost, and easy to be indus-

trialized. Several authors [22–27] have reported

the fabrication of nanoparticles via spray drying.
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Chow et al. [22] used spray drying to prepare

nanosize hydroxyapatite (HA) particles. They used a

nozzle to spray the acidic calcium phosphate solution

and an electrostatic precipitator to collect nanosize

powder. Their high-resolution transmission electron

microscopy (TEM) showed that the particles, some of

which were only 5 nm in size, exhibited well-ordered

HA lattice fringes. The thermodynamic solubility of

the nanosize HA is also presented better than that

prepared by the conventional methods.

Li et al. [25] synthesized nanoscale LiCoO2 pow-

ders via spray drying in which equivalent amounts

of lithium acetate and cobalt were dissolved in

deionized water and some polyethylene glycol (PEG)

was added. The suspension was spray-dried to

produce mixed precursor in a spray dryer with a two

fluid nozzle. Atomizing pressure was controlled at

0.1 MPa, inlet air temperature was 3008C, and the

outlet air temperature was 1008C. LiCoO2 powder

was synthesized by calcining the mixed precursor at

8008C for 4 h. The resulting particle had homoge-

neous particles size in the order of hundreds of nano-

meters.

There are also other methods such as spray pyr-

olysis and electrospray pyrolysis besides the above

method [26]. To prepare nanoparticles by spray pyr-

olysis, a starting solution is prepared by dissolving,

usually, the metal salt of the product in the solvent.

The droplets atomized from a starting solution are

introduced to furnace. Drying, evaporation of solv-

ent, diffusion of solute, precipitation, reaction of pre-

cursor, and surrounding gas, pyrolysis may occur

inside the furnace before the formation of product.

It is similar to spray drying except the type of precur-

sor. For this, colloidal particles are typically used as

precursors. Some products prepared by spray pyroly-

sis are listed in Table 30.1.



TABLE 30.2
Particles Prepared by Freeze-Drying

Particles Reactants Size (nm)

W Ammoniacal brine 3.8–6

W-25%Re Ammoniacal solution 30

Al2O3 Brine 70–220

MgO Sulfate 100

Source: From Wang, B., Zhang, W., Zhang, W., Mujumdar, A.S.,

and Huang, L., Drying Technol., 23(1–2), 7, 2005.
In spray pyrolysis, mean size of final nanoparticles

can be determined from droplet size of solution

sprayed [23,24]. But a typical atomizer such as twin

fluid or ultrasonic nebulizer that is used to generate

droplet in spray pyrolysis is only capable of gene-

rating droplet with mean size in the range of several

microns. For example, a droplet with a diameter of

5 mm can produce a particle with a diameter

of 100 nm, the initial concentration of solute must

be 0.0008%. But in practice, low concentration may

lead to low rate of particle formation and affect the

purity of product. So, ultrafine nanoparticles can only

be produced from ultrafine droplets. The electrospray

technique has been examined as a method to generate

ultrafine droplets; during this process, a meniscus of a

spray solution at the end of a capillary tube becomes

conical when charged to a high voltage (several kilo-

volt) with respect to a counterelectrode. The droplets

are stably formed by the continuous breakup of a jet

extending from this liquid cone, generally referred to

as a ‘‘Taylor cone.’’ According to previous studies,

mean size of droplets sprayed by this method can be

controlled in a range of 1 nm to several microns.

Faezeh [28] used the technique of electrospray

drying to prepare carbon molecular sieve (CMS)

nanoparticles. The electrospray drying experiments

were operated in the cone-jet mode by making use of

a strong electric field (metallic nozzle connected to

a high-voltage source), in which a pendular droplet

deforms into a conical shape and then passes through

a weaker electric field (shielding electrode) at the

same polarity as the first one. The charged particles

were neutralized with the aid of corona discharge.

During the investigation of the effects of applied

voltage, liquid flow rate, and polymer concentration,

he found that the liquid flow rate has the most

important effect in determining the particle size.

The narrower particle size distribution with an aver-

age size of 200 nm was obtained under the experi-

ment with flow rate of 0.05 mL/h, at the voltages

of 13.6 and 7 kV (on the capillary and ring, respect-

ively), with a 0.05 wt% polyetherimide solution. The

better morphology was also found at this operation

condition.

30.3.1.3 Freeze-Drying

This method involves atomizing of the solution into a

freezing agent (for example, liquid N2) where tiny

droplets are turned into solid particles and after ne-

cessary filtering, these solid particles are moved to a

vacuum freeze-drying chamber in which they are

heated and ice sublimes. The dried material is sintered

to produce oxidized nanoparticles. Obviously freeze-

drying consists of two steps namely spray freezing
� 2006 by Taylor & Francis Group, LLC.
and vacuum drying, respectively. Table 30.2 lists

some powder products prepared by freeze-drying.

As regards drying of gels, the situation is more com-

plex [29,30]. Water undergoes some volume expansion

when freezing, which can separate adjacent particles

when water turns into ice. Nanoparticles are prevented

from agglomerating due to the formation of the solid

phase. On the other hand, high-energy vapor–liquid

interfaces are replaced by low-energy vapor–solid inter-

face, so agglomerations that are induced by surface

tension during drying can be mitigated in theory.

30.3.1.4 Microwave Drying

Zhang et al. [31] prepared CeO2 nanoparticles by sol–

gel process using citric acid and cerium nitrate. The

solution was heated during reaction and dried by

microwave energy. It was found that the reaction

period is shortened from original 1–3 d to 30–60

min and drying period also shortened to only several

minutes from 2–3 h. Titanium dioxide, aluminum

oxide, zirconium oxide, and silicon dioxide have been

successfully synthesized by this method [32]. Com-

pared with conventional direct drying, microwave

drying has the following merits:

. Rapid heating rate that only takes 1/10–1/100

the time needed by conventional ways.
. There is no temperature gradient in the mater-

ials during microwave heating, so the materials

can be heated up more evenly due to volumetric

heat absorption.

30.3.1.5 Supercritical Drying

Supercritical drying [33,34] was initially developed by

Kistler to obtain materials having large pore volume

and specific surface area. A fluid is qualified as super-

critical when its pressure and temperature exceed

values, e.g., carbon dioxide has the low critical para-

meters (Tc ¼ 318C, Pc ¼ 7.29MPa), but the critical

pressure for water is as high as 21.77MPa. Supercritical
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FIGURE 30.1 The supercritical drying procedure.
drying prevents capillary pressure between the vapor–

liquid interface and the solid part of gel, which

occurs during supercritical drying. During this process,

the solvent within the gel is removed leaving only the

linked gel network. This process can eliminate the solv-

ent from the sol–gel without generating a two-phase

system and the related capillary forces. The process is

simply described in Figure 30.1. The sol–gel mixture at

point A is initially heated and pressurized to the super-

critical state (Point B). Then it is depressurized and

cooled to room condition (Point C). However, the solv-

ent vaporization curve (V) is not been crossed, i.e., no

two-phase system appears. Only a low-pressure solvent

vapor is present in the porous gel, which will be changed

by air diffusion since the gel is highly porous with open

pores. So gel skeleton is free of capillary tension during

supercritical drying. Cracking of microporous structure

and agglomeration of particles can be avoided theoret-

ically.

The supercr itical drying may be separat ed into

four stage s [18]:

. Solvent -replacem ent stage : Liqu id CO2 replac es

the solvent to cover the gel.
. Diffus ional replacemen t : Liq uid CO2 replaces

the solvent to fill in the pores of gel.
. Supercri tical transit ion: Liquid CO2 and gel mix-

ture are pressur ized and heated to the sup ercrit-

ical cond itions.
. Isotherm al exp ansion : The mixture of liquid CO2

and gel under sup ercritical co ndition is depres-

suriz ed to the atmosp heric con dition.

30.3.1 .6 S ubcritic al Drying

In contrast to supercritical drying, operating param-

eters for subcritical drying including temperature and
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pressure are below the critical point. Wei et al. [35] used

E-40 (multi-polysiloxane) as silicon source and isobutyl

alcohol as solvent to prepare SiO2 gel. The prepared gel

was placed in autoclave, adding an appropriate amount

of isobutyl and surfactant, preserved sometime under

pressure of 2.3–2.6 MPa, temperature of 240–2608C,

and then deflated slowly and cooled naturally; hydro-

phobic SiO2 aerogel was finally obtained.
30.3.1.7 Direct Calcining

Direct calcining involves placing the precipitates or

wet gels in a muffle furnace in which dehydrating and

calcining simultaneously take place at high tempera-

ture. As sho wn in Table 30.3, Zhang et al. [36] also

prepared TiO2 nanoparticles, using a muffle furnace

at 4508C for 3 h. Particle size of both TiO2 and MgO

increases with calcination temperature.

Direct calcining is economical and convenient, but

seldom gives satisfactory nanoscale products because

of serious incidence of agglomeration.
30.3.2 SOLVENT-REPLACEMENT DRYING

Solvent-replacement drying involves replacement of

water in gels or precipitates with special organic solv-

ents and removal of the organic solvents.

When we prepare nanoparticles by the liquid-phase

method, wash with deionized water and filtration are

necessary steps before drying in order to get rid of the

residual ions. This usually causes severe agglomer-

ations. Replacing water with selected solvents having

low surface tension can yield products with minor ag-

glomeration. Regarding gels, solvent replacement is

required for subsequent treatment. Solvent replacement

can be carried out by one of the following ways:



TABLE 30.3
Relation between Particle Size and Calcining Temperature

Temperature (8C) 400 430 450 500 600 700 800 900

MgO particles size (nm) 22 25 32 — 50 — — —

TiO2 particles size (nm) — — 22.1 23.9 34.4 41.1 46.9 49.6

Source: From Zhang, M., Yang, J., and Yang, X.J., Missiles Space Vehicles, 4, 51, 2001.
. Washing with organic solvents: Soaking, washing,

and filtering with organic solvents several times

are necessary steps before drying precipitates or

gels. The functional groups of organic molecules

replace nonbridging hydroxyls partially as well

as produce sterically hindered effects to prevent

agglomeration of particles. The commonly used

organic solvents include methyl alcohol, ethyl

alcohol, butyl alcohol, tert-butyl alcohol, acet-

one, cetane, silicone oil, etc. The need for wash-

ing with organic solvents is one of the reasons

for the high preparation cost.
. Azeotropic distillation: Precipitates or wet gels are

dissolved in solvents, which possess higher boiling

points than water, but are immiscible in water.

Under heating and vigorous stirring, water and

organic solvents vaporize as an azeotropic mix-

ture. Solvents that can be used for azeotropic

distillation include butyl alcohol, isoamyl alco-

hol, isopropyl alcohol, propyl alcohol, glycol,

ethyl alcohol, benzene, and toluene. Butyl alcohol

is the most popular one. Researchers have con-

cluded that surface hydroxyls on particles are re-

placed by butyl alcohol molecules, which produce

steric hindrance effects to prevent agglomeration.

But butyl alcohol can cause serious pollution

problem and its recycling is quite problematic,

therefore commercialization is very difficult.
. Liquid carbon dioxide replacement: Due to poor

miscibility of liquid carbon dioxide with water,
TABLE 30.4
Properties of TiO2 Nanoparticle Obtained by Different

Samples Drying Methods Par

CP1 Direct oven drying þ calcining

CP2 Ethanol-replacement supercritical drying þ calcining

CP3 Ethanol-replacement oven drying þ calcining

Source: From Dong, G.L., Gao, Y.B., and Chen, Sh.Y., Acta Phys. Ch
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water must be replaced with suitable organic

solvents before supercritical CO2 drying.
. Supercritical carbon dioxide extraction: Because

gel pores are very fine, it takes a long time for

liquid carbon dioxide to percolate into the interior

of the micropores. The whole drying process can

take much longer time. This problem is solved if

supercritical carbon dioxide is used to extract

organic solvents, which are used to replace water.

30.3.2.1 Solvent-Replacement Oven Drying

Dong et al. [37] aged TiO2 hydrosol for 2 h in mother

liquor, washed, and filtered with deionized water

many times to obtain a hydrogel, and then replaced

water with ethanol to get an alcogel. Alcogel was

dried in oven at 908C for 3 h, again kept in oven for

24 h at 1108C, finally calcined in a muffle furnace for

3 h at 5508C. Particle size of product was reduced and

other properties also improved compared with direct

oven drying (as shown in Table 30.4).

30.3.2.2 Solvent-Replacement Freeze-Drying

The medium of direct freeze-drying is water, but melt-

ing temperature of water differs from its boiling tem-

perature by 1008C.The sublimation heat of water is

high as a result of hydrogen bonding. Moreover, the

cold trap temperature in freeze-dryer must be con-

trolled under –508C in order to prevent the saltwater
Drying Methods

ticle Size (nm) Specific Surface Area (m2/g) Porosity (m3/g)

50–100 4.88 0.027

10–20 113.8 0.41

20–40 60.7 0.34

im. Sin., 14(2), 142, 1998.



system from melting owing to its low plait point and

extremely slow sublimation rate. Sublimation heat of

tert-butyl alcohol is much lower than that of ice and

has small difference between its melting temperature

and boiling temperature. So cold trap temperature

only needs to be controlled at –158C to guarantee

no melting to take place. tert-Butyl alcohol experi-

ences smaller volume change than water when frozen,

which is in favor of maintaining integrity of porous

structures. Saturated vapor pressure of tert-butyl al-

cohol is higher than that of water (see Table 30.5), so

drying time can be greatly reduced. Products dried by

this method have excellent mesoporous structure.

Tamon et al. [30] synthesized resorcinol–formal-

dehyde (RF) hydrogel by sol–gel polycondensation of

resorcinal with formaldehyde, and the gel had been

immersed in ten times volume of tert-butyl alcohol for

over 3 d to replace water in its pores. Then the gel was

frozen at –308C for 1 d, at –108C for 1 d, and at 08C
for 1 d to obtain RF cryogel. Carbon cryogel was

prepared by pyrolyzing RF cryogel at high tempe-

rature. Although pores undergo shrinkage during

high-temperature carbonization, they maintain within

mesoscope. Property of this type of carbon cryogel

lied between carbon aerogel and carbon xerogel. Its

specific surface area and mesovolume are smaller than

carbon aerogel, but larger than carbon xerogel dried

by direct evaporation.

30.3.2.3 Solvent-Replacement

Supercritical Drying

30.3.2.3.1 Organic Solvent-Replacement

Supercritical Drying

Because hydrogels are not suited for supercritical

drying, hydrogels prepared from inorganic salt must

be converted to alcogels by replacing water with al-

coholic solvent before supercritical drying. Methyl

alcohol was used firstly, alcogels are put in dryer,

and some methyl alcohol is added; and it is essential

to boost temperature and pressure at a proper rate
TABLE 30.5
Properties of tert-Butyl Alcohol and Water

Substances Melting Point (8C) Boiling P

tert-Butyl alcohol 25.5 8

Water 0 10

aSVP is the saturated vapor pressure.

Source: From Luan, W.L., Gao, L., and Guo, J.K., NanoStruct. Ma

and Suzuki, T., Carbon 37, 2049, 1999.
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until methyl alcohol reaches its supercritical state and

preserve for sometime in order to assure liquid methyl

alcohol can turn into supercritical fluid completely.

Release methyl alcohol gradually under constant tem-

perature and reduced pressure. It was Kistler who

prepared silicon aerogel by this type of supercritical

drying for the first time in 1933. Al2O3, TiO2, ZrO2,

organic, and carbon aerogels were also prepared later

by organic solvent-replacement supercritical drying

[38]. Besides, nanoparticles of nickel hydroxide, nickel

oxide, zinc oxide, zirconia, and a-Fe2O3 were prepared

by ethanol-replacement supercritical drying.

30.3.2.3.2 Liquid Carbon Dioxide-Replacement

Supercritical Drying [21]

In general, alcohol (methyl alcohol) can cause esterifi-

cation on gel surface. The surface of this type of gel is

hydrophobic, therefore it is unlikely to absorb water in

air. But alcohol has high critical temperature and pres-

sure; in addition alcohol is flammable and toxic, espe-

cially methyl alcohol. Moreover, the gel skeleton may

be compact during supercritical drying, in particular

under the condition of the existence of base catalysis

and water. Mechanism of this kind of compact is simi-

lar to aging. In 1985, Tewari et al. took CO2 as a drying

medium in supercritical drying which greatly reduced

the supercritical temperature and enhanced reliability

of drying equipment.Under operating conditions,CO2

is chemically inert to gel skeleton. Due to the poor

solubility of CO2 in water, water must be replaced by

organic solvents before supercritical drying. Aerogels

prepared by this method have strong water affinity and

tend to absorb water in air, so aerogels may gradually

turn to cream color after sometime in air and even

crack. Absorbed water can be removed by heating up

to 100–2508C without damage to aerogels’ skeleton.

Liquid carbon dioxide-replacement supercritical dry-

ing is currently the most common method to prepare

aerogels and nanoparticles.
oint (8C) Density Change (g/cm3) SVPa/Pa

3 3.4�10�4 (268C) 821

0 7.5�10�2 (8C) 61

ter. 10(7), 1119, 1998; Tamon, H., Ishizaka, H., Yamamoto, T.,



30.3.2 .3.3 Sup ercritica l Carbon Dio xide-

Replace ment Extract ion Drying

If we substitute supercritical CO2 for liquid CO2 which

is used in carbon dioxide-replacement supercritical dry-

ing, the drying operation is called supercritical carbon

dioxide-replacement extraction drying. Novak et al.

[33] prepared BaTiO3 particle aerogel by this method.

Compared with liquid carbon dioxide-replacement

supercritical drying, drying period of supercritical car-

bon dioxide-replacement extraction drying is greatly

shortened, so preparation cost is reduced accordingly.

30.3.2 .4 Aze otropi c Distil lation Drying

Azeotro pic distillati on drying is used to remove wat er

in precipitat es or wet gels a s co mpletely as possible

and then the resid ual solvent sti ll ne eds furt her dr ying

and calcin ing afte r remova l of water. Organ ic solvent s

can be reu sed afte r con densation and lami nation.

Nanopart icles of zirconium oxide, aluminum oxide,

nickel oxide, sil ica dioxide , indium ox ide, aluminu m

and magnes ium hydro xide (AM H) had already been

prepared by this method. Hu et al. [39] remove d wat er

in TiO2 gel using butyl alcohol aze otropic dist illation

followe d by supercr itical drying an d obtaine d TiO2

nanop article.

30.3.2 .5 So lvent-Repl aceme nt Mic rowave Dry ing

Yamamo to et al. [40] replac ed water in the already

prepared organic hyd rogel wi th tert -butyl alcohol and

followe d it by 10 min of microwav e drying, after

carbonizi ng at high tempe rature and obt aining a car-

bon x erogel. The result indica tes that effici ency of

solvent -replaceme nt micr owave drying is much high er

than that of solvent -replaceme nt oven drying and

solvent -replaceme nt freeze-dryi ng.

30.3.3 MODIFIED DRYING FOR NANOMATERIALS

Althou gh aerogel s or nano particles obtaine d by

supercr itical drying have ex cellent qualit y, rigor ous

operati ng condition s, long preparat ion time, an d ex-

pensive equipment cost are needed . To realize sub crit-

ical or ambien t dr ying for g els and nanop articles , a

series of modification measur es must be impl ement ed,

includin g strengtheni ng hardn ess of gel skeleton as

well as chan ging size and unifor mity of pores, surface

modify ing, etc. Some drying con trol c hemical addi-

tives (DCCA) can also be added to redu ce cracki ng

and shorte n drying pe riod [41, 42].

The modificat ion of nanomat erials is a pretr eat-

ment process that wet gels or precipi tates are su b-

jected to some modificat ion measu res in order to dry

them at lower pressur e or in ambie nt co nditions.
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30.3.3 .1 Impr oving Uniform ity of Gel Por es

It is imprac tical to e xpect skel etal structure of

gel to be highly unifor m , as the skel etal structure of

gel i s ob t ained by hydrolyzation and condensation

reaction of pentamethide . According to E qua tion

30.1, the capillary pressure is inversely propor t ional

to the r adius of pores, and hence there are different

stresses  on gel pores  which lead to cracks or breaks

during drying. Moderate increase of pore size can

decrease capillar y pressure as well as increase pene-

tration c oefficient of t he gels, which in turn reduces

drying stress. On the other hand, adding formamide

can r estrain hydrolysis r ate and speed up condensate

rate of silicon a lkoxide, henc e la r g er g el ske l et on ca n

be obtained. This method also has a disadvantage,

since l arge pores need hi gher sintering t emperature

[43].
30.3.3 .2 Alter ing Vola tilization Order

of So lvent Mixture

If the solvent in gel pores is a mixture of wat er and

metha nol (or ethano l), appreci able amou nt of wate r

may be left when drying is finished because methyl

alcohol is easier to volatilize than water. But if some

surfactants of low surface tension and volatility (for

example, N,N’-dimethylformamide (DMF)) are added

to the wet gel before drying, the possibility of gel

cracking is reduced.
30.3.3.3 Surface Modification

Deshpande et al. [42] replaced water in hydrogel

with ethanol (or acetone, cetane). The hydrogel

was placed in trimethylchlorosilane (TMCS) (solv-

ent is benzene, toluene, or cetane) for modification

treatment, and then washed with ethanol. Surface

wettability of gels was improved significantly and

the contact angle nearly reached 908 (see Table 30.6).

The capillary pressure was also reduced. Then it was

dried at ambient pressure and room temperature

for 24 h, and then at 50 and 1008C for 24 h each

to produce a porous SiO2 xerogel having properties

of aerogels which are obtained via supercritical

drying.

Shen et al. [43] prepared silica gel from polysilox-

ane E-40 precursor. After aging and solvent replace-

ment, the silica gel was placed in TMCS solution

(10%) for surface modification for 3 d, followed by

washing with silicone oil repeatedly, and dried under

ambient pressure to obtain SiO2 xerogel. Its pore size

was 10.4 nm, the specific surface area 969 m2/g, and

shrinkage ratio 9%.



TABLE 30.6
Contact Angles of Modified and Unmodified Gels

Solvents Surface-Modified (Atmospheric Drying) Nonsurface-Modified (Supercritical Drying)

Ethanol 76.78, 78.48 30.38, 35.18
Acetone 79.38, 77.28 29.18, 37.28
Hexane 89.68, 82.78 41.38, 48.48
1:4 Dioxane 81.18 66.48

Source: From Deshpande, R., Smith, D.M., and Brinker, C.J., Preparation of High Porosity Xerogel by Chemical Surface Modification,

U.S. Patent 5,565,142, 1996.
30.3.3 .4 Re inforc ement Streng th of Gel Skele ton

In order to reinforce the m ec hanical strength o f the g el

skele ton, the following mea sures a re usually taken [ 41]:

. Adjust ing hydrol ysis cond ition : Hydrot hermal

and ch emical treatmen t are a pplied to adjust

hydrolys is conditio n in the inter est of accele rat-

ing conde nsation react ing to obtain gels that

have high polyme rization degree, and reinf or-

cing gel skeleto n strength accordi ngly.
. Aging: A ging is a process of dissolving and rede-

positing of gel granules, by t his m eans connective

statu s of th e gel sk eleton can be improved. Einars-

rud et al. had s ucceeded in reinforcing gel skeleton

using water–ethanol, ethylate–et hanol to age gels.
. Adding DC CA : For mamid e, dimet hyl form a-

mide, dimethyl acetam ide, glycero l, and oxalic

acid are gen erally used as DCCA reagent s.

DCCA can co nstrain hydrolys is of alkoxid e and

speed up con densatio n rate and all these are in

favor of high stre ngth of gel skeleton . On the

other hand , it can make size distribut ion of gel

pores more na rrow and reduce drying stress.

How ever, DCCA can also bring certa in side

effects, for example, some org anic impuriti es

are difficult to get rid off an d produce bladd ers

during sint ering. Some of them even cause nig-

rescence of gels at high tempe ratur e due to its

carboniza tion, etc.

30.4 COMPARISON AND SELECTION
OF DRYING METHODS FOR
NANOMATERIALS

30.4.1 COMPARISON OF DRYING METHODS

FOR NANOMATERIALS

Differ ent drying methods wer e selec ted by diff erent

researc hers to produ ce various nano particles or nan o-

structure material s. Differ ent drying method s have
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strong effects on the pro perties of nan omaterial s,

includin g particle size, partic le morph ology,

porous struc ture, specific surface area, etc. Here we

compare the results obtaine d by some research ers

who employ ed different drying methods to prepa re

nanomat erials.

Don g et al. [37] aged their TiO2 hyd rogel in the

mother liquor for 2 h, filtered , a nd was hed the hyd ro-

gel with deionize d wat er severa l tim es. The hyd rogel

was sep arated into two pa rts: A and B. Part A was

dried in oven at 90 8 C for 3 h, then at 110 8 C for 24 h

and obtaine d as A1. B was con verted to B1 by re-

placin g wat er wi th ethan ol. B1 was sep arated into C

and D. Sample C was subjected to ethanol-replacement

supercr itical drying (260 8 C, 8 MPa , constant tem-

peratur e and pressur e for 0.5 h) to obtain C1. Sa mple

D was dried in oven at 90 8C for 3 h, and then at

110 8 C for 24 h to obt ain D1. A, C1, and D1 were

calcined in a mu ffle furnace for 3 h to prod uce prod -

ucts CP1, CP2, and CP3. Figure 30.2a shows the

morpholog y of CP1, whi ch displ ays seri ous agglom -

eration, wi th irregu lar pa rticle shapes. The reason for

this phe nomeno n is that dur ing drying strong capil -

lary forces develop that pull the pa rticles into closer

contact . Figure 30.2b shows relative ly minor agglom -

eration; it can be attr ibuted to replac ement of wate r

with ethano l, whi ch ha s lower surfa ce tensi on. Figu re

30.2c shows the mo rphology of the ethanol -repl ace-

ment supercr itically dried CP3; it is observed that

the cross-li nked structure is well preser ved during

supercr itical drying. Fur thermore, sup ercritic al dry-

ing can increa se the specific surface area and porosit y,

as well as effecti vely prevent s the formati on of hard

agglom erates. The particle and pore size dist ribution s

are more even. Table 30.4 shows the pro perties of

three pro ducts.

Luan et al. [14] dried BaTiO3 precipitate in three

differentways: direct oven drying, azeotropic distillation

drying, and tert-butyl alcohol-replacement freeze-drying.

Their results showed that the solvent-replacement freeze-

dried nanoparticle’s size is approximately 30 nm, and
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FIGURE 30.2 Nanoparticle morphologies prepared by different drying methods: (a) direct oven drying and calcining,

(b) ethanol-replacement supercritical drying and calcining, and (c) ethanol-replacement oven drying and calcining. (From

Dong, G.L., Gao, Y.B., and Chen, Sh.Y., Acta Phys. Chim. Sin., 14(2), 142, 1998.)
its crystal form is perfect. Particle size of powder

obtained by direct oven drying was about 80 nm and

agglomeration of particles is quite obvious. Finally,

particle size of powder obtained by solvent-replace-

ment azeotropic distillation drying is between that

of the above two; however, partial agglomeration

and hollow spherical structure formation are found.

Besides, sintering results indicated that there is a

big difference in sintering activity of the three dried

particles. Particles obtained by solvent-replacement

freeze-drying exhibit higher density (larger than 85%

TD) when sintered at 12508C, which is several hun-

dred centigrade lower than that of the conventional

method. Compared with oven drying, sintering

activity of particles obtained by azeotropic distillation

drying is improved.

Tamon et al. [30,44–46] and Yamamoto et al.

[47,48] prepared RF aerogels, RF cryogels, RF xer-

ogels, and RF MW gels from RF hydrogels, respect-

ively, by supercritical drying freeze-drying, oven

drying, and microwave drying. Their porosity prop-

erties were determined by nitrogen adsorption. It was

found that RF aerogels have the best mesoporous

structure among the three gels, next in line are RF
TABLE 30.7
Drying Conditions of the Experiments [49]

Sample

Solvent Replacement

1 No solvent replacement

2 Alcohol

3 N,N’-Dimethylformamide

4 Butyl alcohol

5 Butyl alcohol þ alcohol

6 Alcohol

7 Alcohol
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cryogels, RF xerogels, and RF MW gels. Their scan-

ning electron microscopic (SEM) images showed

that the RF aerogels were composed of intercon-

nected spherical particles; RF cryogels had cross-

linked structure composed of interconnected primary

nanoparticles; and RF xerogels and RF MW gels had

cross-linked structures similar to the structures of RF

cryogels. The primary nanoparticles of RF xerogels

and RF MW gels are confirmed to link densely and

the mesopores seem to be similar to those of RF

cryogels, which facts support the results of nitrogen

adsorption. From the above results, we can conclude

that supercritical drying can preserve the skeleton of

gel and minimize its shrinkage effect during drying;

freeze-drying is also useful to prepare porous structure

from hydrogels, and that it is difficult to obtain meso-

porous RF xerogels by oven drying. Using microwave

energy, one can dry hydrogels at higher rates than

freeze-drying and oven drying while retaining the

mesoporous structure of hydrogels.

Zhang et al. [49] prepared magnesium hydroxide

precipitate and dried them in four different ways,

as shown in Table 30.7. Then the dried precursors

were calcined in a muffle furnace at 5508C for 4 h to
Parameters

Drying Methods Temperature (8C)

Oven 90

Oven 90

Oven 90

Azeotropic distillation 97–120

Azeotropic distillation 97–120

Microwave drying 180

Supercritical drying 60



produc e magnes ium ox ide nanoparti cles. It is observed

that MgO nano particles made from the precu rsor

using direct oven drying get the largest parti cle size

and they are also most irre gular among the tested

sample s. It is due to severe agglom eration of the

precurs or during oven dr ying. On the other hand, it

also indica ted that sample 7 has the smal lest parti cle

size (18 nm) and pe rfect cryst allinity; mil d tempe ra-

ture (608 C) an d free of capil lary pressur e during

supercr itical drying are responsi ble for this.

The morphologies for different samples using TEM

are shown in Figure 30.3. The agglomeration and size

distribution status can be clearly observed under the

TEM images. Figure 30.3a is the image of sample 1,

which displays serious agglomerations and irregular

particle shapes. The reason for this phenomenon

is that strong capillary pressure pulls the particles

into closer contact during oven drying without solvent

exchange. Comparing the images of sample 1 with

samples 2 and 3 (Figure 30.3b and Figure 30.3c), it is

seen that more uniform particle size distributions are

obtained due to fewer agglomerations. The TEM

images for samples 4 and 5 are shown in Figure

30.3d and Figure 30.3e. The finding is consistent with

the fact that they have large particle sizes, which are

calculated from Scherrer equation. It was also found

that sample 4 presents cross-linked structure. Figure

30.3f is the photograph of sample 7 from which it is

clearly observed that the particle size is the smallest

compared with the others. It was also found that

minor agglomeration occurs and spherical morph-

ology of the particle is obtained.

Finally, microwave drying is used to dry the pre-

cursor. From the TEM image of sample 6, shown in

Figure 30.3g, it is found that significant growth of the

magnesium oxide particle size occurs due to the

growth of the precursor during the high-temperature

drying. However, its agglomeration status is bit simi-

lar to that in sample 7.
30.4.2 CHOICES OF DRYING METHODS

FOR NANOMATERIALS

It is a difficult task to select the most suitable drying

method for nanomaterials. There is no unified selec-

tion basis or set of criteria at present. Generally

speaking, drying methods for nanomaterials should

be determined according to laboratory test results and

product quality parameters specified. The following

observations are useful:

. Although direct drying has many advantages,

such as simple operation, low preparation cost,

and equipment investment, it is difficult to obtain
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high-grade nanomaterials by this method due to

excessive agglomeration.
. Solvent replacement is a necessary process in dry-

ing of nanomaterials, especially for nanoparticles

prepared by the precipitation method. Organic

solvent replacement (or washing) can improve

quality of product significantly. Azeotropic distil-

lation is one of the solvent-replacement methods

with potential for development.
. Quality parameters of dried products (nanopar-

ticles and aerogels) obtained by solvent-replace-

ment supercritical drying (including organic

solvent-replacement supercritical drying, liquid

carbon dioxide-replacement supercritical drying,

and supercritical carbon dioxide-replacement

extraction drying) are the best. Next in line

are solvent-replacement freeze-drying and

solvent-replacement microwave drying.
. Among all solvent-replacement supercritical

drying methods, organic solvent-replacement

supercritical drying has limitations of poor

safety due to its high temperature and pressure

operation; in addition its equipment and oper-

ation costs are high. As for liquid carbon diox-

ide-replacement supercritical drying, operation

period is very long. Supercritical carbon diox-

ide-replacement extraction drying has advan-

tages of short operation time, low-operating

pressure, and milder operating temperature.
. Microwave drying has advantages of even heat-

ing and a short-drying period and therefore it

has great potential for development.

When the morphologies are considered, Rabani et al.

[16] suggested four basic regimes of drying-mediated

nanoparticle assembly. Disk-like or ribbon-like nano-

particle would domain reminiscent of spinodal de-

composition form at the early time when the solvent

evaporates homogenously from the surface. However,

when solvent disappears inhomogenously because of

the infrequent nucleation events, network structures

are found at early time as vapor nuclei meet. These

patterns are unstable if the domain boundaries are

not frozen following the evaporation.

30.5 CONCLUSIONS

With ever increasing research and development of

preparation technology for nanomaterials, drying

technology for nanomaterials also needs to be en-

hanced accordingly. At present, research in this field

is at a low level. Experimental study is mainly on the

level of small batch operation and the whole drying

cycle is quite long with operation cost remaining very

high. Therefore, there is massive work to be done
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FIGURE 30.3 TEM photographs of the MgO samples: (a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4, (e) sample 5,

(f) sample 6, and (g) sample 7.
in order to industrialize drying technology for

nanomaterials:

. Strengthening theoretical research on mechan-

ism of drying for nanomaterials
� 2006 by Taylor & Francis Group, LLC.
. Exploiting subcritical drying or atmospheric

pressure drying based on modification tech-

nology for nanomaterials due to their low oper-

ation cost and operation pressure, and mild

operation temperature



. Making full use of the sup eriority of micr owave

drying an d pro bing into further studies on

mechani sm of its drying
. Consid ering synthes izing, washing, filter ing,

modif ying, an d drying for na nomate rials as a

whol e in order to optim ize the process
. Increas ing trans fer rate of dry ing process for

nano materials
. Realizi ng continuous ope ration of drying for

nano materials

Finally , the model of self-assembl y of nanop articles

by Raban i et al. [16] is the first step in model of

nanomat erials drying. We would like to emph asize

that num erical models or simu lations using molec ular

dynami cs ha ve sti ll not matur ed. But this can help us

to unde rstand more about the pheno mena during

drying of nano size material s. At present , the focus

appears to be on empirical methods to dev elop nan o-

produc ts by the wet pro cess of desir ed propert ies.

Agglomera tion remai ns a major ch allenge. As ne w

applic ations develop for new nanomat erials, ne w dry-

ing techni ques may evolve. Also current ly, a ll appli-

cation s ap pear to requir e smaller quantities , so even

expensi ve drying techni que s may be utilized. In fu-

ture, safety and environm ental issues will become

very critical since nanoparti cles are difficul t to colle ct

if emit ted in air. The fact that they can be easily

inhale d or even ingested by the skin is especi ally

worrisom e and must be taken into account in the

design and operatio n of any drying process .
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31.1 INTRODUCTION

The demand for high-quality ceramics is increasing in

many fields. The applications are spreading to highly

functional materials known as the ‘‘fine ceramics’’

as well as materials for houseware and buildings.

Although material science for ceramics has

advanced significantly during the last few decades,

the production processes still rely on old methods.

Particularly, R&D has not addressed the drying

process, and drying is usually carried out slowly in

order to avoid undesirable cracks and deformations.

The reason is often attributed to the fact that ceramic

drying involves maintaining a molded configuration.

Although ceramics are sensitive to the surrounding

atmosphere during drying, it is very difficult to

predict the heat- and mass-transfer rates and the air

flow pattern in dryers with sufficient accuracy and

generalize the results to the wide variety of ceramics.

Many ceramic manufacturers are small companies,

and they may not wish to invest much effort in cer-

amic drying R&D as drying occurs only at the pre-

treatment stage in ceramic production. However,
, LLC.
drying is important for precisely designing the mold-

ing, determining the high-efficient heating rate in a

dryer, and completing the drying so as to reduce the

ratio of failure during sintering and yielding the quali-

fied productions.

The objective of this chapter is to outline the R&D

problems of the ceramic-drying process in order to

promote its R&D. Industrial drying technology is

almost kept as a confidential issue by each manufac-

turer and the available publications are quite limited.

The research on the problem of drying shrinkage

under these circumstances is reviewed here briefly as

well. Future directions are also considered for improv-

ing the drying process for shortening drying time,

energy saving, the precise design of molding, and

high quality ceramic production.
31.2 ROLES OF DRYING IN
PRODUCTION PROCESS

Ceramics are produced industrially by various pro-

cesses. The typical processes for the production of



refractor y are diagra mmed in Figure 31.1. D r y i n g i s

always involved in any process but sometimes takes

place during t he preparation processes such as

grinding, c lassification, purification, mixing, and

granulation. F or s uch drying, the c onventional

technology for powders or granules may be avail-

able although t here might be problems t hat are yet

to be solved. The other drying phases after molding

or pressing must be performed to r emove w ater in

order t o m aintain t he molded configuration. Some

of the m ajor difficulties t hat arise during ceramic

drying are a s f ollows: ( 1) the r ise in the drying rate

must be naturally limited because the faster rate in

the beginning of drying results i n rapid attainment

of the critical m oisture c ontent and then the r e-

markable reduction of the rate in the falling rate

period; (2) f ailures and irregular deformation may

be generated due to drying shrinkage and internal

st ress it induces; ( 3) molding m ust be designed with

predicting the de f ormati on; (4) uniform drying is

difficult to perform because temperature and hu-

midity, as w ell as local heat- and mass-trans fer

coefficients, are often highly dependent upon the

location in the industrial dryers. T he quality of the

ceramic produced is seriously af fected by these

problems. The ceramic drying described in this
Raw material

Compounding

Ball mill

Sieving

Mixing

Spray drying

Kneading

Sieving

Lubricant

Dry press

Sintering

Products

FIGURE 31.1 Typical flow of ceramic production.
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chapter is mainly confined to the drying of this

step after molding.

Typical kinds of molding or pressing and their

charact eristics are summa rized in Table 31.1. The uni-

axial pressing is a common pressing method and is

available for relatively flat ceramics like tiles. This

pressing can be classified into two categories: dry and

wet pressings. Slip casting is mold from slurry. In the

injection molding, the cake of clay is injected into the

mold through a nozzle from the cylinder. It is easy to

supply a constant volume of cake into the mold that is

appropriate for the mass production of complicated

molding. The doctor-blade process is used for very

thin-ceramic production, and a continuous operation

is possible. The extrusion method involves extruding

the cake through the dice screw. Pipes and honey-

combs are produced by this method. We can see that

some methods do not involve any drying process.

However, the size and shape of ceramics are limited

because molding with a uniform density distribution in

the ceramics is difficult. Therefore, the wet methods

are still required for the production of complicated

shapes or large sizes. The drying process would thus

become more important for the precise design of

molds and the accomplishment of highly quality-con-

trolled efficient drying.
Raw material

Compounding

Ball mill

Sieving

Mixing

Drying

Casting

Products

Deflocculant



BLE 31.1
assification of Molding Methods in Ceramic Production Process

thod Product Shape Merit Demerit Drying

ssing Dry press

Uniaxial

pressing

Flat (container of electronic

parts, brick for mill’s wall)

. The cheapest cost

. Easy to automate factories

. Direct sintering after pressing

imitation of size and shape No

Wet press Flat (container of electronic

parts, brick for mill’s wall)

. The cheapest cost

. Easy to automate factories imitation of size and shape

Yes

Isostatic press (hydrostatic

press or rubber press)

Cylinder, pillar, sphere (mill’s

ball, plug, vacuum bulb tube) . Uniform density distribution
. Less distortion
. Mass production

requent reformation of mold No

Hot press Ceramics with high density

and strength

. Low porosity and high strength

. Sintering at low temperature

Limitation of shape No

Difficult in mass production

sting Slip casting Thin and complicated (melting

pot, yarn guide of spinning or

weavening, blade)

. Simple equipments

. Available for very

complicated–shape products

Easy to cause distortion

Taking long term for the

production of casts

Yes

Wide space for storage of casts

lding Injection molding Complicated (yarn

guide of spinning

or weavening,

bulb, turbine blade)

. Complicated shape with large size

. High accuracy of size

Expensive metal molds

Not appropriate

for small ceramics

Yes

. Smooth surface Difficult to remove waxes

Doctor-blade process Thin plate less than 1.5 mm thick

(laminate package, multifilm

slab, thick slab)

. Good productivity

. High accuracy of size

Expensive equipment

Wide space for installation

arge equipment for the molding

of large products

Yes

. Uniform shrinkage

Extraction Long tube and pillar (insulation

tube, protection tube)

. Unlimited length of products

. Continuous production

Yes
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31.3 DRYING SHRINKAGE

Shrinkage during drying is one of the most impor tant

factors for the quality con trol of molded produ cts. It

is not only related to the de formati on and the gener-

ation of crack, war p, and saggi ng but also influenc es

the drying pr ocess its elf. Hence the drying of ceram ics

cannot be discus sed wi thout taking into accou nt the

shrinka ge problem .

W ater in mate rials exists with a potenti al for oc -

cupying voids, i.e., a sucti on potential for granula r

beds like sand , powd er, clay, and brick, an ab sorption

potenti al for activated alumi na and activated carbo n,

and a chemi cal bond for organic mate rials. The gra-

dient of these potentials , corres pondin g to that of

moisture co ntent, be comes the driving force for the

moisture movem en t in wet material s. The suction po-

tential can be classified into: (1) capillary suction poten-

tial and (2) osmotic suction potential, and it is known

that the shrinkage due to drying generally arises par-

ticularly for materials including water by the osmot ic

suction poten tial wi thin their intern al voids as clay.

while the cap illary sucti on potenti al is affe cted by the

capillary force in the mate rials consis ting of pa rticles

larger than 50- mm or der, the osmotic suctio n pot en-

tial is brou ght a bout owing to an elect rochemi cal

effect between the wat er and the surfac e of pa rticles

smaller than micromet ers or submi cron order. The

surface of the pa rticles at the interface between clay

and water is gene rally negatively charged because

positive ions are dissoc iated from the surfa ce into

the water and ne gative ions are exposed on the sur-

face unless the other pos itive ions are also displ aced

so as to keep it electrica lly ne utral. Then the hydrogen

ions in the water are gather ed in the vicin ity of the

surface as illustrated in Figu re 31.2. Hence it is wel l
+

+

+

+

+

+

−
−

−

−
−

−

W

FIGURE 31.2 The electrochemical effect on a fine particle in cl
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underst ood that wate r mo lecules woul d be su bjected

to osmot ic force arou nd the particles and the par-

ticles exist ap art from each oth er forming a wat er film

in wet clay. Nort on and Joh nson [1] predicted the

water- film thickne ss of Florida kaolin, fully water

based, on the data of pressure vs. linear shrinkage

using the pressing chamber. They reported that the

thickness varied between 3 and 30 nm for particles

0.32 mm in diameter depending upon the pressure

(<4 MPa).

The osmotic suction potential for clay was meas-

ured against the moisture content by Newitt and

Coleman [2] and Ohtani et al. [3] in comparison with

the capillary suction potential for granular materials.

Figure 31.3 [2] shows the relation be tween the osmot ic

suction potential and the moisture content for china

clay. The potential was observed to be proportional

to the exponential of the moisture content. The cor-

relation was influenced significantly by the additives

due to electrochemical interactions. The capillary suc-

tion potential for the bed of glass spheres of 40 mm in

diameter was much lower than the osmotic suction

potential for clay, and it was between 0 and 2500 mm

H2O depending upon the moisture content [3].

The shrinkage of clay is affected by the reduced

thickness of the water films formed on the particles due

to the osmotic suction potential and particles ap-

proaching closer to one another as water is removed

during drying. If all the clay particles are separated

from one another by water films and the void among

particles of clay is sufficiently filled up with osmotic

water, the volume of the shrinkage may be equal to

the volume of the removed water until particles con-

tact with the neighbor particles and the removed

water begins to be replaced in the void by air [2].

When the drying proceeds beyond this stage, the
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FIGURE 31.3 Relation between osmotic suction potential and moisture content for china clay.
shrinkage would be considered completed. The pat-

tern of this shrinkage is shown in Figure 31.4. How-

ever, the actual behaviors of shrinkage of clay are not

always idealized because it is not possible that all the

particles are perfectly separated from one another at

initial moisture content and begin to contact with

neighboring particles at the same time.

The first quantitative studies on the behavior of

clay shrinkage during drying were conducted by

Norton [4], Macey [5], and Kamei and Toei [6]. Fig-

ure 31.5 [7] shows typical shrinkage curves. The

feature of the curves was dependent upon the kind

of the clay. Williamson [8] and Cox and Williamson

[9] studied the effect of orientation of the particle’s

crystal in ball clays produced by casting on the drying

shrinkage. The total shrinkage and the shrinkage rate

in the perpendicular direction to the major face of

particles were greater than those in the parallel direc-
Shrinkage water

Pore water
Pore

Solid

Moisture content

V
ol

um
e

FIGURE 31.4 Shrinking pattern of clay.
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tion. According to Noble et al. [10] if the molding

pressure for consolidation before drying is increased,

not only the minimum specific volumes of clay

achieved by drying can be decreased but also the

strength of the ceramics after sintering can be desir-

ably improved.

Most of these shrinking behaviors have been de-

termined under the conditions of normal atmospheric

drying or during slow drying rate. Hasatani et al. [11]

studied the impact of drying conditions on the shrink-

ing behavior of clay molded into sphere or slab. The

shrinking behaviors were influenced considerably by

the air temperature and the drying rate since the

moisture distributions and strain–stress due to the

gradient of moisture in the clay might be related to

the total volume. The shrinked volume was not al-

ways equal to the volume of water removed except

during the early period of drying. These results
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suggest that it is not possible to precisely predict the

shrinking behavior of molded clay only from the aver-

age moisture content and more accurate investiga-

tions are required to study its behavior.
31.4 MOISTURE MOVEMENT AND DRYING
BEHAVIOR

Several researches have been carried out to under-

stand the mechanism of moisture movement in clay

during drying. Newitt et al. [12] and Wakabayashi

[13] investigated the moisture movement in clay by

liquid diffusion and vapor diffusion, which affect the

drying characteristics particularly the falling rate.

They concluded that the liquid diffusion dominates

the movement until about 20%-dry basis in moisture

content for stoneware clay and 30% for the mixture of

80% Kibushi clay and 20% feldspar. Wakabayashi

[14] also evaluated the effective moisture diffusion

coefficient of some sorts of clay such as Kibushi,

Gairome, stoneware, feldspar, and their mixtures.

The effective diffusion coefficient is available for the

brief description of the moisture movement behavior.

The effective diffusion coefficient D can be defined by

N ¼ �D

v0

dw

dx
(31:1)

They correlated D as

D ¼
aKg2rpv0w

3 exp(� Kw)

kmS2(1þ gw)
(31:2)

where k is Carman’s constant (¼ 5), N is the mass flux

of moisture, S is the specific surface area of clay, v0 is

the specific volume of dry clay, w is the moisture

content with dry base, g is the specific gravity of a

clay particle, rp is the density of a clay particle, and m

is the viscosity of liquid water. Constants a and K are

given empirically by 2.02� 1011 Pa and 24.9 kg-solid/

kg-water, respectively.

To understand the mechanism further, a micro-

scopic investigation on the moisture content in clay is

required. The osmotic suction potential was intro-

duced as the driving force of moisture movement,

describ ed in Se ction 31.3, an d was success ively a p-

plied to the prediction of moisture movement in wet

clay [15,16]. The theoretical analysis on the two-

dimensional moisture transfer of cylindrical clay

was performed taking into account the effects of

both osmotic suction and strain–stress caused by

the shrinkage [17,18]. However, only the transient

mass-transfer equation was analyzed, assuming a

constant drying rate on the external surface of the
� 2006 by Taylor & Francis Group, LLC.
clay. Comini and Lewis [19] developed the finite

element method to solve simultaneous heat and mois-

ture transfer for noncompressible porous media for a

complicated geometry of the axial symmetry such as

electric insulators. The three-dimensional problem on

heat and moisture transfer, involving the drying

shrinkage, was analyzed by Hasatani et al. [20].

Their model was not only limited to surface evapor-

ation period but also applied to geometries more

complicated than a simple slab shape. In the future,

it is expected that drying kinetics would be experi-

mentally studied and the simple analysis be made

available for the entire drying periods.

Drying is a macroscopical phenomenon involving

simultaneous heat and mass transfer. Suppose that heat

conduction and moisture diffusion are dominant dur-

ing the overall transfer process in a homogeneous med-

ium. The multidimensional conservation equations for

an anisotropic medium can then be expressed as

cprm

@T

@t
¼ �rJh þ _qqþ DHV«L

@C

@t
(31:3)

@C

@t
¼ �rJm (31:4)

The heat flux Jh and mass flux Jm in Equation 31.3

and Equation 31.4 are given by

Jh ¼ �ktrT � kcrC � kprp (31:5)

Jm ¼ �DWrC �DtrT �Dprp (31:6)

The motion of water is influenced by the water pres-

sure, which is induced by the capillary or osmotic

suction resulting from evaporation in porous media.

The water flows in the relatively larger pores satur-

ated with water rather than by diffusion process. In

such a case, the pressure diffusion term dominates the

mass-transfer rate in Equation 31.6. The Soret effect

described by the temperature diffusion term is gener-

ally considered small compared with other terms.

Then Equation 31.6 can be simplified as

Jm ¼ �Dprp (31:7)

The liquid flow rate in the porous media is given by

Darcy’s law:

Jw ¼ �
ks

m
rp (31:8)

where ks denotes the permeability. As the mass-trans-

fer rate should equal the water-flow rate if the vapor

flow is ignored, the pressure diffusivity Dp is derived

from both Equation 31.8 and Equation 31.7:



Dp ¼
ks

m 
(31 : 9)

Hence Equat ion 31.4 can be rew ritten from Equation

31.7 a nd Equation 31.9, assuming unifor m propert ies

in the body ,

@ C

@ t
¼ ks

m
r 

2 p (31 : 10)

The capillary pressur e of water is determ ined by a

balance of the interfacia l energi es among the three

phases: solid , liquid, an d vap or, the wetti ng angle of

liquid– solid, an d the radii of the pores, whi ch are

depend ent on the pore struc ture in the med ium and

the amoun t of water exist ing in the pores. The os-

motic pressur e is dependen t on the por e structure and

the liqui d–solid interface. Ther efore, one must predict

the pressur e p statistica lly from the pore structure

distribut ion model.

In order to simp lify the model, alternati vely, the

mass-tr ansfer equatio n is often express ed by introd u-

cing the mois ture co ntent w as the driving force for

moisture trans fer,

@ w

@ t
¼ r � D

n0

r w

� �
(31 : 11)

The initial an d bounda ry cond itions must be specified

depend ing on the drying syst em an d the surround ing

atmosp here to whi ch a medium is expo sed.
31.5 DESIGNING PROCEDURE OF DRYERS

Dryers are class ified briefly into three types: parall el

current , countercur rent, an d crossc urrent , by the dir-

ection of hot airstrea m and mate rials movem ent. The

parallel- current type is intro duced when fast dry ing

rate is necessa ry in the e arlier drying pe riod. The

countercur rent type is avail able for the case where

drying ope ration is co nducted to maint ain a slow

rate in the earli er period an d sequen tially increa sing

the drying rate at a later period. Bat ch dryers in a

broader sense can be co nsidere d essential ly as one of

the c rosscurrent type. In this secti on, the outli ne of

the dryer-de signing proced ure is descri bed for the

most popul ar hot air he ating.

31.5.1 HEAT AND MASS B ALANCE

The fir st step toward any dryer design is the consid-

eration of heat and mass ba lance within the dryer.

Consid er the heat and mass balance when wet mate r-

ials with the mois ture con tent w0 (kg-wat er/kg-dry

solid) and tempe ratur e T0 (K) are dried in a dr yer
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and the dry produ cts with the mois ture content w1

(kg-wat er/kg-dry soli d) and tempe ratur e T1 (K) a re

obtaine d. Suppos e that the heat loss is negli gibly

small, the total heat balance equ ation is express ed by

G0 i 0 þ Fd0 ( c s þ c w w 0 ) T0

¼ G0 i 1 þ F d0 ( c s þ c w w 1 ) T1 (31 : 12)

where G0 (kg-dry air/s) is the hot air mass -flow rate

with dry base, i (J/kg-dry air) is the wet air enthalp y,

Fd0 (kg-dr y so lid/s) is the treatment rate of dry mate r-

ials, cs (J/(kg/ K)) is the specific he at of dry soli d, an d c w
(J/(kg/K) ) is the specific heat of water. The subscrip ts 0

and 1 deno te the cond itions at inlet an d outlet of dryer,

respectivel y. Fd0 is given by Fd0 ¼ F w0/(1 þ w 0) from

the treatment rate of wet mate rials Fw0 (kg-wet soli d/

s). The wet air enthal py is correlated by

i ¼ cg Tg þ ( lþ c v Tg ) H (31 : 13)

where cg (J/(kg/K)) is the specific heat of dry air, Tg (K)

is the air temperature, l (J/kg) is the latent heat of water

evaporation, cv (J/(kg� K)) is the specific heat of steam,

and H (kg-water/kg-dry air) is the humidity.

The mass balance de duces the foll owing e quation:

G0 (H 1 � H 0 ) ¼ Fd0 (w 0 � w1 ) (31 : 14)

If air temperatur es at the inlet an d outlet of the dry er

and humidi ty at the inlet are known as operatin g co n-

ditions, G0 and H1 can be solved simultaneously from

Equation 31.12 and Equation 31.14. The air tempera-

ture at the outlet Tg1 should be chosen such that the

humidity obtained at the outlet, H1, does not exceed

the saturated humidity at Tg1. The flow rate of hot air

necessary at the normal standard state (101.3 kPa,

298.15 K), Vg (m3
N-wet air/s), is obtained by

Vg ¼
298:15G0R

101:3� 103

1

mair

þ w0

mwater

� �
(31:15)

where R is the gas constant (8.314� 103 J/(kmol/K)),

mair is the average molecular weight of air (28.97 kg/

kmol), and mwater is the molecular weight of water

(18.02 kg/kmol).

31.5.2 DETERMINATION OF DRYER SIZE

AND DRYING TIME

A typical dryer used for continuous drying of ceram-

ics is a tunnel dryer seen in Figure 31.6. The length of

tunnel-type dryers and drying time are estimated fun-

damentally by the following procedures.

Now consider the countercurrent dryer modeled

as sh own in Figure 31.7. In the dryer, there are two
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FIGURE 31.6 Configuration of typical tunnel dryers.
zones of the constant drying rate period and falling

rate period. In the zone of the constant rate period,

the mass balance between z, where z is equal to 0, and

zc becomes

Fd0(w0 � wc) ¼ Gd(H1 �Hc) (31:16)

The mass balance between z, where z is equal to 0,

and z is

Fd0(w0 � w) ¼ Gd(H1 �H) (31:17)

The differential expression of Equation 31.17 is

written by

�Fd0 dw ¼ �Gd dH ¼ Rca dz (31:18)

where wc and Hc denote the critical moisture content

and humidity at z ¼ zc, Rc is the constant drying rate,

and a is the surface area of materials existing per unit

length of dryer. The constant drying rate is expressed as

Rc ¼ kH(Hs �H) ¼ h

l
(Tg � Ts) (31:19)

where kH and h are the mass- and heat-transfer coef-

ficients, respectively; Hs is the saturated humidity;

and Ts is the saturated temperature. Substituting

Equation 31.19 into Equation 31.18, integration

of Equation 31.18 deduces the length of the constant

rate period zone.
zdzc

Z

G0, Tgc, Hc G0, Tg0, H0
G0, Tg1, H1

Fd0, T0, w0 Fd0, T1, w1

Fd0, Tc, wc

FIGURE 31.7 Model of hot air countercurrent flow for

design of continuous tunnel dryer.
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zc ¼
G0

kHa

ðH1

Hc

dH

Hs �H
(31:20)

When Hs is assumed to be constant in the constant

rate period zone, Equation 31.20 becomes

zc ¼
G0

kHa
ln

Hs �Hc

Hs �H1

(31:21)

The mass-transfer coefficient kH can be approximated

analogically with the Lewis relation from the heat-

transfer coefficient h and specific heat of wet air cgw

for the water–air system.

kH �
h

cgw

(31:22)

In the zone of the falling drying rate, similar to the

constant rate period zone, the following balance

equations are obtained:

Fd0(wc � w1) ¼ Gd(Hc �H1) (31:23)

Fd0(wc � w) ¼ Gd(Hc �H) (31:24)

�Fd0 dw ¼ �Gd dH ¼ Rda dz (31:25)

The reducing drying rate Rd is often correlated from

the drying characteristic curves determined experi-

mentally for wet materials in the following form:

Rd ¼ Rcf
w� we

wc � we

� �
(31:26)

where we is the equilibrium moisture content. Then

the length of the reducing rate period zone is given by

zd ¼
G0

kHa

ðHc

H1

1

f
wc � we

w� we

� � dH

Hs �H
(31:27)

If the function f is approximated by the linear of the

first order, the length zd for a constant saturated

humidity is derived as



zd ¼
G0

kH a

wc � we

wc � we þ
G0

Fd0

(Hs � H c )

� ln
wc � we

w1 � we

Hs � H 1

Hs � H c

� �
(31 : 28)

As the prehe ating period is consider ably shorte r than

other periods , the total length of the dryer Z is deter-

mined by

Z ¼ zc þ z d (31 : 29)

When the surfa ce area and the dry weig ht of each

molded mate rial are am and m d, the drying time t d
given by the foll owing equati on is requ ired to get dry

material s wi th mois ture co ntent w1.

td ¼
md aZ

am F d0

(31 : 30)
31.6 DRYERS

31.6.1 TUNNEL DRYERS

The varie ty of dryers used for drying process es of

molded ceramics is limited. A typic al continuous

type of ceram ic drying is the tunn el dr yer whose

repres entative confi guration is shown in Figure 31.6.

Tunnel dryers are adaptabl e for drying req uiring

longer pe riods and are mass -produc ing, but they re-

quire a large installa tion space. Cerami cs put

on trucks are moved through the tunnel. M ultiway

flow of hot air is often intro duced to control the

drying rate independ ently during the co nstant and

falling rate periods other than the co untercur rent,

parallel current , or cro sscurrent agains t the mov ing

direction of ceram ics. In the exa mple sho wn in Figu re

31.8, the constant rate pe riod is operate d by a parall el

flow to he at up rapidl y and enha nce the drying rate,

and the co unter flow is employ ed during the falling
Truc

Fresh air

Wet materials

Heater

Exhaust air
Partition

Fan

FIGURE 31.8 Concept of the combined-flow pattern of hot air
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rate pe riod. Humi d air during flowi ng in wet mate r-

ials recir culat es partly to co ntrol the humidi ty by

mixing wi th fresh air. Hot air temperatur e sup plied

to the dryer is ge nerally 370 to 470 K. Then the loga-

rithmic mean of tempe ratur e difference between air

and ceramics in the constant rate period becomes 30

to 70 K. The prod uct of the heat- transfer coefficie nt

and the specific surfa ce area, ha , is between 230 and

350 W /(K �m 3-dryer vo lume). In the truck carrier type,

a number of ceram ics are placed on a truck and the

hot air flow rate is set usually to pass through among

the ceram ics at 1 to 5 m/s. If the clear ance among the

ceram ics is not suffici ent, it results in nonuni form

drying and drifting the air flow between trucks and

the wall of tunn el. Hence, the arrange ment of ceram -

ics on trucks and ventilat ion of air by blow ers shou ld

take place caref ully.
31.6.2 BAND DRYERS

Band dryers are also of continuous ope ration type.

Mater ials are conveyed on ba nds rotating in the dry-

ing ch amber as shown in Figu re 31.9. Band consis ts

of a net or a perforated plate . Hot air flows crossing

the ba nd upwar d or downw ard because heat- and

mass-tr ansfer rates are greater than that from parall el

flow. It is pos sible to control the tempe ratur e, humid-

ity, and flow rate of air at each optimu m state in some

zones separated in the dryer. Alth ough the ope ration

tempe ratures are almos t the same as the tunnel

dryers , ha is 45 to 9 5 W /(K �m 3-dryer volume ) for the

parallel flow.
31.6.3 BATCH DRYERS

A typical configuration of batch dryers is shown in

Figure 31.10. We t material s are placed on trays or

shelves, which are set in a dryer’s room. Hot air

circulates among the shelves in the room by a blower.

These dryers are available for drying of various types
ks Dry materials

Fan
Fresh air

Heater

in continuous tunnel dryer.
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FIGURE 31.9 Configuration of typical band dryers.
of ceram ics as drying c ondition s, i.e., time, tempe ra-

ture, air rate, etc. , in eac h batch operati on, can easily

be ch anged an d control led. In most cases, howeve r,

manpow er is required to pack, install, and remove the

material s from the shelve s. The dr ying time must be

determ ined preli minarily from the drying charact er-

istics obtaine d from a laborat ory scale of experi ment.

As the drying charact eristic and the critical mois ture

content are depen dent upon tempe rature, humidi ty,

and air rate, the prelimina ry experi mental test shou ld

be perfor med wi th care to ad just to the atmosp heric

conditi ons in the drye rs. When a pa rt of the hot air

recirculat es to impro ve the effective energy utilization

and con trol the humidi ty in the dryers , the recir cula-

tion ratio X is determined to maint ain a co nstant

humidi ty by the followin g eq uation:

X ¼ 1 � R =G1

H2 � H 0
(31 : 31)
Fresh air Heater FanFan

FIGURE 31.10 Configuration of typical batch dryers.
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For the exhaust air, V2 (m
3/s) becomes

V2 ¼ G 1 (1 � X ) 22:4
1

28 : 97 
� H2

18 : 02

� �
T2

273 : 15

� �
(31 : 32)

where R (kg/ s) is the evap oration rate; H0 an d H 2 (kg-

water/k g-dry air) are the humidi ty of fresh air and

exhaust air, respect ively; and T2 (K) is the tempe ra-

ture of exhau st air. Dry air mass-flo w rate circul ating

in dryers G1 (kg/ s) is given by

G1 ¼
V1

22 : 4
1

28 : 97 
� H1

18 : 02

� �
T1

273 : 15

(31 : 33)

where V1 (m 3/s) is the air flow rate in the drye rs, H 1 is

the hum idity of air in the dryers , and T1 is the tem-

peratur e in the dryers.

Hot air tempe ratur e suppli ed to the dryers is ge n-

erally between 370 and 420 K for batch dryers , and

the logarithm ic mean of tempe ratur e difference be -

tween air and c eramics in the constant rate period is

approxim ately 30 and 100 K. The operati ng range of

ha lies betw een 230 and 350 W/(K � m 3-dryer volume ).

A dr yer assem bled with an air chambe r, often

known as the air-cir culating unit, is sho wn in Figure

31.11. It is de signed to impr ove the mixi ng of fresh

hot air an d recircu lating air an d ensure unifor m air

flow throu gh the dryer chamber.
31.6.4 DRYING BY INFRARED HEATING

Mater ials are heated directly by infrared irradiat ion.

Infrared lamps as well as hot rods and plates with

efficient emission performance can be used as infrared

sources. When wet materials are heated in the con-

stant drying rate period by infrared radiation, the

surface temperature increases to a temperature higher

than the wet bulb temperature and the drying rate is

enhanced. However, the drying operation must be
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FIGURE 31.11 Advanced batch dryer with the air-circulating

unit. (From catalogue of Novokeram.)
perfor med carefu lly as a rapid drying rate may resul t

in the failure of ceram ics due to shrinka g e. An

applic ation of infrared heatin g and combined infr a-

red-conv ecti ve he ating in the falling drying rate

period is effe ctive in enhan cing the drying rate. It is

easy to control the power of infrared sou rces. Thus ,

infrared heati ng is often applie d to a comp lex con fig-

uration of ceram ics with fins or waves avo iding the

generat ion of cracks in a sho rter time. It is necessa ry

to control the power so that the sou rces facing a

simple su rface of ceramics are strong whereas tho se

to a comp lex surfa ce are weak [21].

Infra red heati ng syste ms are class ified as open

type, tunne l type, an d closed type. The open type is

the simplest syst em to co mplemen t, but its energy loss

is the large st. The tun nel type inst alls infrared so urces

in tunnel dryers and is operate d continuou sly. The

closed type is operate d in a closed roo m, and usually

has the highest energy efficien cy, as lis ted in

Table 31.2, beca use the mate rials are not only he ated
TABLE 31.2
Energy Efficiency of Infrared Heating for
Various Types

Type Energy Efficiency

Open 25–35

Tunnel 45–50

Closed 50–65
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by direct irradiat ion of radiat ive energy from infrared

sources but also by the convecti ve heatin g of air

heated by the sources.
31.6.5 DRYING BY MICROWAVE HEATING

The frequency of the microwave used for industrial

heating comprises two bands of 2450 and 915 MHz in

the broad countries. These frequencies are greatly

effecti ve for he ating of water. Figu re 31.12 sho ws a

typical system of drying by microwave heating.

Microwaves are generated in a magnetron, which is

introduced into an applicator where the wet materials

are heated via transmission through a waveguide.

Using the waveguide, an isolator that is an absorber

of reflection wave prevents the wave from returning

to the generator and breaking it. A power monitor for

measuring the output power and a tuner that adjusts

to inhibit the reflection of microwave from the appli-

cator are also installed. The merits of microwave

heating can be summarized as follows:

. Wet materials are heated internally because

microwave energy can penetrate the inside of

the body.
. Only wet materials are heated selectively and

high energy efficiency is expected.
. Rapid heating is possible.
. The operation and control processes are easy,

and drying is possible in any atmosphere includ-

ing a vacuum.

When a material whose relative dielectric constant is

«r is placed in the electric field E (V/m) and frequency

f (Hz), the heating rate per unit volume P (W/m3) is

correlated to the equation

P ¼ 5

9
� 10�10«r f E2 tan d (31:34)

where tan d is the dielectric loss tangent. The product

«r tan d is called as loss the factor. The half power

depth D (m) represents the length penetrating the

materials from the surface until the power dissipates

to half, and is given by

D ¼ 0:347
l

2p

2

«r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 d
p

� 1
� � (31:35)

where l (m) is the wavelength.

Uniform drying of molded ceramics such as

honeycombs is performed without deformation by

controlling the microwave profile along the material

length. In the drying of thick ceramics by microwave
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current drying of insulators.
heating, the material internal temperature may rise

rapidly to a temperature higher than the surface tem-

perature. This results in explosive expansion due to

the internal vapor pressure. The microwave power

should, therefore, be controlled appropriately to pre-

vent overheating the inside of the body.

31.6.6 DRYING BY ELECTRIC CURRENT HEATING

Electric current heating is applied to the drying of

cylindrically symmetric ceramics such as insulators.

This heating method enhances the drying rate while

controlling the crack formation by the effect of in-

ternal heating. In general, parts of fins or hoods of

insulators dry up remarkably faster than the body,

resulting in the formation of cracks due to drying-

induced stress. As the electric current selectively heats

the body rather than the hoods, drying up of hoods

may be inhibited in comparison with the drying by

hot air heating. If defects are still found, wrapping

around ceramics is further introduced to control the

drying rate. The operation takes place usually in

charging the voltage of 100 to 400 V between both

the edges depending on the size of insulators. The

temperature of rods should be increased slowly in

order to be maintained almost uniformly throughout

the drying period until the maximum temperature is

less than approximately 320 K. The typical electric

current pattern changes in a drying process are
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shown in Figure 31.13. In the earlier period, the cur-

rent rises gradually due to shrinkage whereas it falls

down in the later period because of the reduction of

the moisture content. The peak current density is in

the order of a few milliamperes per square centimeter.

In this method, a special structure for adjusting the

electrodes on the insulators may be necessary to en-

sure a good contact throughout the entire drying

period even if the ceramics shrink.



31.7 STUDIES ON FAILURE AND
DEFORMATION OF CERAMICS

The generation of failure and deformation of molded

clay are the undesirable problems requiring quality

control during ceramic production. The mechanical

properties of wet clay are important parameters to

understand the mechanism of the drying phenomena.

Many experimental data are available for a variety of

clays [22–26]. The mechanical behavior of clay is

generally described by the viscoelasticity or plasticity,

which is dependent on the moisture content. In add-

ition to the simulation of heat and moisture transfer,

the strain–stress analysis is simultaneously required

not only to predict the deformation and the failure of

molded ceramics during drying but also to precisely

design the mold in order to develop an effective

process. Recently, theoretical studies have been con-

ducted for one of the problems including the shrink-

age of clay [17,18,20] while numerically simulating the

clay-drying problem. However, research taking into

account the failure generation and development of an

effective drying process to improve the drying rate

has been quite minimal. If the drying of molded clay

is conducted too quickly, it may result in rapid surface

dry-up while keeping a wet state in the inside. A fall in

the fast-drying rate often causes the failure or the

generation of deformation. These phenomena appear

during the low moisture-migration rate in the clay.

Figure 31.14 shows an analytical result of the

maximum tensile stress generated within a slab of

drying clay with a physical length of 60 mm, width

of 60 mm, and thickness of 24 mm [27]. The param-

eters of drying operation and ceramic properties are
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FIGURE 31.14 Maximum tensile stress analyzed during

convective heat drying for a slab of 60 � 60 � 24 mm.
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represented by dimensionless parameters such as the

Biot number (Bi) and Lewis number (Le). Assuming

constant properties of the slab, the former number

corresponds to the heating rate and the latter to the

internal diffusion rate of moisture. Thus a higher Bi

applies rapid heating rate whereas a higher 1/Le

means larger effective diffusion coefficient of mois-

ture in the body. W * denotes average moisture content

normalized by initial content. The absolute magnitude

of the maximum tensile stress should be considered on

an arbitrary scale as it depends largely on the mechan-

ical properties of the slab, but the dimensionless

parameters of these properties are not available.

Although a higher Bi results in remarkably stronger

stress, the stress falls down with a larger 1/Le. Hence,

heat-transfer enhancement in the dryer and uniform

drying are not possible during ceramic drying unless

the moisture-migration rate in the clay is actively or

passively enhanced by an auxiliary drying method

such as the superheated steam drying. Therefore

both experimental and theoretical studies are

expected to make significant contributions to R&D

of noble drying methods.
31.8 CONCLUSIONS

The R&D for the ceramic production utilizing ad-

vanced drying technology has been proposed. The

drying of ceramics must be carefully carried out in

order to keep their own molded configuration. If the

drying process is hastened, it will result in serious

problems such as drying up of the surface, undesir-

able deformation, and crack generation. Several re-

searchers have studied the mechanism of moisture

movement and shrinkage of clay. Some molding pro-

cesses using the dry method have been developed. It

may seem that the research works on the drying of

ceramics have been almost complete. However, there

are few systematic investigations on the quality con-

trol of ceramics during drying and on the develop-

ment of the precise prediction method for the design

of the molding and the dryers. Furthermore, the qual-

ity problems arising from drying have not been

solved. It should be pointed out that there are still

many R&D programs required to improve the drying

process of ceramics.
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TABLE 32.1
Combustion Parameters for Burning of a Moist
Wood Fuel

Moisture Content (%)

65 50 15

Water amount (kg/kg) 1.9 1.0 0.2

Excess air level

(anticipated)

1.6 1.4 1.2

Higher calorific

value (MJ/kg)

20.6 20.6 20.6

Lower calorific

value (MJ/kg)

14.4 16.5 18.6

Flue-gas volume

(1 bar, 08C) (m3/kg)

10.3 8.8 6.2

Flue-gas loss (sensible

heat) (MJ/kg)

2.1 1.8 1.3

Efficiency based on

higher value

0.60 0.71 0.84

Efficiency based on

lower value

0.85 0.89 0.93

Adiabatic combustion

temperature (8C)

900.0 1200.0 1800.0
32.1 INTRODUCTION

The use of biomass and peat, for both the industrial

sector and the district heating, has greatly increased

since the first oil crisis in 1973. The biomass utilized

so far is wood and agricultural wastes, including

bark, straw, and bagasse. Biomass grown especially

for fuel purposes is still a technique in the experimen-

tal state. The use of peat as a fuel is limited to coun-

tries with domestic resources, such as the former

Soviet Union, Canada, the United Kingdom, Ireland,

Finland, and Sweden.

The moisture content of the fuel is an essential

combustion parameter. Peat produced directly from

the bog contains 80 to 95% water (counted on the

total mass), which is reduced to about 50% through

natural drying on the bog during summer. Biomater-

ials collected in forests typically have a water content

around 50%, which is higher in fall and winter and

lower during spring and summer.

The chemical composition of biomass and peat

differs considerably from those of coal and oil mainly

by the high content of oxygen. The content of volatile

material is high. The combustion of biomass and peat

can accordingly be divided into a drying stage (evap-

oration of water), driving off the volatiles that burn in

the gas phase, and, finally, burning of the residue

(charcoal). The moisture content of the fuel thus

influences the drying period and, if the fuel contains

water, part of the boiler system must be used to dry

the fuel before burning. In Table 32.1, some typical

figures for the combustion of a wood fuel containing
, LLC.
different amounts of water could be found. The table

is based on a constant flue-gas temperature of 1508C
and an entering air temperature of 408C. The calcu-

lations are based on 1 kg of dry substance (DS).

As can be seen from the Table 32.1, the amount

of flue gases drastically increases with increasing



moisture co ntent. Thi s is due to the evaporat ed wat er

and the need for high er levels of ex cess air at high er

fuel mois ture. The antic ipated value of 60% at 6 5%

moisture content is conserva tive, whereas 20% for

almost dr y fuel can be regarde d as normal in practi ce.

The high er amo unt of flue gases means a lower tem-

peratur e in the boiler , as reflect ed in the adiabat ic

combust ion tempe rature.

In the case of 65% moisture content, the adiabatic

combustion temperature is so low that preheating of

the combustion air would be necessary to ensure

complete combustion. The combined influence of

increased flue-gas volumes and decreased temperature

level means that a larger and more expensive boiler

is required when firing a fuel with higher moisture

content.

The boiler e fficiency can be defined in two differ-

ent ways . In Englis h-speaki ng co untries, the usu al

way is to con sider the latent heat of con densatio n of

the water vapor in the flue gases as boiler losse s. The

boiler efficien cy is thus de fined as the quotient be -

tween the utilized heat an d the gross (highe r) calorific

value. In other c ountries, such as Germ any and the

Nordi c countri es, the vapo r losses are consider ed

when defin ing the heat value of the fuel. The pricing

of a biofuel or peat is thus made on the basis of its net

(lower) calorific value and the boiler efficiency is de-

fined as the quotient between the utilized heat and the

net calorific value.

Finally, it should be borne in mind that the effi-

ciency in Tabl e 32.1 neithe r includes the increa sed

amount of unburned material in the ash from the

moist fuel nor the increased radiation losses that re-

sult from the larger boiler required for the combus-

tion of moist fuel.
32.2 REQUIREMENTS ON MOISTURE
CONTENT OF FUELS

It is not obvious that a moist fuel must be dried before

firing. On the contrary, this is considered uneconom-

ical in many cases. There are, however, cases where

drying is necessary for different reasons, and demands

on the fuel moisture content must be raised.

One such case is the gasification of fuels. To ensure

a high gas quality, the moisture content of a fuel to

be used in a gasification process should not exceed 10

to 15%. Gasification of biomass and peat has hitherto

been limited to limekilns in the pulp industry, but

commercial-scale gasifiers for district-heating systems

with cogeneration of electricity in combined cycle

processes are gradually introduced on the market.

Another application where fuel drying is necessary

is in the manufacture of fuel as powders, pellets, or
� 2006 by Taylor & Francis Group, LLC.
briquettes in ‘‘fuel factories,’’ for which the moisture

content must not exceed 10 to 20%. The need for

drying is partly due to technological reasons in the

manufacturing process and partly due to storing and

transport reasons. Storing high moisture–content

wood chips can support large populations of fungi,

many of which cause allergic reactions in humans [1].

Microbiological processes are also assumed to be the

cause of spontaneous ignition in large wood-fuel

piles. To avoid significant microbiological degrad-

ation during storage, the material should be dried to

a moisture content of 20 to 25% [2].

The degree of drying required in direct combus-

tion varies with the type of boiler used. If the fuel is to

be used in small scale, 1 to 5 MW, it is preferentially

fired as dried material in grate ovens with effective

cooling of the grate. Grate-fired boilers of traditional

type are dominating in the 5- to 20-MW area. If they

are designed for moist fuels, the first part of the grate

is designed as a band dryer. Flue gases are recycled to

the first part of the grate, where they together with the

radiating walls deliver the heat necessary for drying.

If this type of boiler is fired with dry fuels, a cooling of

the grate by the combustion air must be foreseen. At

higher moisture contents the capacity is decreased;

hence, if capacity is a crucial factor, a booster effect

can be achieved by installing a predryer before the

boiler.

In large-scale applications, fluidized-bed boilers

are now dominant on the market. Both bubbling

fluidized beds (BFBs) and circulating fluidized beds

(CFBs) are used for biofuel firing. BFBs were origin-

ally limited to a rather narrow specification of fuels

but now flue-gas recycling is used in both types of

boilers. Especially, CFBs are considered to be toler-

ant to varying fuel qualities and, if this type of boiler

is chosen, there would be no need to combine it with a

dryer [3,4].

Suspension firing requires pulverized fuels con-

taining less than 15% moisture to ensure complete

combustion in the furnace. Dry fuel also means a

high combustion temperature, which in turn means

higher capacity in an existing boiler and a smaller and

less expensive new boiler. This technique may be used

when an oil-fired boiler is used to convert biofuels. It

has also been used as a substitute for oil burning in

limekilns in pulp mills, where this technique competes

with gasification of the fuel. A combination of a dryer

and a suspension-fired boiler may be seen as an alter-

native to installing a fluid-bed boiler.

In conclusion, there are cases where a fuel must be

dried and a choice has to be made between different

drying methods. In many cases, however, the primary

choice is between the firing of wet fuel and the firing

of dried fuel (i.e., between drying and not drying).
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FIGURE 32.2 Useful energy and flue-gas volume when dry-

ing to different moisture contents in a flue-gas dryer (inlet

fuel with 60% moisture content).
32.3 THERMODYNAMICS OF FUEL DRYING

Biofuel s and peat can be dried acco rding to diff erent

thermo dynami c princi ples. The most common

method is the use of flue gases. Anothe r is the use of

superheat ed steam. Finall y, double-ef fect drying will

be discus sed.

Fig ure 32.1 shows the princi ples of flue-gas dr ying

in co mbination with combust ion in a boiler [5]. Fro m

the figure it can be seen that afte r the boi ler the flue

gases are taken through a fuel dryer in whi ch all the

fuel from the boiler is dried. The degree of drying is

determ ined by the flue gases entering the dryer. By far

the most c ommon method is to dry the fuel using the

sensib le heat of the flue gases after the eco nomizer

down to a drye r exha ust tempe ratur e of 100 8 C. If the

fuel has a moisture content of 60% (1.5 kg water/ 1 kg

dry material ) and the flue -gas tempe ratur e of 170 8 C,

the fuel can be dried to abo ut 55%. A co nsider able

part of the avail able en ergy is used to heat the fuel

with all its water to the wet bulb tempe ratur e of the

flue gas.

A complet e pictur e of the en ergy stat us for a plant

as descri bed in Figu re 32.1 can be attained by com-

bining dryer ca lculations with a combust ion an alysis.

Results from such a calculati on a re shown in Fig-

ure 32.2, based on the assum ptions from Figure 32.1

and an origi nal exit flue-gas tempe rature of 170 8 C.

Figure 32.2 displ ays the useful en ergy (i.e., energy

that can be extra cted in the boiler ) coun ted pe r wet

basis for a fuel originall y contai ning 60% mois ture.

The point marks the en ergy statu s when there is no

dryer. To achieve a high dry ness, the flue gas must be

taken from the boiler at tempe ratures seen on the

lower hor izonta l axis. If, for exampl e, a dryness of

0.3 is desired, the flue -gas tempe ratur e into the dr yer

must be abo ut 410 8 C.
Flue gases

Dryer

Twet  
+

 
108C 

Boiler

Steam

Air

Fuel

1008C

58C

58C

FIGURE 32.1 Principle of a flue-gas dryer in combination

with a boiler.
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As can be seen, the prim ary impr ovement takes

place when the ex haust tempe ratur e is low ered to

100 8 C. Further drying leads to margi nal savings

only, due to the decreas e in the amount of exce ss

air. The figu re also shows the decreas e in flue -gas

volume (1 bar, 08 C) per MWh useful energy in the

boiler. A numb er of papers discus sing flue-gas drying

of biofuel s have been publis hed recent ly [6–9] .

Figure 32.3 illustrates the principle of steam drying.

The steam necessary for the dryer is taken from the

boiler and the evaporated water from the dryer is recov-

ered as low-pressure steam. The economy of the dryer is

dependent on whether or not the low-pressure steam

can be used in the process. Figure 32.4 corresponds
Dryer
Fuel

58C

1508C58C

Air

Boiler

Flue gases
1708C

5 bar

5 bar

40 bar

Steam

FIGURE 32.3 Principle of superheated steam dryer in com-

bination with a boiler.
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to Figure 32.2. The underlying assumptions are:

pressure in the dryer, 5 bar; the produced steam can

be used down to condensate at 1008C; and the fuel

entering the boiler has a temperature of 1508C. Radi-

ation and leakage losses are estimated to be 5% of the

total drying-energy consumption. It can be seen that

this type of drying leads to considerable energy savings.

The flue-gas volumes are reduced in the same way as

for flue-gas drying.

In situatio ns in which there is no use of the low -

pressur e steam, steam drying can be combined wi th

mechani cal recompr essio n of the evaporat ed steam .

A compara tive study betw een dryers worki ng at over-

pressur e and atmos pheric pressure ha s be en done
Dryer stage II Dry

Wet
peat

II  B I  C

Air

II  A

FIGURE 32.5 Two-stage Peco dryer.
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by Wimmerst edt and Hall strö m [5]. The e nergy con -

sumpt ion is low er at reduced pressur e, but the capit al

cost for the dryer as well as the compres sor is lower in

the elevat ed-pres sure case. To obtain a low energy

consumpt ion at elevated pre ssure, the conden sate

leaving the plant must be cooled by he at exchange

to the mois t mate rial so that the tempe ratur e of this is

increa sed. This kind of cou pling presupp oses that the

ratio between elect ricity and fuel price is low.

The third possibi lity to be discus sed he re, mainly

on grounds of history, is the double-effect dryer. An

example of such a dryer is the Peco dryer developed in

the 1930s and it has been used extensively for the

drying of milled peat. The principle can be seen in

Figure 32.5.

The moist peat (50 to 60%) together with ambient

air is fed to apparatus II B. The heating medium is

water at about 658C. The air is exhausted from

apparatus II A. The peat is then brought to dryer

stage I consisting of three drying towers. The heating

medium is steam at a pressure of about 4 atm. Air is

recirculated in this effect and the humidity is con-

densed in the heat exchanger, the cooling water of

which is used as the heating medium in dryer stage II.

The specific steam consumption of the Peco dryer is

0.65–0.70 kg steam/kg evaporated water.

Peco dryers are normally combined with a special

peat-fired boiler and a back-pressure turbine provid-

ing steam and electricity to the dryer and also electri-

city to the whole briquetting plant. A Peco dryer was

built in Ireland as late as 1982. The high capital cost

associated with the dryer and the need for a boiler

and electricity-generating plant have, however, led to

the Irish peat industry reassessing their choice in

favor of rotary-type flue-gas dryers. The flue gases

are produced in special flue-gas generators [6].
er stage I

Wet scrubber

Condenser

Sepa-
rator

Dry
peat

I  B I  A



32.4 FLUE-GAS DRYERS

Rotary drum dryers have been used for a long time in

the drying of biofuels. Typical materials that have been

dried are hog fuels, sawdust, and bagasse. Sawdust is

also dried for the particleboard industry. Flue gases

and fuel normally pass along the drum in a cocurrent

flow. This means that the hot flue gases contact the

moist material, which reduces fire hazards and emis-

sion of organic compounds. The drum rotates at a

speed of 2 to 8 rpm. Factory-assembled units have

diameters up to 4.5 m and lengths up to 10 m.

The dryers may be of the open-center type or the

center-fill type. The former are equipped with lifting

vanes or flights on the inside shell to carry fuel up the

sides and disperse in the hot gas stream. In the open

dryers the diameter is limited to about 2.5 m, and

these provide a cheap and reliable system with low

horsepower requirement. In the center-fill system, an

internal structure helps to pneumatically convey the

particles within the dryer. The center-fill dryer pro-

cesses wet fuel according to its density. Particles of a

particular moisture content are automatically main-

tained at a fixed bed temperature within a section of

multizoned rotating cylinder. As moisture is evapor-

ated from the particle it moves further along the

dryer. This means that the dryer can handle particles

of different sizes that need a broad spectrum of resi-

dence times, from a few minutes up to 1 h.

Rotary dryers are thus very flexible and come

to extensive use in the particleboard industries and

fuel factories. Another advantage is that the flue-gas
Boiler

Fuel
Storage Auxilliary burner

if required

Fuel infeed

FIGURE 32.6 Biomass-fired system utilizing a rotary dryer. (Fr
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velocities through the dryer can be optimized to

achieve a low fan horsepower requirement. To obtain

a good thermal efficiency, part of the exiting gas is

usually recycled over the dryer. This ensures a high

moisture content of the exiting gas, which also is

essential when the waste heat is utilized in, for in-

stance, district-heating systems [3]. In Figure 32.6, a

typical biofuel-drying system utilizing a rotary dryer

is shown.

Cascade dryers came to extensive use, especially in

the Nordic countries, during the 1970s and 1980s.

Moist material is fed into the dryer with a flue-gas

stream with high velocity. In the drying chamber, the

flue gases cause the fuel to whirl around in a cascad-

ing bed. To maintain the cascade during partial load,

flue gases are recirculated. The fine particles leave the

dryer with the exiting gas and are separated in a

cyclone. Coarse material is removed from the drying

chamber by an overflow. The residence time in the

dryer can amount from 1 to 2 min.

An advantage of the cascade dryer over the rotary

drum dryer is the reduced space requirement, which

may be critical when installing a dryer in combination

with an existing boiler. Applications have been

mainly as predryers in combination with wood-fuel

boilers in saw and pulp mills.

Pneumatic conveying dryers or flash dryers have

been used for a long time in the drying of milled peat,

for instance, in the former Soviet Union and Finland.

These units are directly fired and the peat is conveyed

by the flue-gas flow through two or more towers, or

open pipes, in total about 30-m long. The gas velocity is
Stack

Dryer

Mog

om Rader Companies Inc.)
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FIGURE 32.7 Limekiln fired by pulverized biomass produced in a BIOMASSTER. (From ABB-Fläkt.)
15 to 35 m/s. Some of these units also include a hammer

mill and a short tower. The flue-gas flow is restricted so

that only small, dry particles can be conveyed.

Pneum atic conveying dr yers have been developed

for simulta neou s pulverizati on and drying of bark or

hog fuel, for inst ance. The resul ting powder with a

moisture content of 10 to 15% can be used in a susp en-

sion-fi red boiler or a limek iln in a pulp mill. In Fig-

ure 32.7, a bark dryer that delivers pulveriz ed fuel to a

limekil n is shown. Wet biomas s is metered into the

system via a rotary valve. It is co nveyed by the flue

gases, which in this case are de livered from a recov ery

boiler, up and down in two drying tow ers. Pred rying of

the material takes place he re. This predryi ng redu ces

the surfa ce moisture and the pul verizing process in

the hamme r mil l is thus facilitated. In the c lassifier,

coarse mate rial is br ought back to the ha mmer mil l

where extens ive drying takes place as ne w, hot flue

gases are add ed here. The material passes the milling

circuit until it attains a particle size that allow s it to

pass the classifier. After this , the mate rial passes

through a final flash dryer and then dry fuel is separ-

ated from the flue g ases in a cyclone.

The power demand for the mill and fan is reported

to be 60 to 120 kWh/t DS [5] and the average residence

time is about 30 s. Advantages of the system are its

compactness, versatility (can be used for different
� 2006 by Taylor & Francis Group, LLC.
fuels), and low manpower requirements. A dis-

advantage is the high power requirement. Other flue-

gas dryers that have been commercially used for peat

drying are fluid-bed dryers and a combination of a

fluid-bed and flash dryer (whirly bed dryer).
32.5 STEAM DRYERS

Steam drying of peat and biofuel s reached a break -

through during the 1980 s. The co mmercial -scale ap -

plications rep orted so far are either of the indir ectly

heated flash type or of the direct ly heated fluid-bed

type. Figure 32.8 shows a flow scheme of a flash dr yer

combined with a suspen sion-fired boiler in a district -

heatin g ap plication. Moist hog fuel is disi ntegrated

and fed into a syst em wi th circul ating low -pressure

steam (2 to 5 ba r). The material is co nveyed with the

steam through the dryer. The drying towers are es-

sentiall y tubular he at exchangers wi th the drying ma-

terial and low-pres sure steam insi de tubes of 75- to

150-mm diame ter. Heat is trans mitted from the out-

side of the tubes through con densing steam or from

the cooling of hot water to the superhea ted transp ort

steam. The temperature driving force is of the order

of 408C or higher. The amount of transport steam

that corresponds to the change in moisture content of
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the fuel is extracted at the system pressure. The steam

is separated from the material in a cyclone and then

transported to a condenser where water for district-

heating purposes is warmed. The product condensate

is further cooled and then led to a sewer. The steam

velocity in the tubes is of the order of 30 m/s. As the

steam has a higher density than the flue gases due to

higher pressure, the power demand for the fan is

normally higher than for a flash dryer of the flue-gas

type. The electricity consumption for the disintegra-

tion and transportation of a hog fuel that is dried

from 60 to 10% moisture content is quoted as being

140 kWh/t DS [10]. Further development of this type

of dryer includes an enlarged presuperheater and de-

creased number of drying towers, which contributes

to a decreased electricity consumption [3].

During the 1990s, two steam dryers of the fluid-

bed type were taken into operation in Sweden. These

were the same type of dryers that have successfully

been developed by NIRO for drying of sugar beet

pulp [11]. The principle of this dryer is shown in

Figure 32.9. The dryer is cylindrical with drying cells

around the periphery. The drying steam is circulated

up through the fluid bed and down again through a

superheater installed in the center of the vessel. The

residence time varies from a few seconds for small

particles that are entrained in the drying steam to

about 10 min for coarse material that is transported

in the bed.

The capacity of steam dryers is determined by the

heat transport, and thus by the driving temperature

force between the condensing heating steam (which is
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the normal heating medium) and the circulating

steam. This means that the pressure of the condensing

steam is crucial to the cost of the dryer. For example,

the capacity of a dryer with an operating pressure of

4 to 5 bar is doubled when the pressure of the heating



steam is raised from 12 to 25 bar. This is true for both

flash and fluid-bed dryers. The conclusion is that the

price information for a steam dryer must always be

related to both the capacity and the heating steam

pressure.

When steam drying is used in situations where

there is no demand for waste energy in the form of

low-pressure steam, mechanical vapor recompression

(MVR) can be applied as mentioned earlier. Such a

plant has been in operation at Härjedalen, Sweden,

since 1988, where peat is dried in a flash-steam dryer.

The production of briquettes is based on air-dried

peat with 60% moisture and amounts to 300,000 t

DS per year with 10% moisture. The dryer unit con-

sists of two identical lines with a capacity of 20 t of

DS. The dryer in each line has five heat exchangers in

series with a tube length of 20 m. The total heat-

transfer area is 2700 m2. Turbo-type compressors

are used with a compression ratio of 1:4.7 from 3 to

14 bar; the system pressure is 3.6 bar giving a tem-

perature driving force of 608C. The total electricity

consumption is 270 kWh/t DS [12].

32.6 ENVIRONMENTAL ASPECTS

Increased use of biofuels and peat, which can be

facilitated by efficient drying methods, means in itself

a mitigation of the greenhouse effect. A further ad-

vantage is that no emission of sulfur oxides takes

place. The emission of NOx is strongly dependent on

the combustion temperature. A dried fuel would

hence mean increased emissions of NOx. This may

be partly counterbalanced by the decreased amount

of excess air and better possibilities for control of the

combustion process achievable with a dried fuel. The

low temperature at the combustion of very moist fuels

might lead to increased amounts of unburned hydro-

carbons in the flue gases.

Many sources report on fewer particulate emis-

sions when burning dry fuels. This is especially true

for old grate-fired boilers. This is again achieved by

the higher combustion temperature, which enables

the smaller particles to burn faster and more com-

pletely. Drying of bagasse prior to firing has been

found to reduce particulate emissions from boilers

by roughly one half [7].

Drying of biofuels and peat, however, also leads to

emissions of organic compounds. In principle, all vola-

tile organic compounds in the material to be dried

might vaporize during drying. The amount of volatile

material is 60 to 80% in wood and 50 to 70% in peat. In

most cases, however, drying takes place at such condi-

tions where only the most volatile compounds can

vaporize; but, nevertheless, biofuel drying is contrib-

uting to the release of volatile organic compounds
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(VOC). Of most concern is the emission of terpenes.

Terpenes are hydrocarbons present in conifer oleo-

resins. They could also be found in many hardwoods,

especially of tropic origin. Natural emissions take

place everywhere in our forests and the quantity re-

leased naturally is much higher than the anthropo-

genic emissions. The problem with the latter is the

very high local concentrations that can be achieved.

Terpenes have a high reactivity in the atmosphere and

may contribute to the formation of ground-level

ozone.

In the last decade, there has been quite an extensive

research in this area and there is now a good under-

standing of the problem [13–16]. The emitted com-

pounds, at normal drying temperatures, are volatile

extractive compounds, mainly terpenes, carbolic acids,

and light aldehydes and alcohols. The emitted amounts

are principally controlled by the material temperature,

and also by the type of material. Sawdust originating

from pine has, for instance, a much higher terpene

content compared with sawdust from spruce. The stor-

ing time of the material after harvesting is important for

finely divided materials like sawdust and flakes as the

terpenes are easily released from those materials. It is

practically impossible to dry a material without releas-

ing about 80% of the original terpenes. Experiments

with batch fluid-bed drying of sawdust showed a very

typical behavior. The terpene release showed one dom-

inating peak directly after the first air contact, during

the rest of the constant rate drying the release was on a

low, stable level. A second peak, much smaller than the

first, could be seen during the final part of the drying

with increasing material temperature [13].

The nature of the emission is, as mentioned, con-

trolled by the material temperature. This temperature

is normally below 1008C for flue-gas dryers whereas a

typical value for a steam dryer is 1408C. On the other

hand, the gas temperature is much higher in flue-gas

dryers. Small overdried particles might therefore be

exposed to very high temperatures. The occurrence of

blue haze in rotary flue-gas dryers is a result of pyr-

olysis of small particles.

Most of the VOCs released during drying in a

steam dryer could be found in the condensate; the

flow of noncondensibles is rather small and is nor-

mally taken to incineration in the boiler. Also, the

effluent from a traditional flue-gas dryer could be

taken to a condenser for heat recovery and gas clean-

ing. The remaining inert-gas flow is, however, much

higher in this case. If further cleaning is required by

the national legislation, this could be achieved by

using a wet electrostatic precipitator followed by a

regenerative thermal oxidation unit. Also closed-loop

drying systems are being developed [3]. In these sys-

tems, the circulating dryer gas in a rotary dryer is



indirectly heated by hot flue gases from the boiler in a

heat exchanger. The bleed from the circulation is

incinerated in the boiler. The circulating gas stream

has a very high dew point and heat could be recovered

from the bleed via a condenser. This type of dryer is

essentially a steam dryer working at atmospheric

pressure and thereby avoiding problems associated

with feeding the materials into a pressurized system.
32.7 OPERATION EXPERIENCES

In Sweden, a number of plants for drying of peat and

biofuels are in operation. In a recent study [17], oper-

ation experiences from eight plants were collected and

evaluated. Four of the plants had steam dryers and

the other four had flue-gas dryers. The total availabil-

ity of the flue-gas dryers was typically 80% or higher

whereas the corresponding values for steam dryers

were 35 to 90% with an average around 70%.

The highest value was for the peat dryer mentioned

earlier, which was installed already in 1986, whereas

the recently installed dryers had a very low availabil-

ity. Common problems of all dryers, steam dryers as

well as flue-gas dryers, were corrosion and erosion.

The condensate in biofuel dryers is acidic and corro-

sive. All parts of the dryers, where condensation can

take place, must be either lined with or manufactured

in stainless steel materials. In the original design,

carbon steel had been the normal construction mater-

ial. The drying material is also erosive due to sand

particles and other inorganic materials. Especially,

bends and pipes with high flow velocities are easily

eroded and in one case lining with wear-protection

plates is part of the regular maintenance.
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Common problems with the steam dryers are

related to the feeding-in and feeding-out devices.

Original cell feeders did not work satisfactorily and

had been substituted by plug-screw feeders. In some

cases, these must also be continuously exchanged due

to wearing.

The dried product is highly inflammable and fires

could occasionally take place, and in some cases

water nozzles have been installed as a fire extin-

guisher. In steam dryers it is well over 1008C during

drying, and opening the dryers with air supply must

be avoided until the material has cooled off.

The general impression from the experiences is

that maintenance must be carefully planned for

these type of dryers. A tight dialogue with the manu-

facturer and taking advantage of experiences from

earlier installations seem highly recommendable.
32.8 EQUILIBRIA AND KINETICS

Equilibrium moisture contents of wood have been

presented in a number of published papers. The inter-

est has been caused by the drying of timber. Wood is a

moderately hygroscopic material at moisture contents

below about 0.3, at which the free water has been

removed and the residue can be regarded as cell-

bound water. During the last few decades, consider-

able interest has been devoted to the drying of timber

in superheated steam and a number of papers on

equilibrium moisture content at high temperatures

have been published [18–20]. In Figure 32.10, a typ-

ical set of data are presented [20]. Figure 32.10a

shows the original way of presentation and Figure

32.10b shows the presentation for which the data

has been recalculated and presented as isobars. As is
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evident, the latter way of presentation gives a much

smaller parameter influence.

A number of equilibrium moisture data have been

found in the literature for peat also. Larsson and

Wimmerstedt [21] presented a data for peats of differ-

ent origin and humification. Results from the investi-

gation are presented in Figure 32.11. The sorption and

desorption isotherms at 308C and for different peats

are shown in Figure 32.11a. As can be seen, the simi-

larity between different peats is pronounced. As can be

expected from a biological material, a considerable

hysteresis effect is demonstrated. Figure 32.11b pre-

sents the ‘‘average’’ isotherms valid for desorption of

different peats. A pronounced temperature depend-

ence over the whole relative-humidity range can be

seen. The shapes of the isotherms are similar to those

of wood and imply that most of the water is not

strongly bound. It can be concluded that the hygro-

scopicity is of rather limited importance for the drying

process.

Rather few papers deal with the kinetics of biofuel

drying and most designs seem to be ‘‘experience-

based.’’ Bagasse is reported to be easily dewatered

with exit temperatures for commercial rotary dryers

approaching the wet bulb temperature [7]. A study of

drying rates of milled peats [21] in a fluid-bed bench-

scale dryer showed no influence on the origin of the

peat. On the other hand, different size fractions of the

same peat gave quite different results. The intraparti-

cular resistance is pronounced and, of course, con-

trolled by the particle size.

Similar results are reported from the drying of

bark and peat in superheated steam in a pilot-plant

pneumatic conveying dryer [22]. The results are pre-

sented as a convective apparent heat-transfer coeffi-
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cient, defined with the assumption that the

temperature of the particle surface coincides with

the saturation temperature of the transport steam.

This transfer coefficient shows a clear dependence

on the moisture content of the particles and the par-

ticle sizes. Fyhr [23] presented a model for a pneu-

matic conveying steam dryer. The dryer model

consists of two submodels, one for the single particle

and the other for the hydrodynamics of gas and par-

ticles in the dryer.

Hermansson et al. [24] reported the results from

bench-scale drying of bark and wood chips in super-

heated steam in a fixed bed. The results are presented as

a thermal efficiency defined as the ratio between the

time-averaged steam temperature decrease over the

bed and the maximum obtainable temperature de-

crease. This efficiency proved to be almost independent

of pressure and temperature. When the mass load of the

bed exceeded 30kg/m2 the thermal efficiency was above

85%, even at mass fluxes as high as 0.6 kg/m2/s.
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33.1 NATURE OF FIBERS

Fibers are regarde d as very elongat ed pa rticles. Staple

fibers that are spun into yarns have length /diamet er

ratios greater than 10,000 . The fibe r lengt hs of co tton

are of the ord er 25 to 75 mm; wool fibe rs may exceed

100 mm and are varia ble in lengt h even when shorn

from the same sheep ; flax fibers may be ava ilable in

length s up to 1 m [1]. The corres pondin g diame ters of

textile fibe rs range betw een 3 an d 5 00 m m.

Fib ers vary in cross-sect ional shape, both natur-

ally and by design. Wo ol fibers are essential ly round

and cotton fibers are elli ptical. Synthet ic fibers made

by melt spinni ng ca n be of a desir ed sh ape. Artifici al

fibers that are spun from solvent s in air or from an

aqueou s medium are usua lly irre gular in shape be-

cause of the skin-core effe ct [2]. Rayon , for exampl e,

can ha ve both regu lar an d irre gular cylindrical form s

composed of hollow as well as solid fibe rs.

The cross-sect ional shape influen ces the way

the fibers pa ck toget her in yarns. Silk fibers, becau se

of their trian gular secti on, can pack compact ly to

give smal l-diameter, de nse yarns. Natur al fibe rs

that grow in short lengt hs and are spu n into staple

yarns are very rarel y stra ight. Cotton and wool en

yarns natural ly ha ve a spiraling crim p. Textile fabri cs
, LLC.
are compo sed of inter locking threads in a gridlike

pattern pro duced by weav ing or knitting individu al

strand s.

W ood consis ts of a large number of fibe rs, to-

gether with cells of othe r types, bonde d togeth er by

lignin to form a solid and rigid struc ture. The fibe rs

are hollow, cylindrical structures , typic ally 1 to 4 mm

in lengt h, with wal ls composed mainl y of cellu lose

and its associ ated polysac cha rides. Most woods

shrink and swell with moisture content, but the

dimensional change is much smaller along the fiber

length compared with the changes across the fiber by

a factor of 50 to 100. Pulping, by chemical or thermo-

chemical means, delignifies the structure, releasing

individual fibers. Paper results from screening, drain-

ing, and drying the macerated mix to give sheetform

material of intertwined fibers. Wood fibers are also

hot pressed with resins, mainly urea formaldehyde,

into reconstituted timber products such as fiber-

boards and hardboards.

33.2 MOISTURE IN FIBERS

The amount of moisture adsorbable by the fibrous

material varie s markedly , as shown in Table 33.1.

Hydrophilic fibers of natural origin can take up



TABLE 33.1
Smoothed Values of Dry-Basis Moisture Content
(kg/kg) for the Adsorption of Water Vapor at 308C
onto Fibers

Relative Humidity, w ¼ p/p0

Fiber 0.2 0.5 1.0

Casein 0.0615 0.1115 1.05

Cotton 0.0305 0.0565 0.23

Cotton, mercerized 0.042 0.0775 0.335

Nylon 6.6, drawn 0.0127 0.0287 0.05

Orlon (508C) 0.0031 0.0088 0.05

Rayon, cuprammonium 0.0515 0.0935 0.36

Terylene yarn 0.014 0.037 0.03

Viscose yarn 0.0555 0.101 0.46

Wood pulp 0.034 0.062 0.25

Wool 0.062 0.11 0.38

Source: Data from Currie, J.A. 1969. Thermodynamic properties

and irradiation studies of high polymers, Ph.D. thesis,

Northwestern University, Evanston, IL.
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FIGURE 33.1 Sorption isotherms for textile fibers: (1)

beryllium alginate, 258C; (2) calcium alginate, 258C; (3)

viscose, cellulose acetate, cupraammonium rayon, and

woolen yarn, 258C; (4) casein fiber, 258C, wool, 35.88C;

(5) jute; (6) mercerized cotton, 208C; (7) flax, 308C, hemp;

(8) steeped cotton, 208C; (9) acetate rayon, 258C; (10) linen;

(11) perlon, nylon, 258C; (12) cellulose acetate; and (13)

Pe–Ce rayon 208C. (From Krischer, O., and Kast, W.

1978. Die wissenschaftlichen Grundlagen der Trocknung-

stechnik, 3rd ed., Springer-Verlag, Berlin, p. 57.)
considerable amounts of moisture, whereas some ar-

tificial fibers are barely hygroscopic. The variation of

equilibrium moisture content with relative humidity

at constant temperature is shown in Figure 33.1 for a

number of fibers.

At low relative humidities (0 < p/p0 < 0.35), water

is adsorbed monomolecularly by many natural fibers.

The equilibrium moisture content Xe then relates to

the fraction of available sites taken up, i.e.

Xe ¼ fX1 (33:1)

where X1 is the moisture content for a fully completed

monomolecular layer. Cassie [3,4] considers that water

can be sorbed into hydrophilic fibers in one of two

states: either strongly localized or liquid-like. Through

a statistical thermodynamic analysis this concept leads

to the Brunauer–Emmett–Teller (BET) relationship:

w ¼ Xe=X1 ¼ Cw=(1� w)(1� wþ C) (33:2)

in which w is the relative humidity or relative vapor

pressure p/p0 and C is a coefficient that relates to a

partitioning between bound and liquid water. Windle

[5] has extended Cassie’s analysis to include three

distinguishable forms of sorbed water. Other elabor-

ations include the possibility of multiple molecular

sorption layers [6].

Schuchmann et al. [7] suggest that Equation 33.2

can be put in a more general form

Xe ¼ ax=(1þ bx)(cþ x) (33:3)
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where a, b, and c are empirical coefficients considered

to be ‘‘shape characteristics.’’ The dependent variable

x is the relative humidity when the parameter is low,

and thus Equation 33.3 reduces to Equation 33.2 with

c ¼ 1. At very high relative humidities,

x ¼ � ln (1� w) (33:4)

This substitution enables relative humidity data for a

variety of food materials (including apple fiber) to be

satisfactorily correlated up to w ¼ 0.98.

Another modified BET equation has been derived

by assuming that moisture adsorption occurs at ran-

domly located, equal-size active sites and there is no

interaction between adsorbate entities [8]. These as-

sumptions lead to the expression



Xe=X1 ¼ Cw=(1� kw)(1� wþ Cw) (33:5)

When k ¼ 1, this expression reduces to Langmuir’s

equation for monomolecular adsorption. If 0 < k < 1,

there is a finite maximum hygroscopic moisture con-

tent. While many textile fibers approach such a mois-

ture content asymptotically at high relative humidities,

someman-made fibers such as nylon and viscose appear

to have well-defined maximum hygroscopic moisture

contents [9]. In many cases, the coefficient k is greater

than 1. Jaafar and Michalowski [8] interpret this behav-

ior as the thermal effect of adsorption being equal to the

heat of condensation only after a multimolecular layer

has been formed.

As implied by the proposal of Schuchmann et al.

[7], many adsorption isotherms may be normalized by

plotting the equilibrium moisture content Xe against

the free energy change of sorption (�RT ln w) [10,11]. It

is believed that desorption isotherms can be similarly

correlated, particularly at moderate relative humidities

when multimolecular adsorption is the dominant mech-

anism of attachment as the moisture content is directly

related to the thicknessof the adsorbate layer.Testswith

particulate materials have shown that there is a linear

relationship between the free energy change and ln Xe

over a sixfold range in the latter [12]. This correlation

implies an explicit relationship for the equilibriummois-

ture content of the kind

Xe ¼ A exp (BT ln w) (33:6)

where A and B are empirical coefficients. Equation

33.6 predicts that there is a maximum hygroscopic

moisture content (when w becomes unity) that takes

the value A. In those cases when this moisture content

is ill defined and the equilibrium value increases rap-

idly with relative humidity, a form of Henderson’s

equation [13] is preferred by Papadakis et al. [14]:

Xe ¼ A� [B=T ] ln (1� w) (33:7)

Henderson’s equation is based on the ratio of the

amount of adsorbed moisture per unit wetted surface

to the energy change on adsorption, this ratio being

assumed to be a function of the equilibrium moisture

content. Papadakis et al. [14] find that Equation 33.7

fits data for two kinds of cellulose over a range of

relative humidity from 0.113 to 0.946 and a range in

temperature from 20 to 938C. An important finding

of their work is that a correlation may fit data over a

limited range in relative humidity very well, but can

give misleading results if extrapolated beyond the

tested range, particularly to higher relative humidities

when different moisture-retention mechanisms take

place. Walker [15] makes the same point with regard
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to water in wood. Strictly, the fiber saturation point

corresponds to the maximum hygroscopic moisture

content when the cell walls of the fibers are fully

saturated. However, at relative humidities above

0.98, the lumens and pits of the tracheid fibers begin

to fill by capillary condensation, causing a sharp up-

ward break in the sorption curve.

Since adsorbed moisture evaporates more readily

at higher temperatures, the equilibrium moisture con-

tent becomes smaller with increasing temperature at a

given relative humidity. Desorption isotherms, for

instance, of a never dried softwood such as sitka

spruce suggest that the fiber saturation point falls

from about 31% at a temperature of 258C to 23% at

1008C [16]. Under kiln conditions, the equilibrium

moisture content becomes very low: at a dry bulb

temperature of 1208C and a wet bulb depression of

308C, Hilderbrand gives this moisture content as

being only 3%. (Indeed, in using an oven-drying test

to determine the moisture content of a fibrous mass, it

is frequently assumed that the residual ‘‘moisture’’ is

negligible. Difficulties in using weight loss methods

to determine the moisture contents are discussed

in Reference 17.) Shubin [18] presents a useful chart

of equilibrium moisture content for wood covering

vapor pressures to 1MPa and temperatures to 1808C.

Adsorbed moisture can be held very tenaciously

by natural fibers. Nuclear magnetic resonance studies

have shown that adsorbed water on green and remois-

tened wood can exist in two states, with an immobile

monolayer bonding directly to the cell walls of the

fibers [19]. For most woods the differential heat of

sorption is about half that of vaporization, falling to

about one quarter of that value when a complete

monolayer is formed at about 4 to 5% moisture

content [15].

The heat of sorption is the difference in specific

heat content or enthalpy between the bound moisture

and that freely attached at the same temperature and

total pressure. This enthalpy difference is normally

derived from a form of the Clausius–Clapeyron equa-

tion on the assumption that the moisture vapor phase

acts like an ideal gas and the molal volume of the

condensed phase is negligible compared with that of

the vapor. These considerations lead to the expression

DHw ¼ �R
@ ln w

@(1=T)x
(33:8)

It follows that the heat of wetting can be found by

plotting �ln w against 1/T if sorption data are avail-

able at various temperatures. However, at low equi-

librium moisture contents (for wood fibers <7%),

this procedure is inaccurate and direct calorimetry is

preferable [20].



The free energy change –RT ln w is sometimes

used as an approximation to the heat of wetting.

For this approximation to be valid, the equilibrium

relationship must obey a degenerate Antoine expres-

sion

ln w ¼ a=T þ b (33:9)

where a is a constant and b is zero. In many cases,

b will be nonzero, and a function of moisture content.

The difference between the free energy change and the

enthalpy associated with adsorbed moisture has been

associated with the entropy changes accompanying

the dimensional changes as fibers swell on the uptake

of moisture [21].

Moisture can have a profound effect on the mech-

anical properties of fibers. Water imbibed by the cell

walls of fibers causes swelling and moisture loss

causes shrinkage. Loading, including the develop-

ment of drying stresses, introduces a creep strain

that may not fully recover when the load is released.

This is known as permanent set. With hydrophilic

materials, moisture is found to reduce stiffness and

increase creep, possibly as a result of plasticization.

Variations in moisture content enhance creep.

Changes in the rigidity of wool fibers undergoing

both adsorption and desorption of moisture have

been reported by Mackay and Downes [22]. The

creep of aromatic polyamide fibers at constant mois-

ture content is found to follow the logarithmic rela-

tionship [23]

«(t) ¼ aþ b log t (33:10)

where «(t) is the strain, a function of time t. If the

fibers are exposed to an environment in which the

relative humidity is cycled between limits, then con-

siderably enhanced strain rates are found [24]. At

608C, recycling between 5 and 95% relative humidity

produces the same strain in 2 days as that expected in

5 y when the material is kept at the higher relative

humidity.

Wood fibers shrink anisotropically on drying

below their saturation point. Walker [15] cites some

possible reasons for this behavior, including the pos-

sibility that microfibrils in the cell wall restrain the cell

wall matrix of lignin and hemicelluloses, and differ-

ences in the behavior of earlywood and latewood

between growth rings. The transient effects of mois-

ture on the strength of products composed of wood

fibers are reviewed by Back et al. [25]. The effect of

drying on the properties of wet wood pulp fibers is

summarized by Kumar and Mujumdar [26]. Drying

weakens the fiber mat causing a substantial reduction

in breaking length. However, a study of the drying of
� 2006 by Taylor & Francis Group, LLC.
simple, virgin fibers shows an improvement in tensile

strength, but predried fibers of less hemicellulose con-

tent do not [27]. Optical properties are also affected

by drying, with a decrease in light-scattering ability.

Fibrous materials are dried commercially in super-

heated steam as well as air [28]. Materials include cellu-

lose, corn gluten, and sugar beet pulp. Superheated-steam

drying has the advantages of lower energy use compared

with air drying, absence of oxidation, and less contamin-

ation of the product. Bernardo et al. [29] provide some

data on the relative coloration of layers of sugar beet fiber

when dried in air at temperatures up to 1058C compared

with drying in superheated steam at temperatures up to

1508C. The white color of the fibers dried with hot air is

preserved, but yellowing of the fibers occurs with super-

heated steam at dry matter contents>80%. This reaction

may be caused by an initial rehydration, producing traces

of melamines.
33.3 MOISTURE MOVEMENT
IN SINGLE FIBERS

From thermodynamic reasoning we expect the move-

ment of water through a single fiber to occur at a rate

that depends on the chemical potential gradient. For

movement in one direction, the flux of moisture may

be written as

J ¼ Bc
@m

@x
(33:11)

where B is some coefficient, c is the total concentra-

tion, and m is the chemical potential gradient. Equa-

tion 33.11 can be reexpressed in terms of the

concentration gradient by

J ¼ � BRT
@ ln a

@ ln c

� �
@c

@x
(33:12)

on introducing the activity of the sorbed moisture. The

term in parentheses is the diffusion coefficient, and

Equation 33.12 is a form of Fick’s first law of diffusion.

In the hygroscopic moisture regime, when the

activity is not equal to the concentration, the diffu-

sion coefficient can become highly concentration

dependent. Further, at low moisture contents, sorbed

water may form strong bonds with a hydrophilic

fiber, so that simple diffusion can no longer occur.

The concept of sorptive diffusion has been introduced

to describe the way moisture might migrate under

these conditions [30]. Only those molecules with

kinetic energies greater than the activation energy of

the moisture–fiber bonds can shift from one site to

another. The driving force for sorptive diffusion is

considered to be the sorptive pressure, which acts



over two-dim ensional regions in a simila r way to

vapor pressur e a cting in three- dimens ional spa ce.

Ho wever, diffusion coeffici ents based on conc en-

tration gradien ts are still commonl y emp loyed as a

means of descri bing the rates of mois ture movem ent.

In general, the diff usion co efficient will be a function

of both con centration an d tempe rature. At constant

tempe rature, the diffusion coeffici ent is only inde-

penden t of concen tration if the moisture isotherm is

linear or the mois ture unbound. Isothe rms for many

fibers are approximately linear over the range of rela-

tive humidi ty from 20 to 80%, as the data in Figu re

33.1. Thus , in a number of practi cal ap plications , the

assumption of a concentration-independent diffusiv-

ity can lead to useful results.

Fick’s first law can be expressed in terms of the

dry basis moisture content gradient by noting

J ¼ �(D)
@

@x
(rsX ) (33:13)

where ps is the density of the solid matrix. This density

is a function of the moisture content as the fiber swells

or shrinks in response to the moisture present. Gen-

erally, only the bone-dry fiber density ñf is known,

and Equation 33.13 is transformed into Equation

33.14:

J ¼ �(D)pf

@X

@xf

(33:14)

The diffusion coefficient is now concentration depen-

dent, reflecting dimensional changes in the fiber. Such

changes can be accommodated by appropriate defin-

itions of length coordinates to avoid shrinkage effects

within the diffusion coefficients [31].

Notwithstanding a variety of cross-sectional shapes

that are found, a fiber may be viewed, to a first ap-

proximation, as a long circular cylinder, either hollow

or solid. Under these conditions, the moisture concen-

tration is a function of fiber radius r and time t only,

and mass balance over an elemental isotropic volume

yields a form of Fick’s second law of diffusion:

@c

@t
¼ 1

r

@

@r
rD

@c

@r

� �
(33:15)

Coumans and Thijssen [32] derive a form of Fick’s

second law that can describe the drying of either solid

or hollow cylinders exhibiting linear volumetric shrink-

age. The space coordinate is taken as the relative radial

distance at any time, while the diffusion coefficient is

assumed to increase as a power law function of volu-

metric moisture content. This implies that the diffusion

vanishes as the fiber approaches equilibrium.
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Crank [33,34] provides numerous solutions to

Fick’s second law for a variety of boundary condi-

tions. Some of the more important solutions follow.

33.3.1 STEADY-STATE BEHAVIOR

At steady state, when the diffusion coefficient is inde-

pendent of position, Equation 33.15 reduces to

@

@r
r
@c

@r

� �
¼ 0 (33:16)

which has the general solution

c ¼ Aþ B ln r (33:17)

where A and B are constants to be determined from

the boundary conditions.

One solution, which sometimes corresponds to an

early period in the drying process, is the condition

that the upper surface at r ¼ R0 is kept at a constant

concentration c0 and at the outer surface (r ¼ R)

evaporation takes place in the atmosphere for which

there is an air–surface equilibrium concentration of

ce. A mass balance at this outer surface (r ¼ R) gives

�D
@c

@r
¼ b(c� ce) (33:18)

where b is a mass transfer coefficient. This boundary

condition leads to the solution

c ¼ c0[1þ a ln (R=r)]þ ace ln (r=R0)

1þ a ln (r=R0)
(33:19)

in which a ¼ bR/D and is a Sherwood number.

The loss of moisture per unit length of fiber is

given by

W ¼ �(2pR)D
@c

@r

� �
R

¼ 2pD
a

1þ a ln R=R0

� �
(c0 � ce) (33:20)

which reduces to the expression

W ¼ (2pR)b(c0 � ce) (33:21)

for thin-walled fibers.
33.3.2 UNSTEADY-STATE BEHAVIOR

The expression

c ¼ u exp (�Da2t) (33:22)



is a solution of Equat ion 33.15 for constant diffusiv ity

provided u is a functio n of the radial dimens ion r only

satisfy ing

d 2 u

dr 2 
þ 1

r

du

dr 
þ a2 u ¼ 0 (33 : 23)

which is a Bes sel’s equati on of ord er zero. Sol utions

of Equat ion 33.23 may be fou nd in term s of Bessel

functio ns, ch osen to satisfy initial and bounda ry

conditi ons.

Cra nk [33, 34] has present ed a numbe r of such

solution s. If the cylind rical fibe r is initially at a

unifor m co ncentra tion c0, and there is a surface

conditi on

� D
@ c

@ r 
¼ b( c s � c e ) (33 : 24)

where cs is the actual surfa ce conc entration at so me

time t and ce is the final c oncentra tion at the surfa ce at

equilibrium , then the requir ed solution is

c � c0

ce � c 0
¼ 1 �

X1
n ¼ 1

2LJ0 ( ra n =R )

( a2
n þ a2 ) J0 (an )

exp (� a2
n Dt=R 2 )

(33 : 25)

In this expression , J0 ( x) is a zero-ord er Bessel func-

tion of the first kind, a is the nondimens ional qua n-

tity bR/D , an d the coefficien ts an are roots of the

equati on
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FIGURE 33.2 Fractional loss of moisture (Mt/M1) from a cylin

Sherwood number a ¼ b/D. (From Crank, J. 1956. The Mat

Newman, A.B. 1931. Trans. AIChemE, 27:203–220.)
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aJ1 ( a) � aJ0 ( a) ¼ 0 (33 : 26)

in whi ch J1(x ) is a first-order Bessel fun ction. The

fractional reductio n in moistness , Mt/M 1 , compared

with the amount lost after infinite time when the fibe r

reaches equilibrium is given by

Mt

M1
¼ 1 �

X1
n ¼ 1

4a 
2 exp (� a2

n Dt=R 2 )

a2
n ( a

2
n þ a) 

(33 : 27)

Newman [35] pro vides tabula r v alues of Mt/M 1 ,

which Crank [33] has plotted in graphic al form , re-

produced he re as Figure 33.2.

Anothe r useful solut ion of Bes sel’s e quation oc -

curs with the case of a cylin drical fibe r initially at

unifor m concentra tion c0 and sub jected to the co ndi-

tion that there is a co nstant transfer rate at the surface

(corresponding to constant drying rate conditions).

This boundary condition may be written as

�D
@c

@r
¼ J0 ¼ cst (33:28)

Macey [36] gives the solution at large times for the

fractional reduction in moisture content as

Mt

M1
¼ 1� A

R
2tþ r2

2
� R2

4

� �
(33:29)

where A ¼ @c /@r at the surface, r ¼ R. Values of the

concentration distribution given by Crank [33] are

plotted in Figu re 33.3 wi th the Four ier number Dt/ R2

as a parameter.
4 5 6 7
/R2

drical fiber, as a function of (Dt/R2)1/2. The parameter is the

hematics of Diffusion, Oxford University Press, Oxford and
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FIGURE 33.3 Response of a 30-mm thick wad of wool to environmental changes: (a) moisture content (regain) changes from

0.33 to 0.146 kg � kg�1; (b) moisture content (regain) changes from 0.146 to 0 kg � kg�1; (c) temperature changes on drying

from 0.33 to 0.146 kg � kg�1; and (d) temperature changes on drying from 0.146 to 0 kg � kg�1. (From David, H.G., and

Nordon, P. 1969. Text. Res. J., 39(2):166–172.)
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The moisture diffusion coeffici ent wi thin a single

wool fiber is of the order 10 � 11 m 2 � s � 1 [34] . When

there is no su rface resi stance, Figure 33.2 indica tes

that for fiber diame ters, typic ally 20 mm for wool , the

fiber will respond to a change in mois ture co ndition s

very quickly , being abo ut 98% complet e within 2 5 s.

Experim ental ly, King and Cas sie [37] ha ve measur ed

the mois ture uptake in vacuo by a sliver of Merino

wool (havi ng a fiber diame ter of 21 mm). A tempe ra-

ture of 65 8 C was obs erved afte r 30 s but, by correct ing

the effe ct of the heat of adsorpt ion, the authors co n-

clude that the fiber would reach equilib rium in a time

less than 15 s. Clearl y, a mass of fibe rs will react

rapidly to its surroundi ng en vironm ent, and local

hygrothe rmal equ ilibrium may often pertain.
33.4 RESPONSE OF A FIBER MASS
TO ENVIRONMENTAL CHANGES

Henry [38,39] first provided a theoretical framework

to describe the response of a fiber mass to step changes

in humidity or temperature in the surrounding

environment. He assumed that the amount of moisture

held by unit mass of fiber was a linear function of the

water vapor concentration cv in the air space between

the fibers and the temperature T:

X ¼ X0 þ s c v þ v T (33 : 30)

in which X0 and the coefficien ts s and v are

constant s. Thes e coeffici ents have the meani ng of

(@ X /@ cv) T and ( @ X/ @ T)c, respectivel y. Alth ough

Henry assum ed constant values for these coeffici ents,

they ha ve be en found to be strong functio ns of

moisture content an d tempe ratur e for both co tton

[39] an d wool [40]. The co efficien t X0 may be regarde d

as da tum mois ture con tent. Local hygrothe rmal

equilibrium is assum ed. The equ ations for the diff u-

sion of moisture vap or and tempe ratur e through the

mass in the longit udinal direction reduce to the pair

of exp ressions

D
@  

2 cv

@ x2 
� @

@ t 
( c v � lT ) ¼ 0

k
@  

2 T

@ x2 
� @

@ t 
( T � vc v ) ¼ 0

(33 : 31)

in whi ch

l ¼ �gv=(1 þ gv) with g ¼ (1 � «) =«rs (33 : 32)

and

n ¼ �hs=(1 þ hv ) with h ¼ DHW =C F (33 : 33)
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It foll ows from the previous eq uations that g� 1 and

thus l is also smal l: the concen tration chan ges are

scarce ly influ enced by tempe ratur e. Fur ther, h � 1

and jnj ! js/vj, so the tempe ratur e ch anges depend

upon the mois ture con centration shifts.

As air is passed through a bed of moist hygroscopic

fibers, the temperature fronts are seen to sweep through

[41]. Associated with these temperature fronts are

moisture concentration fronts, of which the second is

the greater. Both fronts travel at widely different, but

constant, velocities. The first front travels at a fraction

of the air velocity, while the second front moves at a

velocity of several orders of less magnitude. The slow

second front is normally the one of principal concern in

drying technology, being associated with majority of

the moisture content change.

Nord on [42] mod els the passage of these front s on

the assump tion that the moisture trans fer in the fibe r

is very fast co mpared with the diffusion within the

interfib er space. The mo isture co ntent and tempe ra-

ture pro files calcul ated by him for the drying of a

thick wad of wool are present ed in Figu re 33.3a and

Figure 33.3b for the exposure of fully saturated

material to air of 65% relative humidity, and that of

material equilibrated to perfectly dry air. The corre-

sponding moisture contents are 0.33 kg/kg at w ¼ 1

and 0.146 kg/kg at w ¼ 0.65. Nordon’s calculations

apply to the case in which the wad is relatively exten-

sive (a thick bed or a slow airflow rate) and would not

be applicable to high-intensity drying of thin webs. In

that case, the number of transfer units (in the airflow

direction) is very small and the drying air no longer

emerges saturated for most of the drying time, as in

the example evaluated by Nordon.

For the purpose of calculating the propagation of

the changes in humidity and the moisture content, the

effects of the first, essentially thermal front can be

neglected. The lowest temperature attainable in desorp-

tion is greater than the adiabatic saturation tempera-

ture, but only by a small amount. The drying of the bed

as a whole can show a long constant-rate period that is

only slightly smaller than the constant-rate period when

the fibrous material containing free water is dried. This

behavior is the characteristic of drying webs with large

extensiveness (large number of transfer units).

Nordon’s predictions have been subsequently con-

firmed in tests on changes in moisture content and

temperature in response to hygrothermal changes in

the surrounding air, and in the changes that accom-

pany the Hoffmann pressing and heat through fabrics

during changes in moisture content [43].

In another work, Nordon and David [44] have

modified their analysis to take account of the two-

stage sorption behavior of a textile material and

moistness dependence of the transfer rate. Use of



this elaboration does not alter the essential conclu-

sions of Henry’s linearized analysis. A wad of textile

material exposed to a sudden rise in ambient relative

humidity experiences the passage of the fast tempera-

ture front with a rise in temperature, and a slow front

with a drop in temperature of equal magnitude. Of

the two corresponding humidity fronts, only the slow

one is obvious as the fast one is very small and super-

imposed on the major one.

Henry’s linearized analysis, with averaged values

for the coefficients s and w, has been used by Walker

[99] to estimate changes in temperature and weight of

wool bales, both open and enclosed, when exposed to

an environmental change in temperature and humidity.

The method is able to follow the response in core tem-

perature and bale moisture to the new equilibrium level.

Walker also used the technique to determine the equili-

bration of overdried fleece wool in an undisturbed bin.

After 1 day, the moisture uptake is calculated to pene-

trate 150 mm into the fibrous mass, reaching 700 mm

after 10 days and 1.1 m after 100 days.

More recent work by Cudmore et al. [45] high-

lights difficulties in using Henry’s methods in analyz-

ing the behavior of modern high-density bales of

scoured loose wool in which there may be pockets of

relatively wet material, and significant unbound mois-

ture transport may prevail. When fiber is packed at

high density, its equilibrium moisture content and

the apparent moisture diffusion coefficient appear to

fall, and data obtained with materials packed loosely

may no longer apply. Moisture diffusion in the bale

approaches that in a single fiber. Under these condi-

tions, Cudmore et al. describe the moisture redistri-

bution in terms of Fickian movement between slabs

at different moisture content, employing diffusion

coefficients that are a function of temperature and

packing density [46]. Temperature changes were ex-

perimentally found to be insignificant.

The influence of the openness of a fiber matrix on

the effective moisture diffusion is also observed in the

diffusion of water vapor through wood pulp and

paper sheets.

Nilsson et al. [47] find that the apparent moisture

diffusion coefficient falls from 5.4 � 10�6 to 2.1 �
10�6 ms2 � s�1 as the density increases from 500 kg �
m�3 (softwood pulp) to 1530 kg � m�3 (coated and

calendered paper).
33.5 CONVECTIVE DRYING
OF FIBROUS MASSES

Moisture migration in fibrous and porous media can

occur in a number of ways: (a) by liquid diffusion

along the fibers due to moisture and temperature
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gradients; (b) movement due to capillarity and gravity

within interfiber spaces; and (c) vapor diffusion due

to variations in moisture vapor pressure throughout

the mass. Knudsen flow or effusion exists when the

mean free path of the vapor molecules is of similar

dimensions to the space between the fibers. This is

unlikely under most commercial drying situations.

Surface diffusion of sorbed moisture may also occur,

but such movement may not significantly influence

the transport of moisture as the migrating material

may simply recirculate around a single air-filled

pocket [48]. Transport of sorbed moisture through

fibers, however, does appear to take place [49].

It is normally assumed that large fiber masses,

fiberboards, and webs are macroscopically homoge-

neous so that it is possible to apply conservation and

constitutive equations over sufficiently small control

volumes to obtain smooth profiles of temperature and

moisture, as implied in the work de scribed in Se ction

33.4. Shoul d no detai led infor mation on these prop -

erties be needed, it is possible to fit a simple diffu-

sional equation to the drying process, often with a

concentration-dependent diffusion coefficient [50]. In

the hygroscopic moisture region, tests with glass fiber-

boards suggest that temperature gradients can make a

significant contribution to the total moisture transfer,

with a thermal gradient coefficient in the order of 2 �
10�9 kg � kg�1 � K�1 [51].

The relative success of the concept of the charac-

teristic drying curve has led to the investigation of

whether the concept describes the drying of beds of

loose fibers. This concepts derives from van Meel’s

idea [52] that for a given material the rate of drying,

relative to the value when only the external boundary

layer controls the process, is only a function of the

volume-averaged moistness, expressed as the relative

free moisture content. In other words, the drying

kinetics may be described by a function of the kind

f ¼ f (F) (33:34)

where

f ¼ NV/NW and F ¼ (X � Xe)/(Xcr � Xe), subject

to the boundary conditions

f ¼ 1, F ¼ 1 at the critical moisture content

f ¼ 0, F ¼ 0 at equilibrium with

f ¼ 1 for F $ 1 (unhindered drying period), and

thus

0 # f # 1 over the range, 0 # F # 1 (falling rate

period).

With some hygroscopic fibers, however, an initial,

constant drying rate period is uncertain, giving rise to

doubts about the estimation of an appropriate critical

moisture content. Walker’s data [40], for drying wool in

cans under constant external conditions, show a



maximum drying rate, but no period in which the drying

rates remained constant. Moreover, a mass of loose

fibers do not constitute a simple capillary-porous

bo dy , a nd th e m ec ha ni sm s t ha t g iv e r is e t o a c ons ta nt -

rate period in a porous network [53] do not arise in a

touching fibrous assembly. Recent experiments [54] on

the transport of water and n-propanol through samples

of Kraft pulp and filter paper confirm lack of import-

ance of capillarity. Even with knitted fabrics, drying has

been envisaged in terms of evaporation at all depths in

the material and vapor diffusion there from [55].

If there is no critical point, Lang rish et al. [56]

suggest that it might be possibl e to derive normal -

ized drying rate curves based on the init ial rather

than the critical mois ture content . A function al

relationshi p

g ¼ g( G) (33 : 35)

where g ¼ f/ f0 and G ¼ F /F 0 will be found if the

origina l charact eristic drying curve takes the sim ple

algebr aic form ,

f ¼ A Fn (33 : 36)

in which A and n are coeffici ents. It is also somet imes

possibl e to estimat e an app arent crit ical point from

data obtaine d whol ly in the fall ing rate period in

drying thin layer s of mate rial [12] .

Tubbs [57] finds a characteristic drying curve

for loose wool hung in minibales in an airstream over

a limited range of humidity potential and air velocity.

Later work by Keey and Wu [58] on through-circulating

thin layers of saturated wool over a temperature range

from 60 to 858C, indicates that the concepts hold ap-

proximately for these conditions, with n ¼ 0.6. The

fractional dryness of the surface will be a limiting factor

in the cross-circulation drying of thin veneers and webs,

as noted in the experiments of Peck et al. [59] who find

n ¼ 2/3 in the drying of thin slats of balsa wood. The

internal resistance to moisture movement is essentially

negligible with porous materials less than 6 mm in

thickness.

A single characteristic drying curve is unlikely to be

found in the drying of bulk fibrous material, such as

timber boards. However, Keey and Pang [60] note that

the high-temperature drying of softwood boards of a

given thickness can be described by two common curves

for commercial kiln ranges in temperature and humid-

ity. One curve relates to the period when an evaporative

front at the boiling point sweeps through the material;

the other to the period when cell wall and bound water

diffusion takes place below the fiber saturation point.

W ith bulk y stuff, such as bound bobbi ns of cloth

and yarn, capillary trans port of mois ture is possibl e.
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Nissan et al. [61] hav e investiga ted the drying of a

127-mm wide piece of Ter ylene cloth (a polyester

fiber) wound on a spool to give ab out 25-mm

depth of material and the drying of a sim ilar

wound bobbi n of wool co mposed of bulk ed yarn in

heavy and felted cloth. A critical mois ture con tent at

0.73 kg � kg� 1 was found with the Tery lene bobbin ,

but for the wool the value was 2.96 kg � kg �1. A

feature of these an d other tests rep orted by Bel l

and Nis san [62] was the app earance of a pseudo

wet bulb tempe rature, a quasisteady tempe rature

determined by the thermal balance betw een the in-

ward trans fer of heat and the outw ard evapo ration

of mois ture from the body of the wind ing, as illus-

trated in Figure 33.4. Such resul ts su ggest that the

drying can be modeled in term s of an evaporat ive

plane recedi ng from the exposed surfa ce.

Gummel [63,64] has examined the through-circula-

tion drying of textile and paper webs. These are

regarded as regular porous networks, with the threads

composed of multiple strands of individual fibers

(Figure 33.5). Some values of characteristic dimensions

reported by Gummel are given in Table 33.2. The

textiles were through-circulated in the range of temper-

atures from 20 to 708C, and the paper tissue from 20 to

908C at air velocities between 0.06 and 1.5 m � s�1. The

results for textiles could be expressed in the form of

normalized drying curves, with a critical point of

0.41kg � kg�1 for the textile fabrics. The normalization

was less convincing for the data involving paper tissue,

with highly variable critical moisture contents in the

range of 2.6 to 4.0 kg � kg�1 being recorded.

In a later work, Albrecht [65] showed that char-

acteristic drying curves could be drawn up for the

through-circulation drying of cottonlike fabrics over

a range of incident velocities from 0.1 to 0.6 m � s�1.

The critical moisture content was defined by the inter-

section of the constant rate and linearized falling rate

curves. One has

� dX

dt
¼ KX ¼ NV

rs=a
(33:37)

where K is an empirical drying coefficient. It follows

that the critical moisture constant becomes

Xcr ¼
NWa

rsK
(33:38)

with

K ¼ � d

dt
( ln X ) (33:39)

and NW is the maximum unhindered drying rate.
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FIGURE 33.4 Temperature profiles on drying a 28-mm diameter bobbin of wool at a dry bulb temperature of 808C, a

wet bulb temperature of 308C, and an air velocity of 5.5 m � s�1. (From Bell, J.R. and Nissan, A.H. 1959. AIChemE J.,

5:344–347.)
More advanced models of the drying of fibrous

webs take into account the interaction of water and

the solid matrixes [66]. For example, dry paper fiber

consists of about 100 lamellae, but is not porous [67].

Water can diffuse into the fiber and dissolve within

the cellulose and hemicellulose, causing swelling

across the fiber but not along it. Completely wet

paper consists of moisture between fibers and bound

water within the solid matrix.
dx

FIGURE 33.5 Model of a textile web (d ¼ yarn diameter; and

mungsrocknung. Experimentalle Bestimmung und Analyse de

durchströmster Textilen und Papiere, Dr. Ing. thesis, University
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Only when the moisture content reaches the fiber

saturation point does the intrafibrous moisture vanish

and the paper begins to shrink.

Pores within the fibrous mass may not lead to the

exposed surface, but may have dead ends or simply be

occluded. Methods of estimating capillary motion in

such porous structures are considered by Neiss and

Winter [68].
dy

sy

sx

s ¼ thread spacing). (From Gummel, P. 1977. Durchströ-

r Trocknungsgeschwindigkeit und des Druckverlustes luft-

Karlsruhe, TH.)



TABLE 33.2
Characteristic Dimensions of Some Textile and Paper Webs

Material i Number Threads (mm�1) Thread Diameter (mm) Pore Width (mm) Thickness (mm) Weight (g � m�2)

Polyester PES626 x 2.68 324 49 424 194.6

y 1.97 324 184

Polyester PES611 x 2.80 300 57 439 192.8

y 1.98 300 205

Wool fabric x 2.15 326 130 644 204.9

y 1.41 352 357

Acrylic-wool fabric x 2.11 323 151 590 203.3

y 1.28 448 332

Paper tissue

Light 200 257 50.0

Heavy 150 258 23.1

Source: From Pander, J.R. and Ahrens, F.W. 1987. Drying Technol., 5(2):213–243.
Besides any capillary transport of liquid moisture

and vapor diffusion, there is sorptive or bound mois-

ture diffusion within the fibers when they are less than

fully saturated [49]. At relative humidities below 0.8,

the sorptive transport coefficient diminishes exponen-

tially with decreasing values of relative humidity.

The use of such a detailed mechanistic picture of

the pore structure in modeling the convective drying

of paper is described by Harrman and Schultz [69].

The alternative approach is to consider the capillary-

porous web as a continuum having equivalent ther-

modynamic properties to the pore system [70]. This

approach has recently been described in detail by

Lampinen and Ojala [71].
33.6 THROUGH-CIRCULATION

OF LOOSE FIBERS AND WEBS

Kröll [72] reviews the kinds of commercial through-

circulation dryers that can treat loose fibers and

fibrous webs, and Watzl [73] presents a more recent

overview of these kinds of dryers with particular
TABLE 33.3
Comparison of Equipment to Dry Loose Fibers and Web

Type Specific Evaporative Energy Use (kJ � kg�1)

Flat tenter 4610

Perforated band 3600

Drum tenter 3440

Sieve drum 3250

Source: From Watzl, A. 1991. Melliand Textilberichte, 72(6):470–479.
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reference to energy conservation and environmental

protection.

Originally, cloth was stretched out on a wooden

framework or tenter in the open air to dry, the edges

being firmly held by hooks. To be on ‘‘tenterhooks’’ has

entered the English language as a figurative expression

for being held in suspense under tension. Today the

tenteryards have been replaced by enclosed dryers

through which the cloth is moved over pegs. Loose

fibers can be conveyed by perforated bands through

which the drying air is circulated. Most modern drying

systems, however, incorporate rotating perforated

drums that take up less floor space than horizontal

band dryers. Single-drum dryers can be adapted for

the drying of paper tissue and carpet lengths, while

multiple-drum units can handle loose fibers such as

fleece wool. Table 33.3 gives an indicative comparison

of the major dryer types. Cylinder machines offer ad-

vantages in space needs and thermal economy.

The evaporative capacities in Table 33.3 are some-

what higher than the corresponding values given by

Stewart [74] for fleece wool dryers, namely, 10 to

15 kg � m�2 h�1 for belt (or brattice) dryers and 20
s

Evaporation Rate (kg � m�2 h�1) Relative Floor Space

30 1

30 0.85

44.8 0.4

44.8 0.4



TABLE 33.4
Average Drying Rates of Selected Materials in Through-Circulated Perforated-Drum Dryers

Material Air Temperature (8C) Moisture Content Dry Basis (%)
Mean Drying Rate (kg � m�2 h� 1)

Inlet Outlet

Wool, spun 80 50 20 13.0

Wool, squeezed 80 60 20 15.8

Cotton, spun 90–100 60 8 18.2

Cotton, squeezed 90–100 100 8 24.2

Rayon, spun 110 90 11 21.9

Rayon, squeezed 110 180 11 25.2

Sisal 120 80 12 25.8

Jute 110 90 15 18.5

Source: From Kröll, K. 1978. Trockner und Trocknungsverfahren, 2nd ed., Springer-Verlag, Berlin.
to 30 kg � m � 2 h� 1 for sucti on-drum dryers . How ever,

Stewart ’s fig ures probably relate to old er dr yers of

lesser pe rformance. The electrica l power use for brat-

tice dryers is less than that for units involving rotat ing

drums, being abo ut 250 kJ � kg� 1 (evapor ation) for

the ba nd driers and 400 kJ � kg �1 for the drum dryers .

Howev er, the latter is still only abo ut 12% of the

therma l load.

Thes e data are con sistent with guarant eed ope ra-

tive capacit ies (pres umably minimum values ) of one

manufa cturer reported by Krö ll [72] for suction -drum

dryers an d are reprod uced in Tabl e 33.4.

Gardiner and Dietl [75] describe the single-drum

dryers for thin permeable paper sheets in which drying

rates in the range of 50 to 200 kg � m� 2 h� 1 were meas-

ured with inlet air temperatures of 170 to 4508C. The

drying is accomplished in a matter of seconds. There is

sufficient pressure drop across the perforated cylinder
a

c

b

d

FIGURE 33.6 Perforated cylinder for drying thin paper sheets:

distributor. (From Kröll, K. 1978. Trockner und Trocknungsver
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and pressing sheet to hold it to the drum, as the sheet is

pulled through, without leaving marks. The principle of

the process is illustrated in Figure 33.6.

M ultiple-d rum dryers for ha ndling loose stuf f

may be a rranged wi th rotat ing cylinders in a hor izon-

tal or vertical array, although the former is more

common. The vertical arrangement has advantages

if the material has to be shifted from one level to

another. A comparison in layout between brattice

and suctio n-drum drye rs is shown in Figure 33 .7.

Up to 20 drums may be used in series, although

commonly about 5 would be employed. Normally,

drums are supplied in the range of 1.4 to 2.0 m

diameter, with widths up to 6.0 m. The principal

operational problem with these dryers for loose fibers

relates to the difficulty of securing a feed of uniform

openness and thickness. Scoured fleece wool, for ex-

ample, after passing through the final squeeze roll at
a

(a) paper sheet; (b) sieve drum; (c) exhaust; and (d) hot air

fahren, 2nd ed., Springer, Berlin.)
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FIGURE 33.7 Dryers for loose wool: (a) brattice (band) dryer; and (b) suction-drum dryer. (From Stewart, R.G. 1983.

Woolscouring and Allied Technology, Wool Research Organization New Zealand, Christchurch, New Zealand.)
the outlet of the scouri ng bowl , is then combed out

into a spiked feedi ng co nveyor to present to the dr yer

a fairly unifor m, tangl ed mat of fibers.

Band dryers and tente rs lose signifi cant amoun ts of

heat through the co oling of the ba nd or chain as it

passes out of the hot zo ne an d throu gh the extens ive

chamber wall area. Drum dryers are thermally more

efficien t, as Table 33 .3 indica tes. Conven tionally, these

dryers are fitted with internal steam, finned heaters,
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which are prone to collect fluff and loose fiber. Direct

firing of the inlet air has the advantage of avoiding such

heating elements that need periodic cleaning and may

be the site of incentive pockets of stuff.

If the standard drum-drying system does not pro-

vide adequate capacity, the newly developed, high-

capacity drum with a fractional free area of 96%

may be specified as a possible alternative unit having

evaporative capacities up to 400 kg � m�2 h�1 [76].



33.7 VARIATION OF PROCESS
CONDITIONS AND MOISTURE
IN THROUGH-CIRCULATED DRYERS

A detai led analys is of the through- circul ation of loo se

material s is g iven by Keey [17] . The an alysis is also

valid for webs of fibro us material s. Consi der an elem -

ental vo lume within fibe rs on a pe rforated band as

shown in Figure 33.8.

A mois ture balance betw een that lost by the fibe rs

and that gained by the drying air yields

G
@ YG

@ y
¼ �rB (1 � «) uS

@ X

@ z 
(33 : 40)

where the symbols ha ve the meani ngs illustr ated in

Figure 33.8. The movem ent of so lids may be direct ly

related to the band speed if the fibers do not redis -

tribute on the band during drying:

t ¼ z =uS ¼ z =uB (33 : 41)

The longitud inal mois ture content gradie nt is found

by consider ing the rate of dr ying of the fibe rs wi thin

an increme ntal volume in the layer:

�rS (1 � « )uS

@ X

@ z
¼ f bfM a( YW � YG ) (33 : 42)

where b is the m ass transfer coefficient, fM is t he

hum idi ty potential c oefficient, and ( YW � YG) is

the h um idity d ifference b etween the wet bulb and the

bulk gas values.

Equat ion 33 .40 and Equation 33.42 can be co n-

venient ly recast into dimens ionless form

@F

@u
¼ @P

@j 
(33 : 43)

and

� @F

@u
¼ f P (33 : 44)

in whi ch one has a characteris tic mois ture con tent
dy

W

b

FIGURE 33.8 A perforated band dryer.
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F ¼ X � Xe

Xcr � X e
(33 : 45a)

a relative tim e of drying

u ¼ NW0 A

F ( Xcr � Xe ) 
t (33 :45 b)

a relative hum idity potential

P ¼ YW � Y G

YW � YG 0

(33 : 45c)

the extens ivenes s of the fiber mass

j ¼ bfM ay =G (33 :45 d)

In the foregoing definitions, subscript cr refers to the

transition from unhindered to hindered drying in the

falling rate period, e to equilibrium, 0 to the air inlet face

of the fiber mass, G to the bulk air, and W to the wet

bulb conditions. The holdup of solids on the band is F.

The solut ion of Equat ion 33.43 and Equation

33.44 for a first-ord er drying process (linear falling

rate period) is given in detai l by Keey [17]. The drying

can be divide d into three stages:
1. The moisture content s everyw here are above

the critical point. The drying rates fall off in

the airflow direct ion, resul ting in a mois ture

content pro file normal to the band .

2. Part of the fibr ous mass , adjacent to the ban d,

is dried be low the critical mois ture content .

Some enhancement of drying rates within this

occurs, changing the shape of the moisture

content profile somewhat.

3. All of the materials are below the critical mois-

ture content, and the moisture content differ-

ences normal to the band gradually diminish,

although the relative difference DF/hFit, where

hFi is some average value, does not.
The variation of the characteristic moisture con-

tent F and the drying rate f as a function of relative

time u is sho wn in Figu re 33.9 for the case when F0 ¼
2 and jmax ¼ 1.
z
dz

dy

G

us
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FIGURE 33.9 Through-circulation of a fibrous mass on a

band for an initial moisture content F0 ¼ 2 and a mat

thickness jmax ¼ 1: (a) variation of moisture content F

with relative time (or distance) u along the band; (b) vari-

ation of drying rate dF/du with relative time (or distance) u.

(From Keey, R.B. 1992. The Drying of Loose and Particu-

late Materials, Hemisphere, Washington, DC.)
The moisture content variations that arise at right

angles to the direction of the band movement can lead

operators to overdry stuff so that the absolute residual

moisture content differences are acceptable. The rela-

tive moisture content differences are never reduced.

However, by periodically changing the airflow direction

along the band, the streamwise variation in moisture

content can be restricted to a considerable degree.

Suction-drum dryers automatically incorporate this

feature, and suitable baffling and placing of fans can

also affect airflow reversal in brattice (horizontal band)

dryers, as illustrated in Figure 33.10.

The effe ct of a single a irflow revers al at u ¼ 1

for the case illustrated in Figure 33.9 is depict ed in
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Figure 33.11. At a co ntact tim e of u ¼ 2 the max-

imum moisture co ntent difference DF has been re-

duced to one fifth the value that is found withou t

any revers ing of the airflow, with the wettes t material

now being in the middl e of the mass an d the oute r

portio n of the drier . In the sucti on-drum dryer, the

radial mois ture con tent profiles are e ssential ly negli -

gible after the fourt h dr um (three airflow revers als)

[58].

It is difficul t to ensure even feedi ng of loose

fibers to a dry er as combing and oth er prefee ding

techni ques are only pa rtially effecti ve in unta ngling

fibers that have interlocked . The effe ct of such

unevenn ess in mat thickne ss an d/or open ness has

been invest igated by Keey a nd Wu [77], who co nsider

that an actual suctio n-drum dry er can co nceptual ly

be replac ed by a n eq uivalen t unit co nsisting of a

number of na rrow dryers in parall el, each being fed

unifor mly with mate rial. Expe rimental transverse

profiles of thickne ss can be discretiz ed so that the

individu al feedi ng rates are de terminabl e. Gas dy -

namic consider ations yiel d the corres ponding gas

flow throu gh each of the narrow dryers to maintain

across the dryer a unifor m pressur e dro p that is

known. The resulting nonuni form ity in the e xtent

of the drying implies that the material woul d be

underdrie d unless add itional heatin g were supp lied

or the capacit y redu ced or both. Experim ental ob-

servations suggest that the relative thickne ss on the

band is given by

d ¼ y � y0

s � y0

¼ exp ( � k=w) (33 : 46)

over the region P0 < P( w) < 1, wher e w is e ssential ly the

relative effe ctive width of the dryer and is evaluat ed as

w ¼ P( w) � P0

1 � P0

(33 : 47)

with P( w) being the probabil ity that the relative

depth is d or less . The coeffici ent k has been

called the ‘‘unev enn ess factor,’ ’ and is a measur e of

the v ariation in thickne ss. A repres entat ive value of k

for one sucti on-drum dryer ha ndling loose wool is 0.2

[78].
33.8 AIR IMPINGEMENT OF FIBROUS
MATERIALS

The drying of heavy fabrics, including broadloom car-

pets, can be assisted by the use of air jets. The design of

air-impingement systems to improve the efficiency of

drying textile fabrics is reviewed by Gottschalk [79]

with reference to one commercial arrangement. The
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FIGURE 33.10 Airflow reversals in through-circulation drying: (a) horizontal band arrangement; (b) suction-drum

arrangement.
optimum clearance of circular air jet nozzles is given as

5 times the nozzle diameter, with the nozzle occupying

about 2% of the ventilated area of the fabric. The

optimal design resulted in a set of round nozzles set

in individual fingers of nozzle boxes.

Korger and Krizek [80] present detailed results on

the variation of local mass transfer coefficients

on surfaces impinged with jets from slotted nozzles

at different pitches and clearances. Their findings
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FIGURE 33.11 Moisture content variation in a through-

circulated dryer with a single airflow reversal at u ¼ 1;

initial moisture content F0 ¼ 2; and material thickness

jmax ¼ 1. (From Keey, R.B. 1992. The Drying of Loose

and Particulate Materials, Hemisphere, Washington, DC.)
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indicate maximum enhancements of the transfer

rates at clearance/slot width ratios in the range of

8.0 to 9.5, with minimum values in the region of 3.5

to 4.5. Maxima in the transfer coefficients are found

immediately below each nozzle and at a position mid-

way between adjacent nozzles. These variations are

superimposed on the general changes in process con-

ditions that accompany cross-circulated, conveying

dryers, which are analyzed in detail by Keey [17].

Recently, Polat [81] has given a review of the effects

of flow-cell and nozzle geometry, as well as jet-to-

surface and jet-to-jet spacing on the surface transfer

rates. In a confined jet system, with a symmetrical

exhaust of the spent flow between jet nozzles, cross-

flow effects on the evaporative process become sig-

nificant. Saad [82] notes that there is a 15 to 30%

decrease in the average Nusselt number when the

crossflow was only 1 to 2 times the jet flow. How-

ever, the crossflow does not significantly affect the

heat transfer within a region up to 3 to 5 jet rows

[83]. Exhaust ports are normally provided at wider

intervals in industrial systems.

The use of high-velocity impinging airstreams to

improve the through-drying of semipermeable webs is

considered by Randall [84], while Loo and Mujumdar

[85] developed a model for the case when superheated

steam is the drying medium. There are considerable

difficulties in making experimental measurements

under high-speed situations in which, for example, a

paper sheet may be moving at a speed of 25 m � s�1

and being impinged with a jet issuing at 100 m � s�1,

and experiments in the laboratory with static surfaces

can yield misleading information about possible

transfer rates. In drying permeable continuous sheets



of pap er or textile s, impingemen t drying rates can be

enhanc ed furt her by drawing some of the hot dry ing

gas throu gh the web.

M artin [86] provides design correlati ons for

multiple -slot and roun d jets besides reco mmendation s

for the spati al arrange ment of jet noz zles on the basis

of maxi mizin g he at trans fer per unit fan energy. The

optima l ratio of the pitch of the noz zles compared

with the distan ce ab ove the surfa ce (0.7 ), which is

recomm ended by Marti n, is close to the report ed

critical value at which jet-to- jet interactio ns star t in-

fluencing the heat trans fer at the stagna tion poin t

under the jet axis [83] .

33.9 DRYING OF PULP AND PAPER

All paper and wood- based boards are made from a

suspensi on of fibers in wat er, with relative ly smal l

quantit ies of nonfibr ous additives and filter s to give

particu lar finishes to the dried product. Most of

the wate r is drained away in a combinat ion of ro lls,

foils, and sucti on box es. In pa permaki ng, the pulp is

admitted to a wire secti on through a flow box, from

which it leaves having a water-to-fibe r ratio of abo ut

6:1. Henc e, the pul p passes to a press section in which

the water is squ eezed into endless belts during

traverse betw een loaded nips, so removi ng abo ut

70% of the water. A diagra mmatic layout is sho wn

in Fig ure 33.12.

The web then passes to the drying section, from

which the sheet emerg es a t abo ut 8% mois ture co ntent

(dry basis), essential ly in eq uilibrium with the ambi-

ent atmos phe re. Norm ally, the drying section con sists

of a series of rotating cylinders, internally heated by

steam, grouped in double banks of about 10 units

each. The wet sheet passes alternately between the

upper and lower ranks of cylinders in an endless

web. Contact is assisted by pressing dry felts, which

also retain shrinkage and hinder wrinkling of the
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FIGURE 33.12 Layout of a papermaking machine. (From From
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sheet (Figur e 33.13) . The sheet passes through

the machine at high speed, the peripheral velocity of

the rotating cylinders reaching 10 m � s�1 or higher

[87], to be taken up by an end reel when dried.

Semipermeable tissue can be dried by through-

circulation over a single cylinder [84,87]. Much light-

weight paper is dried in this way. The very large

steam-heated cylinder, up to 6 m in diameter, is run

at extremely high speeds (more than 20 m � s�1), and

may be worked with a small number of fore and aft

cylinders. Gardiner and Dietl [75] give details of the

performance of these single-cylinder dryers.

Nissan [88] has divided the drying over each drum

of the multiple-cylinder drying section into a cycle of

four phases:
M

K

1. The paper sheet contacts the outer surface of

the cylinder, but is uncovered by the felt.

2. The sheet is pressed onto the cylinder’s surface

by the felt.

3. The sheet remains in contact with the cylinder,

but the felt has now left.

4. The sheet, no longer in contact with the cylin-

der, traverses freely to the next drum in the

adjacent bank.
To obtain the moisture profile in the machine

direction, Nissan et al. [89] have made several as-

sumptions about the drying process, principally that

the drying was a first-order process (linear falling

rate period) and that the pressing felt in phase 2 of

the drying cycle reduced the evaporation rate to

one tenth that in the sheet’s free traverse between

cylinders under similar temperature driving forces.

Over each of the periods when the sheet touches

the cylinder, it is assumed that the sheet tempera-

ture is constant (or linearly varying about an arith-

metic mean), both in the plane of the sheet and

normal to it. These concepts lead to a relatively
Reel
up

ulticylinder drying section

0.08:1

142

irk, L.A. 1984. Advances in Drying, 3:1–37.)
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FIGURE 33.13 Multicylinder drying section showing felt runs. (From Kirk, L.A. 1984. Advances in Drying, 3:1–37.)
simple relat ionship for the sheet tempe ratur e after a

time inter val t :

T�t ¼ TS � (T S � T 0 ) exp [U D=M S (C S þ CL X )]

(33 : 48)

where T0 is the initial sheet tempe ratur e at the begin-

ning of the co nsidered pha se, TS is the steam tempe ra-

ture, U is the overal l heat trans fer coeffici ent, MS is

the amount of dry solids pe r unit sheet a rea, CS is the

specific heat of dry fiber, CL , is the specific heat of

moisture, an d X is the dry ba sis moisture co ntent.

Over phase 4, the tempe rature changes are obtaine d

by evaluat ing the sum of conve ctive, evaporat ive, and

radiative heat losse s.

Thes e ideas led to the pre diction of a saw -

toothed temperatur e profile, tracki ng the succes-

sive heati ng and cooling of the she et as it pa sses

over and unde r the trains of cyli nders. Most of the

moisture loss is predict ed to take place dur ing the

free trave rse (phase 4), but a significan t fraction

occurs over pha se 3 when the felt has left the cylind er

(Figur e 33.14) .

Ho wever, later experi ments have indica ted that a

consider able fract ion of water is remove d in phase 2

[90], prob ably as liquid into the felt . Subs equen t

analogue computa tions by Deploy [91] suggest that

the felt does indeed hind er evaporat ion, wi th the

wet web leavin g the cy linder at a higher tempe rature

than when the cylind er was unf elted. The net effe ct

is that a felted cyli nder has sli ghtly less mois ture

loss than an unfelted one for the same initial

conditi ons.

Bel l e t al. [90] explai n the diff erences in the relat ive

impor tance of each phase of the cycle in term s of the

difference in the felting action be tween various ma-
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chines. Nis san [92] , in co nsider ing the way the felt

remove s water in a paperma king mach ine, attr ibutes

such diff erences to the composi tion of the felt and the

extent to which the felt is heated and dried between

cylind ers.

M ore ad vanced models of the drying process are

discus sed by Kir k [87]. More recen t revie ws include

those writt en by Nederv een et al. [93] and W ilhelms-

son et al. [94]. The latter authors identi fy 20 models

that have been propo sed to simulat e mu lticylinder

paper dryers . In so me of these models , the physica l

transfer pro cesses are simu lated in detail, whi le others

adopt a less detai led viewpo int and rely on more

empirical coefficien ts to fit the data.

In practice , the major ity of the evaporat ion (abo ut

80%) oc curs in the draw s, with a dispropor tionat ely

large num ber of cyli nders needed for the relat ively

small amo unt of evaporat ion in the falling rate

period. Thi s feat ure is a general observance for pro -

gressive drying, as illu strated by the moisture pro files

in Figure 33.9. Wilhelms son et al. [94] note that abo ut

two thirds of the hea t demand in a mu lticylinder

machi ne is used direct ly in evapo ration, whi le abo ut

22% is lost from the c ylinders to the environm ent in

various ways . About 6% is lost from the web by

convective heat exchange with the air.

Ventilation of the sheet as it passes through the

drying section is important as an inadequate air supply

can result in the conversion of a uniform cross-web

moisture profile into one with a markedly wetter mid-

section at the take-up reel. The efficiency of various

pocket ventilation systems is investigated by Kirk [95].

Comparative values of drying rates and steam use

with multicylinder dryers for paper are given in

Table 33.5. The data prob ably do not reflect modern

practice, with its higher machine speeds and better



0
50

100

150

200

250

5 10 15 20 25 30 35
Cycle number

Cycle number

Cycle number

Sheet
temperature
(°F)

Change in
cylinder
temperature

Water/solids
ratio 0.4

Change in
cylinder
temperature

Change in
cylinder
temperature

0

0.5

1.0

1.5

2.0

5 10 15 20 25 30 35

P
Water/solids

ratio

p = 0.4

(a)

(b)

(c)
0

2.50

5.00

7.50

10.00

5 10 15 20 25 30 35

10

20

c

30

40
Water
evaporated
per cycle
(10–4 lb/sq.ft)

Whole cycle

Ratio
of 0.4

Phase III

Phase IV

Phase II

Phase I

Evaporation
rate
(lb/sq.ft.h)

FIGURE 33.14 Calculated variation in sheet properties in the drying section of a papermaking machine: (a) temperature

profile, 8C ¼ (8F� 32)� 5/9; (b) water/solids ratio; (c) water loss rate, kg �m�2 ¼ 4.882 lb � ft�2. (From Nissan, A.H., Kaye,

W.G., and Pilling, D.E. 1958. Trans. IChemE, 36:107–114.)
energy savings, but merely give some indication of the

relative performance of these kinds of drying units

with various grades of paper.

Hardboard, which is produced from coarse ther-

momechanical pulp, and similar dense products are

dried batchwise by pressing. The fiber mat is fed to a

press, where the mass is compressed over a heated

platen. The main effect of press drying is the thermal
� 2006 by Taylor & Francis Group, LLC.
softening of lignin and cellulose components. If tem-

peratures 25 to 508C above the glass-transition point

of lignin is reached, then bonding can takes place.

This condition entails a temperature in the order of

1508C or above in the wet web. With a further in-

crease in temperature, the lignin viscosity slowly

declines and lesser pressures are needed to attain a

given board density [96].



TABLE 33.5
Drying Rates and Steam Use in Multicylinder Dryers for Paper

Material Basis Weight

(g � m�2)

Mean Drying

Rate (kg � m�2 h�1)a

Energy Use

(kg steam/kg dry s)

No. of Sections No. of

Cylinders/Section

Condenser paper 8–12 3–5 5–7 1 1

Vellum 40–60 5–7 4–6 1 4–6

Writing paper 50–70 16–28 1.9–2.5 3 8–10

Newsprint 50–52 20–23 1.8–2.2 3 8–16

Packaging 60–120 20–24 2–3 3 8–10

Carton 200–700 14–20 2.2–3.0 3b 6–8

aCalculated in terms of the web-covered surface (about 60% of the total surface).
bUpper and lower cylinders separated.

Source: From Meinecke, A. 1974. Wochenblatt f. Papierfabr., (102):41–52.
33.10 SUPERHEATED-STEAM DRYING

Superh eated-ste am drying is a specia lized techni que

that uses superheat ed steam rather than mois t air as

the drying medium. The a dvantage s are that the med-

ium no longer provides an environm ent in which

heated loose fibe rs can bum or potentiall y form ex-

plosive mixtures and there are econ omies in ene rgy

use. The he at us ed in vaporiz ation can be partially

recover ed elsewhere in a pro cess by the cond ensation

of the vapor. On the other ha nd, a potenti al draw -

back is that the elevated tempe ratures that are asso-

ciated wi th supe rheated -steam drying may cause

therma l damage to the fibe rs. For exampl e, both

Nichol ls [100] a nd Sweetman [101] found that therm al

damage to wool fibe rs in the presence of steam in-

crease d with temperatur e, exposure time, a nd the pH

of the exami ned mate rial. Presen ce of water in the

material enhanced the degradat ion. Thes e tests, how-

ever, exp osed the mate rial for longer than one might

expect in any drying installation. Othe r tests [102]

with the throu gh-drying of small samples of wool

fabric showe d that very littl e y ellowing of the fibe rs

occurred at tempe ratures be low 150 8 C, but very wet

sample s (at initial moisture con tents abo ve the critical

value) sho wed a signi ficant color change at the begin-

ning of the process within the first 30 s.

At a suffici ently high tempe rature, the evap oration

rate from a wet ted surface into its pure superhea ted

vapor is higher than into perfec tly dry air. The tem-

peratur e at which this trans ition rate occurs is called

the invers ion value. Expe rimental values for this tem-

peratur e ran ge be tween 160 [103] and 230 8 C [104] in

compari ng steam with air. The invers ion occurs be-

cause of the difference in pro perties between steam and

air (which have different tempe rature coefficien ts) and

the ab sence of a gas side mass transfer resistance when
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a liqui d evaporat es into its pur e vap or. At low tempe r-

atures, the evaporat ive process is he at transfer con -

trolled and eva poration into perfec tly dry air is the

faster process ; wher eas at higher tempe rature s, the

mass transfer resistance be comes relative ly significa nt

for evapo ration into air an d the superheat ed-vapor

process then be comes fast er. The actual magni tude of

the invers ion temperatur e depends upon the geomet ry

of the evaporat ing surfa ce an d the tempe rature and

humidi ty ch anges in the direct ion of the gas flow.

As pointed out by Schwartze [102], the inversion

temperature is also a function of gas composition.

There is a different ‘‘point’’ inversion temperature in

the way the comparison is evaluated. A comparison of

the evaporation into perfectly dry air with that into

moist air with diminishing humidity from the limit of

pure steam (T i
0,1�X) is different from comparing the

evaporation into pure steam with that into moist air

with increasing humidity from the limit of dry air

(T i
1,X

i). Figure 33.15 shows the results of calculating

the inversion temperatures for evaporation within a

wetted-wall column with a gas core of 29 mm diameter

in turbulent flow. The point inversion temperatures

range from 1558C for (T i
0,1) and 3008C for (T i

1,1)

respectively. The two kinds of point inversion

temperatures have a common value of 198.68C, repre-

senting the condition, (T i
0,0) ¼ (T i

1,0) , when evapor-

ation into steam is compared with evaporation into

pure air from an infinitesimally small surface.

Bond et al. [103] discuss the drying of paper by

impinging jets of superheated steam. Svensson [105]

discusses applications in the drying of wood pulp

while Amoux et al. [106] consider the use of superheated

steam in the drying of softwood biomass.

Stubbing [107] describes the use of drying at

atmospheric pressure in a steamy environment, which

he terms airless drying, with the tower density of the
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steam relative to the air being used to seal the chamber,

so that the air is progressively displaced. A possible

application in the drying of cloth is suggested.
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NOMENCLATURE

a, b, c coefficients

a activity

a exposed surface per unit area

A coefficient

B moisture flux coefficient

c moisture concentration

ce equilibrium moisture concentration

c0 initial moisture concentration

cs surface moisture concentration

cV moisture vapor concentration

cW moisture liquid concentration

C coefficient

CL specific heat of liquid moisture

CP heat capacity at constant pressure

CS specific heat of dry solids

d yarn diameter

D moisture diffusion coefficient
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f relative drying rate function

F solids holdup

g reduced relative drying rate function

G specific dry gas rate

J total transfer flux

J0 zero-order Bessel function

J1 first-order Bessel function

k mass transfer coefficient

ki coefficients

K drying coefficient

L characteristic length

Ms mass of sheet

Mt mass of moisture at time t

M1 mass of moisture at infinite time

NV drying flux

NW drying flux in first drying period (constant-

rate period)

NW0 drying flux in first period at the air inlet

p moisture vapor pressure

p0 saturation vapor pressure

P(w) probability of depth having a value w or less

r radial distance

R radius of fiber

R universal gas constant

s a parameter

s spacing between threads

t time

T temperature

TA ambient temperature

TF fiber temperature

T0 initial temperature



TS steam temperature

TV moisture vapor temperature

TW moisture liquid temperature

u moisture concentration function

uB conveying band speed

uG gas velocity

uS solids velocity

U overall heat transfer coefficient

w width function

x relative humidity function

x distance

X moisture content (dry basis)

Xcr critical moisture content

Xe equilibrium moisture content

X1 moisture content for complete monolayer

y normal distance

Y humidity

YG bulk gas humidity

YG0 bulk gas humidity at air inlet

YW wet bulb humidity

z longitudinal distance

Z total longitudinal distance

Greek Symbols

a a Sherwood number

b mass transfer coefficient

g voidage function

G relative free moisture content (based on

initial value)

d nondimensional layer depth

« strain

« voidage

h volumetric heat of wetting

u relative extent or time

k thermal diffusivity

l a function

n a function

j relative distance or NTU

P humidity potential

r density

rB bulk density

rF fiber density

rG gas density

rs solids density

s change of moisture content with vapor

concentration

f a ratio

fM humidity potential coefficient

F characteristic moisture content (based on

critical value)

F0 initial value of characteristic moisture

content

v change of moisture content with

temperature
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w relative humidity

DHV latent heat of vaporization

DHW heat of wetting
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porösen Feststoffen, Chem. Ing. Techn., 44(8):556–563.
12.
 Zhang, Q.J., Langrish, T.A.G., and Keey, R.B. 1992.

The use of thin-layer methods to measure drying kin-

etics, University of Canterbury, New Zealand, unpub-

lished data.
13.
 Henderson, S.M. 1952. A basic concept of equilibrium

moisture, Agric. Eng., 33:29–31.
14.
 Papadakis, S.E., Bahu, R.E., McKenzie, K.A., and

Kemp, I.C. 1993. Correlations for the equilibrium

moisture content of solids, Drying Technol., 11(3):543–

553.
15.
 Walker, J.C.F. 1993. Water and wood. In Walker,

J.C.F., et al. (Eds.), Primary Wood Processing Principles

and Practice, Chapman & Hall, London, pp. 68–94.
16.
 Stamm, A.J. 1964. Wood and Cellulose Science, Ron-

ald Press, New York.
17.
 Keey, R.B. 1992. The Drying of Loose and Particulate

Materials, Hemisphere, Washington, DC.
18.
 Shubin, G.S. 1990. Sushka i Teplovaya Obrabotka

Drevesin’i, Lesnaya Prom., Moscow, p. 26.
19.
 Nanassy, A.J. 1974. Water sorption in green and

remoistened wood studied by the broad-line component

of the wide-line NMR spectra, Wood Sci., 7(1):61–68.
20.
 Pang Shusheng, Langrish, T.A.G., and Keey, R.B.

1993. The heat of sorption of timber, Drying Technol.,

11(5):1071–1080.
21.
 Stamm, A.J., and Loughborough, W.K. 1935.

Thermodynamics of the swelling of wood, J. Phys.

Chem., 39:121–132.



22.
� 2006
Mackay, B.H. and Downes, J.G. 1959. The effect of

the sorption process on the dynamic rigidity modulus

of the wool fiber, J. Appl. Polym. Sci., 2:32–38.
23.
 Erickson, R.H. 1985. Creep of the aromatic polyamide

fibers, Polymer, 26:733–746.
24.
 Wang, J.Z., Dillard, D.A., Wolcott, M.P., Kamke,

F.A., and Wilkes, G.L. 1990. Transient moisture

effects in fibers and composite materials. J. Comp.

Mats., 24:994–1009.
25.
 Back, E.L., Salmon, L., and Richardson, G. 1983.

Transient effects of moisture sorption on the strength

properties of paper and wood based materials, Svensk

Paperstidning, R61–R71.
26.
 Kumar, P. and Mujumdar, A.S. 1990. Effect of drying

on pulp and paper properties: A bibliography, Drying

Technol., 8(3):543–569.
27.
 Kim, C.Y., Page, D.H., El-Hosseiny, F., and

Lancaster, A.P.S. 1975. Mechanical properties of sin-

gle wood fibres. III. Effect of drying stress on strength.

J. Appl. Polym. Sci., 19(6):1549–1562.
28.
 Svensson, C. 1984. Industrial applications for new

steam drying process in forest and agricultural indus-

try. In Toei, R. and Mujumdar, A.S. (Eds.), Proceed-

ings of the 4th International Drying Symposium. IDS

’84, Kyoto, 2:541–545.
29.
 Bernardo, A.M.M., Dumoulin, E.D., Lebert, A.M., and

Bimbenet, J.J. 1990. Drying sugar beet fiber with hot air

or superheated steam, Drying Technol., 8(4):767–779.
30.
 Bramhill, G. 1978. Fibre Sci. Technol., 11:291.
31.
 Viollez, P.E. and Suarez, C. 1984. An equation for

diffusion in shrinking and swelling bodies, J. Polym.

Sci., 22:875–879.
32.
 Coumans, W.J. and Thijssen, H.A.C. 1986. In

Mujumdar A.S. (Ed.), Drying ’85, 1:49–56.
33.
 Crank, J. 1956. The Mathematics of Diffusion, Oxford

University Press, Oxford.
34.
 Crank, J. 1968. Diffusion inPolymers, OxfordUniversity

Press, Oxford.
35.
 Newman, A.B. 1931. The drying of porous solids:

Diffusion and surface emission equations, Trans.

AIChemE, 27:203–220.
36.
 Macey,H.H. 1942.Trans. Brit. Ceram. Soc., 41:73–121.
37.
 King, G. and Cassie, A.B.D. 1940. Trans. Farad. Soc.,

36:458.
38.
 Henry, P.S.H. 1939. Diffusion in absorbing media,

Proceedings of the Royal Society of London, Serie. A,

171: 215–241.
39.
 Henry, P.S.H. 1948. Diffusion of moisture and heat

through textiles, Discuss. Farad. Soc., (3):243–257.
40.
 Walker, B.V. 1969. The drying characteristics of

scoured wool, NZJ. Sci., 12:775–810.
41.
 Cassie, A.B.D. and Baxter, S. 1940. Propagation of

temperature changes through textiles in humid atmo-

spheres. III. Experimental verification of the theory,

Trans. Farad. Soc., 36:458–465.
42.
 Nordon, P. 1964. A model for mass transfer in beds of

wool fibres, Internat. J.HeatMassTransfer, 10:853–866.
43.
 David, H.G., and Nordon, P. 1969. Case studies of

coupled heat and moisture diffusion in wool bales,

Text. Res. J., 39(2):166–172.
by Taylor & Francis Group, LLC.
44.
 Nordon, P. and David, H.G. 1967. Coupled diffusion

of moisture and heat in hygroscopic textile material,

Internat. J. Heat Mass Transfer, 10:853–866.
45.
 Cudmore, R.S., Coulter, D.S., and Jordan, P.J. 1992.

Mathematical predictions of moisture profile changes

in bales of scoured wool, Proceedings of the 4th Con-

ference and International Symposium on Transport

Phenomena in Heat and Mass Transfer, Sydney, New

South Wales, 1428–1439.
46.
 Cudmore, R.S. and Coulter, D.S. 1990. Diffusion

coefficients in high-density bales of scoured wool,

Proceedings of the International Wool and Textile

Research Conference, Christchurch, New Zealand,

III:225–234.
47.
 Nilsson, L., Wilhelmsson, B., and Stenström, S. 1993.

The diffusion of water vapour through pulp and

paper, Drying Technol., 11(6):1205–1226.
48.
 Phillip, R.R. and de Vries, D.A. 1957. Moisture

movement in porous materials under tempera-

ture gradients. Trans. Am. Geophys. Union,

38(2):222–232, 594.
49.
 Ahlen, A.T. 1970. Diffusion of sorbed water vapour

and cellulose fibre, TAPPI, 53(7):1320–1326.
50.
 Hougen, O.A., McCaulley, H.J., and Marshall, W.R.,

Jr. 1940. Limitation of diffusion equations in drying,

Trans. AIChE, 36:183–214.
51.
 Luu, D.V. and Benner, S.M. 1986. Hygroscopic mois-

ture transfer in porous material, Chem. Eng. Com-

mun., 48:317–329.
52.
 van Meel, D.A. 1958. Adiabatic convective batch drying

with recirculation of air, Chem. Eng. Sci., 9:36–44.
53.
 van Brakel, J. 1980. Mass transfer in convective dry-

ing. In Mujumdar, A.S. (Ed.), Advances in Drying,

1:217–267, Hemisphere, Washington, DC.
54.
 Liang, B., Fields, R.J., and King, C.J. 1990. The mech-

anism of transport of water and n-propanol through

pulp and paper, Drying Technol., 8(4):641–665.
55.
 Coplan, M.J. 1953. Some moisture relations of wool

and several synthetic fibres and blends, Text. Res. J.,

23(12):897–916.
56.
 Langrish, T.A.G., Bahu, R.E., and Reay, D. 1991.

Drying kinetics of particles from thin-layer drying

experiments. Trans. IChemE, A69:417–424.
57.
 Tubbs, J. 1976. Drying characteristics of loose scoured

wool, BE Rep., Chem. Eng., University of Canterbury,

New Zealand.
58.
 Keey, R.B. and Wu, Y. 1989. An analysis of the

suction-drum drying of wool. Proceedings of 4th

Australasian Conference on Heat Mass Transfer,

Christchurch, New Zealand, 217–225.
59.
 Peck, R.E., Max, D.A., and Ahluwaha, M.S. 1971.

Predicting drying times for thin materials, Chem.

Eng. Sci., 26:389–403.
60.
 Keey, R.B. and Pang Shusheng, 1994. The high-

temperature drying of softwood boards a kiln-

widemodel. Trans. IchemE, 72 ser A:741–753
61.
 Nissan, A.H., Kaye, W.G., and Bell, J.R. 1959. Mech-

anism of drying thick porous bodies during the falling-

rate period. I. The pseudo-wet-bulb temperature,

AIChemE J., 5(1):103–110.



62.
� 2006
Bell, J.R. and Nissan, A.H. 1959. Mechanism of dry-

ing thick porous bodies during the falling-rate period.

II. Hygroscopic material, AIChemE J., 5:344–347.
63.
 Gummel, P. 1977. Durchströmungsrocknung. Experi-
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34.1 INTRODUCTION

The word ‘‘texti les’’ comes from the Latin textili s ,

meani ng ‘‘woven’ ’; but in textile science, textile is

defined as any produ ct made from fibe rs. Thus tex-

tiles refer s not only to woven fabri cs but also to

nonwoven fabri cs, knitt ed fabrics, tufted fabrics

such as carpets and be dspreads , and specially con -

structed fabrics [1]. Figu re 34.1 dep icts the major

segme nts an d linkag es of the text ile indu stry, from

fibers to prod ucts. The textile mill porti on of the

textile co mplex includes many ch emical wet process es

such as slashing, dyeing, print ing, latex bondi ng, and

finishi ng. In many of these process es, drying is re-

quired to remove the excess mo isture in the porou s

material s to produce the de sired produ ct. For ex-

ample , the typical steps used to prod uce latex-backed

tufted carpet are shown schema tica lly in Figu re 34.2.
, LLC.
As there are many textile products ranging from

yarns to carpets which have to be processed, many

different drying processes are used by the textile

industry. To complicate things further, various pro-

cesses are used for the same product. Typical drying

systems used by the textile industry for drying fabrics

and tufted carpets are discussed in this chapter.

The term drying is commonly used to describe the

process of thermally removing the volatile substances

from a product [2]. In textiles, the term is more gen-

erally used to mean the dewatering of a product.

Mechanical dewatering is generally much less expen-

sive than thermal drying. Thus, as much water as

possible is usually removed mechanically.

Approximately 25% of the energy used in wet

processing is consumed in drying [3]. In addition to

energy cost, drying is a common bottleneck in the wet

processes. Thus, improvement of the drying rate and
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energy efficien cy of the drying syst em an d selec tion of

the proper type of dryers are of great importance to

the text ile indust ry.

In this ch apter, mois ture regai n (%), de fined as the

weight of wat er in the textile to the dry weigh t of
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textile , is used to indica te the amount of mois ture

contai ned in the textile .
34.2 CLASSIFICATION OF DRYING STEPS
FOR TEXTILE PRODUCTS

The drying or dewate ring process es can be classified

either as predryi ng and final drying or as mechani cal

and therm al drying. Pr edrying is acco mplished using

either mechani cal or therm al pro cesses wher eas fina l

drying is achieve d using therm al pro cesses. Pred rying

is the low ering of the moisture regai n to some pred e-

termined level . This is foll owed by the fina l-drying

step in which the moisture regain is lowered to the

desired level . For exampl e, fabri cs that are he at set in

the drying process will be predri ed by some mean s to

a moisture regai n of ap proximatel y 30%. They will be

transp orted through a c onvectio n oven using a tente r

frame that fixes the width of the fabric, giving it a

dimensional stability. Mechanical dewatering is usu-

ally used to predry fabrics when feasible because it

requires much less energy expenditure per mass of

water remove d (Table 34.1) [4]. How ever, the level

to which the moisture regain can be lowered by mech-

anical methods is usually too high, and thermal pro-

cesses are required to obtain the final moisture regain.

34.2.1 PREDRYING AND FINAL DRYING

Drying is sometimes separated into two steps: (1)

predrying and (2) drying. This may be done for either

economical or technical reasons. Predrying may be



TABLE 34.1
Typical Energy Requirements for Common Textile
Drying Equipments

Equipment Type Energy Requirement

(kJ/kg)a

Mechanical dewatering

Squeeze roll 58

Vacuum extractor 700

Thermal drying

Steam can 4700

Convection dryer 7000

Radiant predryer 9300

aKilojoules per kilogram of water removed.

Source: From Georgia Institute of Technology, Report No. ORO-

5099-T1, U.S. Department of Energy, 1978, p. 15. With permission;

Badin, J.S. and Lowitt, H.E., Report No. DOE/RL/01830-T56,

U.S. Department of Energy, January 1988. With permission.

TABLE 34.2
Physical and Thermal Properties of Fibers

Material Density

(g/cm3)

Specific

Heat

(J/kg/K)

Thermal

Conductivity

(W/m/K)

Thermal

Diffusivity

(cm2/s)

Natural Fiber

Cotton 1.52 1250 0.07 0.000368

Cotton bats 0.08 1300 0.06 0.00577

Wool 1.34 1340 — —

Wool bats 0.5 500 0.054 0.00216

Synthetic Fibers

Nylon 6, 66 1.14 1419 0.25 0.001545

Polyethylene 0.97 1855 0.24 0.001334

Poly(ethylene

terephthalate)

1.37 1103 0.14 0.000926

Polypropylene 0.93 1789 0.12 0.000721

Polyacrylonitrile 1.18 1286 — —

Others

Carbon fiber 1.8–2.1 710 05–500 0.10–3.97

Source: From Warner, S.B., in Fiber Science, Englewood Cliffs, NJ:

Prentice-Hall, 1995. With permission.
carried out by methods that are effici ent and require

low en ergy input. Thi s will be followe d by fina l dr ying

either be cause the moisture regai n that can be

obtaine d wi th the predryi ng method is limit ed or

because be tter prod uct quality can be obtaine d by

final drying using so me other method. Someti mes

predryi ng is used for techni cal reasons . For exampl e,

in continuou s dyeing, fabric satur ated with dy e solu-

tion must be dried to fix the dye. The moisture regain

must be lowered unifor mly to a bout 30% to prev ent

dye migrati on. Pr edrying is often accompl ished us ing

gas infr ared (IR ) systems and final dr ying is achieve d

using either steam cans or convectio n ovens.

34.2.2 MECHANICAL DEWATERING

Several method s are available for mechan ically red u-

cing the amount of water in textile mate rials. The

most common techni ques are mangl ing or sq ueezing,

vacuum extra ction, and centri fuging. The techni que

selected is influenced by the type of mate rial to be

process ed and on whet her a batch or continuou s

process is to be used. Man y delicate fabri cs are dam-

aged by squeezing betw een rollers or spinni ng in a

centrifuge. Since va cuum slots c ause less da mage,

they are often used with delicate fabrics. Centrifu ging

is normal ly lim ited to ba tch process es. M anglin g fol-

lowed by vacuum extra ction is often used for continu-

ously pro cessing fabrics a nd carp ets. Man gling

remove s free water very effici ently, and vacuum ex-

traction lowers the moisture regain to levels una chiev-

able wi th mangl ing alone.

The mois ture regain ach ievable wi th mechani cal

methods depend s signi ficantly on the type of pro cess

used an d on the type of textile being dried. For
� 2006 by Taylor & Francis Group, LLC.
exampl e, the redu ction in mois ture regain obt ainable

with squ eezing rollers va ries wi th both the fiber type

and the textile con struction. For struc tures composed

of hyd rophilic fibers such as co tton, the mois ture

regain can typic ally be reduced from about 150% to

60–100% . On the other han d, for structures composed

of hy dropho bic fibe rs such as polyest er, signi ficantly

lower moisture regai n can be obt ained.

34.2.3 THERMAL DRYERS

Thermal dryers are somet imes used for predryi ng, but

are almost always used for fina l drying beca use of the

limitations of mechani cal dryers . After mech anical

predryi ng, much of the remai ning water is chemi cally

bonde d to the fibe r and must be evapo rated. Thi s is

accompl ished using severa l types of thermal system

such as heated cans, con vection ov ens, and radio fre-

quency (RF) dryers . Recently, microwav e dryers have

been designe d for drying textile s and carpet tiles [5].

34.3 PROPERTIES OF TEXTILES

The physical, thermal, and sorptive properties of textiles

are very important in calculating drying-energy usage,

modeling the thermal drying processes, and determin-

ing the dryer operation conditions. The physical and

thermal properties of several fibers are given in Table

34.2 [6]. The equilibrium moisture regain vs. relative

humidity of several fibers is given for absorption

and desorption in Table 34.3 [7]. As illustrated in



TABLE 34.3
Moisture Regain of Fibers for Moisture Absorption and Desorption at 21̊ C

Fiber Relative Humidity (%)

10 20 30 40 50 60 70 80 90 95

Cellulose acetate 0.52a/0.80 0.87/2.70 1.67/4.47 2.73/5.40 3.53/6.50 4.27/7.81 5.71/8.83 6.67/10.59 7.96/13.54 9.12/14.01

Cotton 1.40/2.28 2.08/4.38 3.72/5.67 4.86/6.06 5.86/7.61 6.95/8.36 7.90/9.71 9.45/11.72 11.04/13.90 12.74/14.12

Kevlar aramid 0.88/1.45 1.73/2.69 1.98/3.01 2.58/3.96 3.58/5.38 3.82/5.55 4.12/6.15 4.68/6.73 5.51/6.97 5.49/7.14

Nomex aramid 1.15/2.66 2.34/3.88 2.66/4.48 3.27/5.01 4.38/5.68 4.70/5.76 5.00/6.03 5.48/6.27 6.15/6.75 6.45/6.80

Nylon 66 0.44/0.70 0.78/1.77 1.49/2.36 2.17/2.69 2.70/3.33 2.70/3.87 3.77/4.40 4.45/5.30 5.01/5.53 5.47/6.02

Poly(ethylene terephthalate) 0.02/0.04 0.07/0.14 0.12/0.20 0.28/0.29 0.34/0.36 0.39/0.43 0.43/0.47 0.50/0.55 0.53/0.55 0.53/0.55

Silk 1.14/3.45 3.25/6.20 5.20/7.70 6.76/9.72 7.91/11.71 8.11/11.51 10.67/12.26 11.96/14.85 13.54/17.36 15.74/20.97

Viscose rayon 2.38/3.96 4.87/8.28 7.03/10.62 8.76/12.42 10.45/13.65 12.20/14.67 14.39/16.13 16.22/18.32 18.36/20.57 20.65/25.00

Wool 2.14/3.68 3.58/8.13 6.67/10.80 8.28/12.60 10.02/14.78 12.39/16.08 13.62/17.71 15.33/19.33 17.26/20.20 19.34/21.09

aFirst number is for moisture absorption and second number is for moisture desorption.

Source: From Fuzek, J.F., Ind. Eng. Chem. Prod. Res. Dev., 24, 140–144, 1985. With permission.
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FIGURE 34.3 Moisture regain vs. relative humidity for absorption and desorption of cotton and poly(ethylene terephthal-

ate) fibers. (From Fuzek, J.F., Ind. Eng. Chem. Prod. Res. Dev., 24, 140–144, 1985. With permission.)

TABLE 34.4
Typical Dryers Used in Textile and Carpet Industry

Application Drying Step Type
Figure 34.3, comparison of the equilibrium moisture

regains for absorption and desorption shows that

the hysteresis [8] is large for hydrophilic fibers, such

as cotton, and low for hydrophobic fibers, such as

po ly es te r.

Yarn preparation

and weaving

1. Slashing Predrying Squeezing

Drying Steam cans

Fabric finishing

1. Preparation Predrying Squeezing/vacuum

extraction/steam

cans

Drying Steam cans or

convection oven

2. Dyeing and

printing

Dyeing Predrying Squeezing/vacuum

extraction/steam

cans

Infrared oven

Drying Steam cans or

convection oven

Printing Drying Convection oven

3. Finishing Predrying Squeezing/vacuum

extraction/steam

cans

Drying Steam cans or

convection oven

Floor covering

(tufted carpet)

1. Drying after

dyeing

Predrying Squeezing/vacuum

extraction

Drying Convection Oven

2. Application of

secondary

backing

Drying Convection Oven
34.4 TYPICAL DRYERS FOR TEXTILES

The typical dryers used for textile s and carpets are

summ arized in Table 34.4. Thes e dryers are briefly

describ ed below.

34.4.1 MECHANICAL DEWATERING

The most common pro cedure for mechan ically dewa-

tering in continuous process es is the squeezing us ing

nip roll ers follo wed by vacuum extracti on. In process -

ing ba tch mate rials, centrifugi ng is commonl y used.

34.4.1 .1 S queezing

The first step in the de wateri ng process is usually

squeezing or mangl ing, shown schema tically in Figu re

34.4. It is accompl ished by passi ng the textiles between

a pair of rollers an d is by far the least exp ensive

method for dewateri ng fabric s. The energy requir e-

ments of wat er remove d are only approxim ately 58

kJ/kg. However, squeezing can reduce the mois ture

regain only by 60 to 100 %, de pending on the pro per-

ties of the fibers and the fabric co nstruction.

34.4.1 .2 Vac uum Extracti on

The next step in de waterin g text iles and carpets is

usually vac uum extracti on as shown schema tically in
� 2006 by Taylor & Francis Group, LLC.
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FIGURE 34.4 Dewatering using squeeze rolls.
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FIGURE 34.5 Schematic of a vacuum extraction.
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Figure 34.5. With this method, water is extra cted from

the textile in open width as it pa sses ov er a slotted or

perfor ated box in which vacuum is maintained by a

pump. The final moisture regai n dep ends on ope rating

parame ters, such as initial moisture regain , vacuum

pressur e, and pro duction speed, an d is also highly

depend ent on text ile con struction and fiber hyd rophi-

licity. The energy requir ements (700 kJ/kg of water

remove d) are high compared wi th squeezing , but

much lower than for therm al methods . The typic al

moisture regai n ach ievable for fabri cs made from sev-

eral types of fibe rs is shown in Table 34 .5 [9]. It is abo ut

30 to 50% for tufted ny lon carpet s, depend ing on the

vacuum syst em an d carpet constru ction.

34.4.1 .3 Cent rifuge

Centrifu ging involv es rotating the text ile at high

speed to remove water, an d is normal ly limited to

batch process ing of material s su ch as skeins of

yarns, pack ages of yarns, an d smal l rugs. The mois -

ture regain of various kinds of fibers after centrifu-

ging is shown in Table 34.6.
ric pressure

Water
separator

Air bleed

Valve

pressure



TABLE 34.5
Moisture Regain after Vacuum Extraction

Fabric Vacuum

(Hg Vac)

Moisture

Regain (%)

100% Polyester 15’’ 10–15

100% Polyester 10’’ 25–30

80% Polyester/20% cotton 15’’ 25–30

65% Polyester/35% cotton 15’’ 35–40

100% Cotton 17’’ 50–55

50% Rayon/50% cotton 17’’ 55–65

Source: From Ostervold, J.A., America’s Textiles International, 11,

16j–16l, 1982. With permission.
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FIGURE 34.6 Schematic of a steam can dryer.
34.4.2 CONDUCTION DRYERS

Conduction drying involves placing the surface of the

material in direct physical contact with a heated sur-

face. An advantage of conduction dryers is that heat-

transfer rates achievable are usually higher than for

convection drying. A disadvantage is that the direct

contact with the solid surface may cause damage to

the textile.

34.4.2.1 Hot-Cylinder Drying

Conduction drying is usually carried out using hot

cylinders, which are rotating metallic cans that are

heated using steam or special heat-transfer liquids.

When steam is used, the drying system is often re-

ferred to as steam cans, which are shown schematic-

ally in Figure 34.6. The energy requirements removed

are typically around 4700 kJ/kg, which is usually

lower than that of other thermal dryers.

Steam cans are used in predrying and final drying

of fabrics. They are often used to predry fabrics that
TABLE 34.6
Moisture Regain after Centrifuging

Material Moisture Regain (%)a

Acetate 31

Cotton 48

Nylon 16

Silk 52

Viscose rayon 103

aMoisture regain after rotating for 5 minutes using a centrifuged

force 1000 times the gravitational field.

Source: From Morton, W.E. and Hearle, J.W.S., Physical Properties

of Textile Fibers, 3rd ed., Manchester, UK: The Textile Institute,

1993. With permission.
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must be dimensionally stable after final drying. The

steam cans are used to reduce the moisture regain to

about 30%, and convection ovens with tenter frames

are used for final drying. In some cases where contact

with the hot surface does not negatively affect fabric

properties, all of the thermal drying is achieved with

the steam cans.

Although the direct contact of the fabric with the

hot surface gives high heat-transfer rates, it can cause

problems. One problem is that the pressure between

the can and the fabric can distort the surface of

delicate fabrics. Another problem occurs when a fab-

ric containing materials such as dyes, print paste, and

adhesives touches the hot surface. Sometimes mater-

ials from the fabric will transfer to the hot surface,

and then subsequently transfer to regions of the fab-

ric, causing unwanted effects.

34.4.3 CONVECTION DRYERS

Convection dryers are the most common type of

dryers used for drying textiles and carpets. The drying

medium is usually hot air though steam can be used if

the temperature can be raised sufficiently high with-

out damaging the textile [10,11]. The manner in which

air is applied to the product greatly affects the heat-

transfer and drying rates that are achievable in con-

vection ovens. There are three types of convection

dryers: (1) circulating-air, (2) through-air, and (3)

impingement.

34.4.3.1 Circulating-Air Dryers

In circulating-air dryers, drying is achieved by trans-

porting the textile through hot air that circulates

through the oven. Products that have varying sizes

and weights such as towels and washcloths are looped

over hangers that slowly pass through the oven. Dry-

ing rates are usually low, and residence times in this

type dryer (sometimes referred to as loop dryers) are

usually in the order of 40 to 45 min.
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FIGURE 34.8 Schematic of a suction drum dryer.
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34.4.3 .2 Thr ough-Air Dryers

Through-air (flow-through) dryers have been widely

used to remove moisture from various textile products

for over 50 years. The principle of through-air drying is

to evaporate moisture by forcing the air to flow through

the porous material. The basic concept is illustrated in

Figure 34.7. As through-air drying greatly increases the

contact surface area between the hot air and the wet

surface, it provides high overall drying rate.

Ther e are two types of through- air dryers often

used in the text ile indu stry: (1) suc tion or perfora ted

drum drying systems and (2) conv ection oven s wi th

tenter fram es for fixing the trans verse dimension of

the pr oduct while it is transp orted throug h the oven .

Suc tion or perfora ted dru m dryers are often used

to dry fabri cs, particular ly nonw ovens, and somet imes

unback ed tufted carp ets. These dryers usuall y consis t

of two or more pe rforated drums mou nted hor izon-

tally in a compart ment (Figur e 34.8). Several two -

drum compart ments are typicall y linked togeth er to

form a complete machin e. Fans draw air from the

interior of the dr ums pro ducing suctio n on the surface

area in contact with the mate rial. Thi s suctio n hold s

the mate rial to the surfa ce of the drum permi tting hot

air to pa ss through the material being dried. A por tion

of the drum has no sucti on, whi ch permi ts the material

to transfer to the ne xt dru m wi thout interfer ence.

The secon d type of through -air dryer co mmonly

used to dry fabrics and unba cked tufted carpet s is

shown schema tica lly in Figu re 34.9. It is a con vection

oven with a tente r fram e that con trols the trans verse

dimens ion of the prod uct while it transp orts the fabric

through the dryer. Fans blow hot air in the chamb er

on one side of the fabri c creat ing a pressur e drop

across the fabric, cau sing hot air to flow through the

fabric. Some of the warm mois t air exit ing the fabric

is usuall y reh eated an d recycl ed through the fabric.

In the through -air drying process , most of the

energy is requ ired for heati ng air and blow ing it

through the wet mate rial. For a given blow er co n-

figurati on, the veloci ty of the air flowi ng through

the material depend s on the air pe rmeabili ty of the
Through-air in 

Fabric

FIGURE 34.7 Schematic of a through-air drying system.

� 2006 by Taylor & Francis Group, LLC.
material . Air permea bility is a measur e of how easily

air can flow throu gh a unit area of por ous material at

a given pressure drop. As the air permea bility of the

material increases, the airflow rate increases resul ting

in a higher drying rate. In this case, through -air dry-

ing is a go od option; howeve r, if air permea bility of

the mate rial is too low, the elect rical en ergy for driv-

ing the fan to obtain a req uired airflow rate woul d be

too high. In this case, impi ngement drying is often

used instead of through- air drying.

34.4.3 .3 Impi ngement Dry ers

Convec tion impingement drying syst ems are often

used to dry textile s with low air permea bility, for

exampl e, latex co mpounds used to ba ck tufted car-

pets. This technology utilizes columns of high velocity

hot air directed at the product surface via nozzles

mounted above and below the product, as shown

schema tically in Figure 34.10. Due to the co mplex

fabrication and high air-handling costs of impinge-

ment dryers, they are preferably used for thick fabrics

and fabrics with backings such as latex.

Typically, the impingement air hits perpendicu-

larly or near perpendicularly onto one or both of the

product surfaces. If air impinges onto both surfaces, a
1 2 3 4 5 6

Fabric

Gas burner

Exhaust Air in 

Recycle

FIGURE 34.9 Industrial through-air dryer.



tenter fram e is often used to control the trans verse

dimens ion and to trans port the pro duct throu gh the

dryer. If air impinges onto only one produ ct surfa ce,

the product is typic ally sup ported on a mesh screen,

conveyo r, or roller.

The designin g of impi ngement dryers may involve

selecting nozzle confi guration an d geometry, deter-

mining v elocity and tempe ratur e of impingemen t air,

nozzle- target spacing , calcul ating drying rate, esti -

mating air-recycl e ratio, etc. The details of de signs

of impingemen t dryers are well descri bed in ano ther

chapter of this ha ndbook.

34.4.4 INFRARED DRYERS

Thermal -radiati on emitters, referred to as IR emit -

ters, are used primaril y to predry text ile and carpet

products. Thermal radiat ion is a mod e of heat trans -

fer charact erized by energy transpo rt in the form of

electromagne tic waves. It is the energy emitted by the

body solely by virtu e of its temperature. Alt hough

high-temper ature emitter s emit thermal rad iation in

the IR, visible, and ultraviolet regions of the elect ro-

magnet ic spectr um, almos t all of the radiat ions are in

the IR region (Figur e 34.11). Thus the dryers us ing

the therm al-radiat ion emitter s are referred to as IR

heater s.

IR ov ens are typic ally used to pred ry material s that

are finally dried in tente r-frame convectio n oven s.

They are also used to augment the exist ing ovens

where add itional producti on is need ed and space is

limited . IR ovens are not nor mally used to accompl ish

final drying because IR energy is absorbed by dry

textile s and there is a danger of sco rching or burning

the product.

The thermal rad iation heat-transfer rate, qrad ,

emitted by the IR emitter is equal to A«s T 4, where

A is the emitter surface area, « is the emis sivity of

the emit ter, s is the Stefan –Boltzm ann constant

(5.67 �10 � 8 W/m 2/K 4), an d T is the tempe rature of

the emit ter. As the energy emit ted varie s with

the fourt h power of tempe ratur e, the heating power 
Impingement-air in 

Fabric

Impingement-air in 

FIGURE 34.10 Schematic of a double-impingement drying

system.

� 2006 by Taylor & Francis Group, LLC.
densities of IR emit ters vary greatly wi th emit ter

tempe rature. IR syst ems wi th high-t empera ture emit -

ters are availa ble that can provide much higher e n-

ergy densities than co nduction and convectio n dryers .

The de pth of IR pe netration into the text ile de -

pends on the wave lengt h. The shorter the wave lengt h,

the deep er is the pen etration. How ever, even a t short

wavelengt hs, the maxi mum dep th is typicall y no

greater than abou t 1 .5 mm. Thus , IR drying is gener-

ally used for thin material s such as fabric s in dyeing,

finishi ng, or coati ng process es.

Two types of IR emit ters (electri c a nd gas-fire d)

are use d in IR dryers for text iles. Bot h types of IR

emitter s can be used to produ ce medium -wavelength

(2 to 4 mm) and long-wavelength (4 to 10 mm) IR

radiation; however, only the electric IR emitter can

generate the short-wavelength (0.76 to 2 mm) IR ra-

diation. For the electric IR drying systems, 100% of

the input energy is utilized to heat the emitters and up

to 86% is converted to IR radiation. For the gas IR

drying system, 25 to 50% of the input energy typically

goes into the flue gas and is exhausted. Thus, the gas

IR drying systems usually produce less radiation per

unit of input energy. However, cost per unit of input

energy for electricity can be 3 to 5 times that of gas.

Based on the efficiency and the unit price of energy,

the energy cost for drying must be calculated for each

application.

IR drying is accomplished using various setups.

An IR emitter suspended over the textile or mounted

vertically with the textile moving parallel to it trans-

fers heat that may be adequate in some cases. How-

ever, placing the IR emitter in a properly designed

enclosur e (Figur e 34.12) enables it to be more energy

efficient, create better temperature uniformity across

the web, put less load on the plant air-conditioning

system, and be safer for personnel [12]. A low-velocity

air impingement between the IR emitters is useful in

removing the moisture-laden air from the surface of

the textile.

34.4.5 RADIO FREQUENCY AND MICROWAVE DRYERS

Although RF and microwave dryers have been used

by the textile industry, the market penetration of RF

dryers is much greater. The cost of the equipment has

been a barrier to the use of both types of dryers, and

uniformity of treatment has been a problem associ-

ated with microwave drying. As RF and microwave

systems are operating on electric power, the unit of

energy cost is usually higher than for conventional

dryers. However, the energy efficiency of RF and

microwave systems are normally much higher than

for conventional system, which tends to offset the

higher unit of energy cost.
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FIGURE 34.11 The electromagnetic spectrum.
RF and microwave dryers are based on a thermal

effect known as dielectric heating. When a dielectric,

i.e., a material which is an electrical insulator, is

placed in an alternating electric field, successive dis-

tortion of the molecules causes heating. Although

there are several heat dissipation mechanisms, only

two are of major importance to heating textiles. One

is ionic conduction, where ions are accelerated by the

electric field and collide with other molecules, giving

up kinetic energy. The other is dipolar rotation, where

dipoles or induced dipoles in the molecules making

up the material tend to align with the electric field.

When the field alternates, the dipoles tend to rotate to

follow the electric field. The rotating dipoles interact

with the surrounding material and the intermolecular

friction results in heat being given off [13].

The frequencies for RF heating are between 1 and

100 MHz while those for microwave heating are be-

tween 300 MHz and 300 GHz. However, Industrial,

Scientific, and Medical (ISM) bands for industrial

heating have been established by international agree-

ment. These are 13.56, 27.12, and 40.68 MHz for RF

heating and 896, 915, and 2450 MHz for microwave

heating [14].
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FIGURE 34.12 Schematic of an infrared oven.
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Since 1978, RF dryers have been used by the

textile industry primarily to dry bulky textile materials

such as hanks, muffs, tops, and yarn packages. Four

types of systems are currently being manufactured:

(1) batch units; (2) continuous belts; (3) combination

RF and air/vacuum system where water is vaporized

and removed at a temperature lower than 1008C;

and (4) air, RF assisted (ARFA). When compared

with conventional dryers, RF dryers usually have

the advantage of providing a more uniform final dry-

ing and reduced chance of overdrying. The energy

requirements of RF dryers depend on process param-

eters such as fiber type, substrate, and process: for

example, 0.53 kWh/kg of water removed for drying

100% polyester packages and 4.91 kWh/kg of water

removed for drying loose-stock cashmere [15].

Until recently, the use of microwave systems for

drying textiles has been extremely limited. The major

limitation of microwave heating has been a problem

with uniformity of treatment. Nonuniform treatment

can lead to hot spots, resulting in overheating in some

areas and underheating in others. Recent research has

led to a new approach to microwave drying of textiles.

The use of waveguides to serpentine the microwave
er

t duct

el heater Panel heater

nal panel heaters

s retract



energy back and forth across the material being treated

gives the needed improvements in uniformity. Micro-

wave drying systems are now being tested for drying a

range of textile products including tubular knits,

sheets of yarns, terry towels, and carpet tiles [5,16].
34.5 CONCLUSION

As there are many textile products that are to be

processed, many different drying systems are used

by the textile industry. To complicate things further,

various processes are used for the same product. Typ-

ical drying systems used by the textile industry for

drying fabrics and tufted carpets are briefly discussed

in this chapter. No attempt is made to give full design

details. Also the mechanical, electrical, or control

aspects of these dryers are not discussed. The reader

can refer to other chapters of this handbook for more

details and additional references.
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35.1 INTRODUCTION

Ts’ai-Lun apparently produced a sheet of paper in

about A.D. 100 in China and became the first recorded

papermaker in the world. However, it took about

1000 y for this new art to reach Europe. In the medi-

eval era, the progress of papermaking was very slow

and the major ingredient of paper was old rags. By

the beginning of the 19th century, the progress of this

industry was enormously accelerated. The first prac-

tical paper machine was produced in the early 1800s;

then continuous drying techniques were introduced to

the industry by means of cylinder drying in 1817 by

John Dickinson; later, in the mid-1840s, the extensive

use of wood as a cellulose-fiber source began by the

advent of the first wood grinder. Today, papermaking

has become one of the major industries in the world.

The production of paper increased enormously, over

60 million tons per year in the United States alone.

The machine speeds also increased up to 10 to 15 m/s

and even higher for tissue products, to keep pace with

the increased production rates.
, LLC.
Papermaking is essentially a massive dehydration

operation. A fiber–water suspension with initial con-

sistencies of 0.2 to 1.0% (consistency ¼ grams of fiber

per gram of fiber–water suspension) is delivered to a

screen, where, with the application of vacuum, much

of the free water is drained off and the consistencies

rise to about 18 to 23%. Then, more of the free water

is removed by mechanical ‘‘squeezing’’ at the press

section. The sheet is then transferred to the drying

section, with a consistency of 33 to 55% to remove the

remaining excess water to obtain the final product

with 6 to 9% moisture content. In the United States,

the production of over 60 million tons of paper per

year entails the removal of over 80 million tons of

water by thermal dryers. Considering that for a typ-

ical newsprint machine the water removed in the

dryers is less than 1% of the original water, one can

easily realize the amount of water that must be re-

moved in the papermaking process.

Although drying removes the least amount of

water in absolute terms, it still remains the most

costly and energy-intensive step in the papermaking



process. Thus, improvement of the efficiency of water

removal before drying and improvement of the drying

system and its thermal efficiency without adversely

affecting the product quality are of great importance

to the pulp and paper industry.

In this chapter, pulp drying and paper drying are

discussed under separate headings.
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35.2 DRYING OF PAPER

35.2.1 DRYING PROCESS

Paper is hygroscopic. The transfer of moisture

between the paper and the surrounding atmosphere

takes place unless the sheet is in equilibrium with the

surroundings. However, the amount of water present

in the paper at equilibrium conditions depends upon

whether it has been taken up or given off by the paper.

This hysteresis phenomenon is known for many other

hygroscopic substances. The sorption behavior of a

paper sample (Figure 35.1) shows that an equilibrium

moisture content reached by wetting and drying will be

different at the same humidity. There is no satisfactory

theory to explain the hysteresis. Luikov [1] suggested

two explanations for this phenomenon. One is that the

hygrothermal equilibrium sets in slowly, as a result of

which the observed equilibrium is not a true equilib-

rium. The other hypothesis suggests that evaporation

and condensation phenomena are irreversible. In dry-

ing (desorption), full wetting of the capillary walls

occurs. On the other hand, during wetting (sorption),

the capillary walls are gradually covered with a layer of

liquefied vapor, but the meniscus is not formed until

the adsorption layer is sufficiently thick to close the

pore at the narrowest point.
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FIGURE 35.1 Sorption behavior of paper sample (1, drying;

2, wetting).
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The drying cycle of paper is divided into three

fairly distinct stages, as for most materials. The initial

warming-up stage is followed by the constant-rate

stage, which is followed by one or more falling-rate

stages. This idealized concept is shown in Figure 35.2.

The heat is supplied to the sheet to increase its

temperature up to a certain value at which the

heat demand for evaporation and losses comes into

equilibrium with the heat supply. At this point,

constant-rate drying begins. During this period, water

evaporates from the paper surface and the diffusion of

moisture from inside the sheet is rapid enough to keep

up with the vapor-removal rate from the surface.

When the rate of diffusion cannot keep up with the

rate of evaporation, the drying plane recedes into

the sheet and a falling-rate stage begins. In his drying

studies on various paper and paperboard products,

Montgomery [2] observed that the drying rate is fairly

constant up to 10 to 15% moisture content, after

which it decreases rapidly. The falling-rate period

can be divided into three phases. The behavior of

moisture movement in these phases is not yet well

understood. It is generally accepted that the capillary

action and diffusion inside the fibers are responsible

for the first and second falling-rate periods in drying,

respectively. At the end of these two stages, the sheet

is almost ‘‘oven-dry.’’ The last stage is to break up

the strong chemical bonds and to remove the final
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FIGURE 35.2 Typical drying curves.



TABLE 35.2
Paper Industry Dryer Distribution by Application
(Pulp Dryers Excluded)

Dryer Distribution (%)

Tissue Paper Board Coating

Cylinder 5 95 95 35

Impingement — 4 — 50

Yankee 84 — 3 —

Infrared — 1 1 15

Through 11 — — —

Condebelta — — 1 —

aCondebelt is a trademark of Metso Paper Oy, Finland.

Source: From Kuhasalo, A., Niskanen, J., Paltakari, J., and

Karlsson, M., in Papermaking, Part 2, Drying, M. Karlsson, Ed.,

Fapet Oy, Helsinki, Finland, 2000.
molecules of water, which is not important for paper-

makers as the drying ends at the oven-dry stage for

almost all paper products.

35.2.2 TYPES OF DRYERS

The types of dryers used in the paper industry can be

classified by the basic means of transferring heat to the

paper. For conventional steam-heated cylinders, the

predominant mechanism of heat transfer is conduc-

tion; convection is for air dryers, such as impingement

and through-dryers; radiation is used for infrared

dryers; and dielectric heating is used for microwave

and radio frequency (RF) dryers. On the other hand,

some of the dryers use more than one means of heat

transfer, for example, Yankee dryers are a combin-

ation of cylinder and impingement dryers.

An estimate of the distribution of dryer types used

in the paper industry is shown in Table 35.1. This

table shows that the conventional steam-heated cylin-

der dryers are still dominant in the industry. The

others have application to only one type of product,

as shown in Table 35.2.

35.2.2 .1 Cyli nder Dryers

The multicylinder dryer section of a paper machine

consists of a number (up to 70) of large, hollow, cast

iron or steel cylinders over which the web passes. These

cylinders are used to alternately heat the two sides of

the sheet. The major mode of heat transfer is the

conduction through the steam-heated cylinder shells.

Part of the multicylinder drying section of a news-

print machine is illustrated in Figure 35.3. The sheet is

tightly pressed against the cylinders by a dryer felt to

enhance heat transfer. This figure also shows some of

the important elements of a dryer section such as felt

rolls, felt dryers, felt stretchers, and felt guides. The

other auxiliary equipments, lead dryer, breaker stack,
TABLE 35.1
Paper Industry Dryer Distribution

Dryer Types Industry Share (%)a

Cylinder dryer 85–90

Impingement dryer 2–3

Yankee dryer 4–5

Infrared dryer 3–4

Through-dryer 1–2

aPulp dryers excluded.

Source: From Kuhasalo, A., Niskanen, J., Paltakari, J., and

Karlsson, M., in Papermaking, Part 2, Drying, M. Karlsson, Ed.,

Fapet Oy, Helsinki, Finland, 2000.
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sweat dryer, size press, spring roll, and dryer doctors,

are not shown in the figure.

The number of dryers and the auxiliary equipment

used in a dryer section depend on the particular grade

to be produced and the speed of the machine. Up to

70 cylinders may be used in a Kraft dryer section;

50 to 55 would be adequate for a typical newsprint or

fine paper dryer section. On the other hand, although

the breaker stack and size press are necessary for

Kraft bag and the hot press, size press, and interca-

lender dryers for linerboard, none of these is used for

corrugating medium [4].

Typically, the dryer cylinders are made of cast iron

and have diameters of 0.91 to 1.83 m (mostly 1.52 to

1.83 m in modern machines). The length of the cylin-

ders ranges up to 9.1 m for the largest paper machines.

The shell thickness varies with diameter but is gener-

ally around 25.4 mm or more. The design and manu-

facture of these cylinders have important effects on the

quality of the finished product. The outer cylinder

surface must be highly finished and free of any imper-

fections to avoid marking the paper; the wall thickness

must be uniform throughout the periphery to provide

uniform heat transfer. As the machine runs at very

high speeds (up to 3000 fpm; 15 m/s), the head, journal

bearings, and other parts must also be carefully

designed for smooth operation. Cast iron is a widely

accepted material for dryer cylinders because of its low

cost, corrosion-resistance, and ability to take a fine

finish. However, its relatively low resistance to thermal

shock may cause some problems [4].

35.2.2.1.1 Mechanism of Heat and Mass Transfer

Drying involves simultaneous heat and mass transfer.

In conventional machines using steam-heated cylin-

ders, the temperature of the paper entering the dryer
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FIGURE 35.3 A typical newsprint dryer section (A, dryers; B, felt dryers; C, felt rolls; D, paper; E, felt; F, felt guides; G, felt

stretchers).
section generally varies between 5 and 30 8C. The web

must be heated to a temperature at which significant

evaporation can take place, which is normally be-

tween 77 and 93 8C. The first two or three cylinders

are generally used for this warming-up period, and

beyond these the temperature of the sheet is assumed

to be the evaporation temperature [5].

The drying process on felt-covered cylinders can

be divided into four phases, as illustrated in Fig-

ure 35.4 [6]. Nissan et al. described the mechanism

of water removal in those phases in a series of papers

published between 1954 and 1962. They summed up

their conclusions as follows [7]. There are three pri-

mary mechanisms for water removal on a cylinder

dryer:
FIG

� 20
1. Direct evaporation in phases 1, 3, and 4

2. Partition of water between the sheet and the

cylinder as the sheet leaves the cylinder

3. Extraction by the felt, as both vapor and liquid
1
3

4

2

URE 35.4 Phases of felt-covered cylinder drying.
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Nissan et al. [7] also proposed a mechanism of

moisture transfer from the sheet to the felt:
1. Liquid transfer due to capillary suction

2. Liquid transfer due to the force exerted by

expanding gases

3. Evaporation from the sheet followed by con-

densation in the relatively cooler felt
However, the first hypothesis of Nissan et al. that

the dryer felt removed liquid water from paper by

capillary suction was disproved by Kirk [8]. A more

detailed discussion on this subject can be found in the

literature [9]. A more detailed summary of various

mathematical models proposed to describe multicy-

linder drying is given in a recent review [10].

The heat flux for steady-state conduction can be

written as

q ¼ kA

L
DT (35 :1)

The individual resistances to the heat transfer on a

steam-heated cylinder are shown in Figure 35.5. In

practice, the overall heat-transfer coefficient, which is

the combination of all conductive and convective

resistances in the system, is used for calculation of

the heat flux. The overall heat-transfer coefficient for

the system illustrated in Figure 35.5 is

1

hoAo

¼ 1

hsAs

þ
X6

i¼1

Lf

kiAl

1

haAa

(35:2)

The overall transfer area Ao, which is the dryer sur-

face area, must be clearly defined, and all other areas
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FIGURE 35.5 Resistances to heat transfer on a cylinder

dryer (A, steam; B, condensate; C, scale; D, dryer shell; E,

dirt and air; F, paper; G, dryer felt or fabric; H, air bound-

ary layer).
should be adjusted to reflect the dryer diameter. Some

suggested overall heat-transfer coefficients for various

grades of paper are shown in Table 35.3.

In actual practice, paper drying is a transient pro-

cess. For more realistic results, the following transient

heat-transfer equation must be used:

@2T

@x2
þ 1

u2

@2T

@t2
¼ 1

a

@T

@t
¼ 0 (35:3)

which assumes very thin and isotropic material. Fur-

ther, curvature is neglected, as is conduction through

the edges. For the fast speeds of commercial ma-

chines, the second term of Equation 35.3 is negligible;

so, with little error one may write [11]

@T

@t
¼ a

@2T

@x2
(35:4)
TABLE 35.3
Overall Heat-Transfer Coefficients for Various
Grades of Paper

Grade of Paper ho (W/m2 K)

Felt paper 45–85

Corrugating medium 140–230

Linerboard 170–230

Kraft sack paper 230–255

Fine paper 255–285

Newsprint 285–315
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Nissan and Hansen [12] solved this equation numer-

ically for the conditions of hot-cylinder drying with

the following initial and boundary conditions. Initial

conditions:

t ¼ f (x) for t ¼ 0 (35:5)

Boundary conditions, phases 1 and 3:

� @T
@x

����
x¼0

¼ hcs

k
(Tcyl � Tx¼0)

� @T
@x

����
x¼X

¼ hsa

k
(Tx¼X � Ta)þ

l

k

@w

@t

� �
x¼X

Phase 2:

� @T
@x

����
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k
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@x

����
x¼X
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l

k

@w

@t

� �
x¼X

Phase 4:
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� �
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� �
x¼X

The calculated temperatures agreed well with their

own experimental results for a three-layer muslin

sheet on an unfelted cylinder.

Water evaporates at the hot-cylinder interface,

and the resulting vapor diffuses through the paper

at a rate modeled by Fick’s law:

w ¼ �D
dc

dx
(35:6)

At the air–paper interface, the mass-transfer equation

may be expressed in the following form for simplicity:

w ¼ bDc (35:7)

where b is a mass-transfer coefficient, which embodies

both the flow conditions and the fluid properties, and

Dc is the concentration difference. The partial pres-

sure of water vapor is the most commonly used con-

centration term in the paper industry; therefore, Dc

becomes the difference between the partial pressures

of water vapor at the interface and in the bulk air.

There are two main factors that affect the rate of

mass transfer: (1) the sheet temperature, which deter-

mines the vapor pressure of the evaporating water at

the surface; and (2) the partial pressure of water
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FIGURE 35.6 Condensate behavior at different machine

speeds: (a) puddle; (b) climbing puddle; (c) cascading; (d)

rimming.
vapor in the air near the sheet, which is kept at a low

value by replacing the air, i.e., pocket ventilation.

As there are so many different types of drying

media in use today to supplement cylinder dryers,

TAPPI has outlined the following procedure to cal-

culate the drying rate. The calculation taken from the

TAPPI technical information sheet [13] is

w ¼ (0:318)Sm

BM

DN
(35:8)

In this method, the drying rate is expressed in kilo-

grams of water evaporated per second per square

meter of the drying surface, where drying surface is

the circumferential area of the dryer cans multiplied

by the sheet width at the reel.

35.2.2.1.2 Steam Supply and Condensate Removal

All cylinder dryers are heated by the steam condensing

inside the sheet because of its efficiency (heat-transfer

coefficient for film condensation of steam ranges from

5,700 to 17,000 W/m2 K (1000 to 3000 Btu/h ft2 8F). In

the early days of papermaking, steam pressures as low

as 14 to 21 kPa (2 to 3 psi) were used; after World War

II, the new machines for Kraft papers were made for

586 kPa (85 psi). Today, after the introduction of

fabricated steel dryers, mills use 827 to 1016 kPa (120

to 150 psi), the Yankee machines have operated at

pressures up to 1206 kPa (175 psi) [5].

In general, the dryer steam can be produced by

central steam electric stations, heating plants, or any

industrial steam systems. The rotating joints to intro-

duce steam into the dryers and the condensate-removing

devices must be specially designed, however.

In a paper machine, the dryers are arranged in

groups that have a common steam-supply header.

Each group has to operate in such a condition that

neither the condensate nor the noncondensables accu-

mulate in the dryer. There are basically two approaches

to design the dryer steam and the condensate system.

One is the recirculation system in which most of the

blow-through is recirculated and the other is the cas-

cade system in which the blow-through steam from

higher-pressure sections is used in lower-pressure

sections. The recirculation system is more flexible

whereas the cascade system is simpler and cheaper [4].

Dryer steam should be free of superheat. Although

the condensate inside the dryer desuperheats the steam,

a separate desuperheater is used in some cases. The

effect of superheating above 1008C is controversial.

The incidence of noncondensable gases (usually

air or dissolved gases in feed water) in the steam

supply is one of the problems that must be considered

when designing the steam system. In most cases, only

trace quantities are involved; but if they are allowed
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to accumulate inside the cylinder, they cause trouble.

The accumulated noncondensable gases affect the

vapor pressure of water inside the cylinder, especially

near the condensing surface, which in turn affects the

condensation temperature at a given total pressure.

As a result, the drying capacity and uniformity are

reduced. For example, a 5.58C drop in steam tem-

perature on dryer-limited linerboard grades will result

in an approximate 8% production loss [14]. In order

to prevent this effect, special steam-supply arrange-

ments are suggested; but the common way to deal

with the problem is to simply bleed off sufficient

steam with the condensate so that the accumulation

of noncondensable gases is prevented [15]. However,

recent studies [14] have showed that this practice

(bleeds) is very poor and unnecessary.

Another problem that must be considered when

designing the steam-heated dryers is the removal of

the condensate. If the condensate is not removed from

the cylinders continuously, the heat-transfer rate

drops and the power load on the drive increases be-

cause of the buildup of a heavy load.

At slow machine speeds, the condensate forms a

puddle in the dryer. As the speed increases, the cen-

trifugal and viscous forces cause the condensate to

climb the side of the cylinder; then the cascading from

the top starts and a rim of condensate forms suddenly

at higher speeds, as illustrated in Figure 35.6. At

speeds higher than 5 m/s (1000 fpm), if the condensate

layer is thin, there is a definite centrifugal action and

the condensate will form a rim around the inner

circumference. It is much better to maintain the



rimming condition because of its relatively lower

power requirement, more stable heat transfer, and

steady machine speed [5].

Buckets (dippers) are used to remove the conden-

sate in low-speed dryers. No pressure differential is

required to lift the condensate above the dryer center-

line, where it flows through a pipe to the outside.

Buckets can be used in dryers up to the rimming

speed [15]. Modern higher speed machines provide a

pressure differential to remove the condensate.

Syphons are used to pick up the condensate by ap-

plying a pressure differential. These can remove the

condensate from both a puddle and a rim. A syphon

is basically an open-ended pipe leading from the bot-

tom of the dryer through the steam supply, opening

to a condensate line. A simplified diagram of a sy-

phon is illustrated in Figure 35.7. The extracted con-

densate flow depends on the velocity of blow-through

steam, the pressure differential, and the distance be-

tween the condensate and the syphon inlet. The flow

of the extracted condensate can be calculated by using

the simplified equation

Qe ¼ QsR(PA � PB)1=2 (35 :9)

There are fixed and rotary syphons. Different types of

tips have been designed to increase the efficiency of

fixed syphons. The vibration of the syphon, the length

of the cantilever, and the position of syphon for opti-

mum heat-transfer uniformity are the basic problems

that must be considered when using fixed syphons.

Rotary syphons may have one or more tips that

move with the dryer shell. The basic problems here

are the need for a rotary seal at the junction of

the rotary pipe and the fixed condensate line and the

extra force (centrifugal force) that must be overcome

inside the pipe.

A more detailed discussion of steam-supply sys-

tems, condensate behavior, and condensate removal

can be found in the literature [5,15].
2

1

PB

PA

FIGURE 35.7 A simplified diagram of a syphon (1, syphon;

2, condensate).
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35.2.2 .1.3 Air Sy stems

The dryer air systems, namely, the dryer hoods and

ventilation systems, are designed to pick up and carry

the water vapor evaporated from the paper web.

These systems affect not only the uniformity and

rate of drying and ultimately the quality of paper

but also the working conditions and the operating

and capital costs.

To remove the large quantities of water vapor

involved in paper drying and to keep the dew point

of the exhaust air below the wall temperature of

the hood, large volume of air is required. As the

handling and heating of air is expensive, there are a

variety of commercially available hood designs and

heat-recovery systems.

There are basically two types of hoods: open and

closed vapor hoods. In the open type, only a roof panel

is placed on the top of the dryer bank. This panel can be

either insulated or uninsulated. Open hoods are only

suitable for limited production capacity paper ma-

chines. Modern paper machines are usually built with

a fully closed vapor hood. The supply air can be heated

to elevated temperatures so that the dew point, and thus

the vapor-intake capacity of air, increases. The air can

be heated to 1808C indirectly in the heat exchanger by

saturated steam or directly to 4508C with gas or oil

burners. Modern air hoods allow faster drying rates

and a more uniform drying profile owing to the high

dew point and efficient means of pocket ventilation.

The most common dew point for these hoods is about

55 to 608C. However, these high temperatures require

additional insulation of the hood walls. A well-designed

heat-recovery unit, however, permits an amortization in

less than 2 y. Closed hoods operate on the principle of

two-stage recirculation. The function of a heat-recovery

system with a closed hood is shown in Figure 35.8. The

fresh air supplied to the machine room is exhausted

through stage 1 of the heat-exchanger system, where it

is heated for the ventilation of the hood. If required, as

during winter, the room-supply air can be preheated in

stage 2.A comparison between the heat requirements of

an open hood ventilated by convection and a totally

enclosed unit with heat-recovery system is shown in

Figure 35.9. With the open hood ventilated by convec-

tion (Figure 35.9a), the loss of heat in the exhaust air is

denoted as 100%. With the totally enclosed hood (Fig-

ure 35.9b), the heat requirements of the drying steam [1]

are substantially lower from the outset. The fluctuation

of figures for unused waste heat [3] is attributable to the

difference in the heat required for machine-room heat-

ing between winter and summer.

The space-bounded dryer cylinder, felt roll, and

the sheet approaching and leaving the cylinder, as

illustrated in Figure 35.10, are called the pocket.
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FIGURE 35.8 Function of a heat-recovery unit with closed

vapor hood (1, vapor hood; 2, exhaust fan; 3, supply air heat

exchanger; 4, supply air booster heater; 5, fan for supply air;

6, air distributor; 7, pocket ventilation; 8, room air heat

exchanger; 9, room air booster heater; 10, temperature-

control flaps; 11, room-supply air fan; 12, ceiling air dis-

tributor; 13, air outlet louvers; 14, warm-water unit; 15,

warm-water discharge). (Courtesy of J.M. Voith GmbH.)
The moist air trapped in these pockets retards the

drying of the sheet in the draws and causes nonuni-

form moisture distribution across the width of the

sheet. However, conditions in the pockets can be
5

3
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FIGURE 35.9 Heat-flow diagram of (a) an open hood ventilated

(Courtesy of J.M. Voith GmbH.)
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improved by introducing hot, dry air evenly across

the width. Pocket ventilation systems can increase the

drying efficiency up to 20% depending upon the pre-

vious conditions [16].

There are different designs to achieve ventilation

in the pockets. Low-pressure crossblow pipes, ar-

ranged alternately on tender and drive sides, induce

crossflow of air through the pockets. Low-pressure

blow pipes, extending across the full width, have per-

forated nozzles that introduce hot air into the pockets

at low velocities. These pipes are commonly used in

low-speed machines. The Grewin system, which is a

high-pressure blowing unit, is positioned similarly to

blow pipes. The Grewin system uses a comparatively

small quantity of hot air. However, because of its

injection principle—alternately arranged nozzles—

this system provides effective crossventilation and is

applicable for heavier-basis weight products. Hot-air

blowing rolls are also used for pocket ventilation

purposes. Hot air is introduced into the pocket

through the perforated shell of the felt roll. This

system requires sufficiently permeable felts and is the

most effective equipment for this application. How-

ever, these rolls are also the most expensive equip-

ment for ventilation.

The application of very high–permeability dryer

fabrics in the paper industry made it possible to intro-

duce air through the fabrics. Therefore, the above-

mentioned blowing rolls and the hot air ducts below

(or above) the felt rolls between the cylinders became

very popular. These systems provide better crossflow

ventilation, which in turn results in more uniform and

higher mass-transfer rates.
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by convection; (b) a unit with totally enclosed vapor hood.
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FIGURE 35.10 Dryer section pocket (A, paper dryer; B, felt

roll; C, felt; D, paper).
A more detailed discussion on air- and heat-

recovery systems can be found in the literature

[4,5,17–20].

35.2.2.1.4 Dryer Felts and Fabrics

Dryer clothings are normally used for cylinder dryers

only. The term fabric represents the highly permeable

structure of synthetic materials, whereas by felt is

understood a woven, comparatively low-permeability

structure of both natural and synthetic fibers.

The basic function of dryer felts or fabrics is to

improve the contact between the cylinder and the web

by reducing the air gap between them. Other advan-

tages of using drying felts can be summarized as: (1)

prevent cockling, (2) control shrinkage of the web,

and (3) support and guide the sheet [21]. The conven-

tional dryer felts are very costly, however, and hinder

mass transfer and pocket ventilation. On the other

hand, felt tension variations, wet streaks, felt seam,

and other problems also affect product quality. After

high-permeability synthetic fabrics were introduced

to the industry, most of these drawbacks were over-

come. However, the use of high-permeability felts

caused sheet-flutter problems on high-speed ma-

chines. This problem is solved by repositioning the

lead rolls and by using less-permeable fabrics. The

recent introduction of serpentine (or slalom) wire,

which is an endless fabric and eliminates the bottom

fabric, to the industry made it possible to run the

newsprint machines at speeds higher than 20 m/s

without flutter in the sheet and with no change in

the drying capacity [22].

The advantages of dryer fabrics can be summar-

ized [23] as: (1) increased drying capacity, (2) uniform

moisture profile, (3) improved runnability and easier

cleaning, (4) increased running life, (5) no fiber shed-

ding, and (6) elimination of felt dryers.
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35.2.2.1.5 Problems in Cylinder Dryers

At the beginning of the drying process, the fibers are

free to slide over one another; but as moisture is

removed they tend to come together, and at the end

fiber–fiber bonding takes place. Then the sheet tends

to shrink. The restraint owing to dryer felt and the

tension due to draw tend to prevent shrinkage. This

restraint results in a high tensile strength and very

little ability to stretch. Otherwise, the net effect of

those two forces is to reduce the bursting strength

and basis weight and to increase compactness [24].

A very good discussion of the control of shrinkage

has been presented by Nuttall [25].

The most common quality problem in papermak-

ing is the nonuniform cross-machine (CM) moisture

profiles. The traditional approach taken for wet

streaks is to overdry the sheet. However, a 1982

study [26] showed that overdrying from 6 to 4% reel

moisture for a typical 800 t/d capacity linerboard

machine results in $189,000 additional steam cost

and 11,200 t production loss per year because of the

reduction in machine speed. Uniform CM moisture

profile is obtained by improving dryer pocket venti-

lation systems and using supplemental drying, such as

air impingement or radiant drying.

Cockling of paper results mainly from imperfect

sheet formation. The difference in felt tension may

also cause cockling and uneven drying. Uniformity of

moisture content and basis weight in CM direction

prevents cockling.

Another common dryer-related defect is curl,

which results mainly from the differences in stress–

strain characteristics through the thickness of the sheet.

However, moisture distribution through the sheet and

the drying process may also cause the sheet to curl.

Low sheet tension, excessive sheet flutter, loose

draws, and misaligned, cold, or undersize (due to

wear resulting from dryer doctors) dryers caused

dryer wrinkles. Other than these problems there are

various defects related to dryer section, such as blis-

tering due to loose dryer felt or a hot or dirty cylinder;

linting (accumulation of solid particles); and dryer felt

marks, especially felt seam marks.
35.2.2.2 Air Drying

In the early days of papermaking, the only means of

paper drying was natural convection—air—and this

practice continued until the advent of cylinder dryers.

Today, the old loft, festoon, barber, and tunnel dryers

are obsolete (or used in a few cases in which certain

special low-production paper is made) because of

their very low drying rates. However, it is very difficult



to operate conventional cylinder dryer sections at

speeds much higher than 1000 m/min. Therefore, an

alternative method of drying must be found to keep

pace with increasing machine speeds. Currently, one

viable alternative dryer is an air dryer. By combining

impingement and through-drying methods, a dryer

can be built to provide, at acceptable cost, not only

high-speed operation and high drying rates at all sheet

moisture contents but also safe sheet handling, im-

proved paper quality, flexibility, convenient process

control and profiling, and comfortable working con-

ditions [27]. Of course, through-drying can be used for

permeable grades only.

35.2.2 .2.1 Imp ingement Drying

Early types of air dryers were all designed to operate

at low air velocities and relatively low air temperat-

ures. The drying rates were quite low for those dryers.

The application of high-temperature, high-velocity air

jets impinging on the wet web results in very high

drying rates. The average heat and mass transfer

under single or multiple jets can be represented func-

tionally by

Nu(Sh) ¼ C1RemPrn(Scn)HrDs
p(X

s
p) (35 :10)

for single jets and by

Nu(Sh) ¼ C2ReaPrb(Scb)Hcf d (35 :11)

for jet arrays. An extensive summary of the correl-

ations proposed for the prediction of transfer rates
B
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FIGURE 35.11 High-capacity hot air dryer hoods: (a) MG hood
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under various turbulent impinging jet configurations

can be found in Obot et al. [28] and in the relevant

parts of this handbook.

Typical high-temperature, high-velocity air hoods

used in industry are shown in Figure 35.11. The air-

flow pattern is also indicated. A variety of heat

sources, e.g., indirect heating by steam or oil, natural

gas, or direct firing, can be applied to those hoods

depending upon the temperatures sought. The air

velocities for the modern high-velocity impingement

hoods range between 60 and 130 m/s. In practice, jet

velocities around 100 m/s are commonly employed.

Air temperatures for those hoods range from 150 to

5408C, but 3008C seems to be the most commonly

used value.

A schematic showing the drying capacities attain-

able at different temperatures and jet velocities is

shown in Figure 35.12. The graphs denoting the spe-

cific energy requirements (referred to the effective

dryer area) show that the energy demand rises rapidly

with increasing air velocity and decreasing tempera-

ture. The diagram applies to an initial web dryness of

35%; when the web is simultaneously dried by contact

drying, the specific drying capacity of the contact

dryer must be added. An example for a desired spe-

cific drying capacity of 89 kg H2O/m2 h at 4208C air

temperature is shown in this figure. The diagram gives

approximately 90 m/s air velocity and 6.5 kW/m2 as

the specific power requirement.

The heat-transfer coefficient as a function of jet

velocity, the pressure drop at the nozzle, and the

power requirement are the key parameters in the

design of impingement dryers. These parameters are
B
C

A

(b)

; (b) tissue hood (A, fresh air; B, heater; C, to heat recovery).



10

14

12

10

8

6

4

2

0

30 50 70
m/s

90 110

kw
/m

2

120°C

170°C

250°C300°C

120°C

450°C

42
0°

C
20

40

60

80

100

kg
H

2O
/m

2 
h

FIGURE 35.12 The drying capacities and specific energy

requirements of high-velocity hoods. (Courtesy of J.M.
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influenced by various geometric parameters (e.g., ar-

rangements of nozzles and exhaust ports, fractional

open areas, nozzle shape and dimensions, nozzle-

surface spacing, and others). For the calculation of

the heat-transfer coefficients under various turbulent

impinging jet configurations, the reader may refer to

available reviews [28,29]. In a recent review of im-

pingement drying, Polat has given a procedure for

optimum design of such hoods [30]. There is also a

simple and useful procedure for the design of convect-

ive dryers (impingement, through-, and floater dryers)

for best efficiency and productivity [31].
Supporting deck

of floater boxes

Im

FIGURE 35.13 A multizone impingement dryer for coated boa
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Impingement air drying has found only limited

application, either to increase the capacity or to

control the moisture profile, in conventional cylin-

der drying systems. In such applications, the par-

ticular dryer cylinder is left unfelted. However,

impingement dryers are widely accepted in two

important fields, drying of coatings and drying of

tissue and machine-glazed papers in conjunction

with Yankee and MG cylinders.

A typical multizone impingement dryer for coat-

ings is shown in Figure 35.13. In this particular dryer,

supporting air decks are used to convey coated paper

webs, which are dried by high-velocity impingement

hoods. Different arrangements can be used for on- or

off-machine drying of coatings. In some cases, a ra-

diant dryer, with an infrared radiation (IR) zone, is

located to accomplish the initial drying, and a couple

of impingement units, usually two to three zones with

different air velocities, follow to carry out the drying

process. The impingement systems offer not only con-

siderable improvement in drying rate but also undis-

turbed drying for coatings.

35.2.2 .2.2 Yan kee an d MG Drying

Yankee and MG dryers are large, 3 to 6.1 m (10 to

20 ft) in diameter, steam-heated cylinders that are used

on tissue and toweling grades and on machine-glazed

papers, respectively. The surface of a Yankee or MG

cylinder has to be very smooth in order to have a

shiny finish on MG papers and a uniform crepe for

tissue products. The application of high-velocity, high-

temperature air impingement on conventional Yankee

cylinders doubles their drying capacity. Therefore, it is

a common practice to use air impingement on Yankee

dryers for modern tissue machines.

Typical tissue and MG paper machines with high-

velocity impingement hoods are shown in Figure 35.14.
pingement dryer

Supply fan for supporting deck

rd. (Courtesy of Flakt Ind. AB.)
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FIGURE 35.14 (a) Tissue machine with a creping dryer; (b) Yankee dryer in machine for MG papers. (Courtesy of J.M.

Voith GmbH.)
35.2.2.2.3 Through-Drying

Through-drying is a process of drying permeable webs

by the percolation of hot air through its mass. As the

heat- and mass-transfer areas are increased owing to

the intimate contact of flowing air with the fiber sur-

face, much higher drying rates than those achieved by

conventional methods can be obtained for sufficiently

permeable products (including nonwovens).

The use of the through-drying technique for por-

ous grades (e.g., tissue, toweling, filter, blotting, and

nonwovens) has increased owing to (1) the produc-

tion of soft, high-bulk products; (2) the extremely

high forming speeds achieved by today’s twin-wire

formers, outstripping the capacity of the largest Yan-

kee dryers; (3) manufacturing advantages of single-

ply products; (4) little or no press dewatering needed
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in through-drying; and (5) better, increased product-

ivity coupled with high thermal performance of

through-dryers [32].

Although through-drying has become a very ef-

fective method of drying permeable grades in recent

years, there is no generally applicable approach for

the prediction of the heat- and mass-transfer rates. It

is known that there is a minimum pressure difference

(threshold pressure, which can be related to the sur-

face tension forces) below which no flow occurs [33].

Once this pressure is reached, the through-drying

process commences. Some authors suggest that the

air exiting the sheet is at the saturation temperature,

which is valid for sufficiently thick sheets or at low

through-airflow rates [27,34,35]. Otherwise, it over-

predicts the actual drying rates. Recent works on the

transport phenomena analysis [36], on modeling [37],



and reviews [38] of both science and technology of

through-drying of paper have brought more under-

standing of this relatively new technique, but the pre-

sent knowledge of the basic transport processes is still

far from complete.

As it is still a relatively new technology, there is no

well-established through-drying system design pro-

cedure. The existing applications can be classified

into two basic configurations: rotary through-dryers

and flat-bed dryers. The rotary type has an open

(perforated) roll to allow the passage of air and a

hood arrangement to provide the pressure differential

required. Two methods of forcing air through the web

have been used for cylinder-type through-dryers. The

first method is to use a pressurized roll and apply the

hot air through the roll and the web and out to a

chamber. In the second case, the roll is under vacuum

and the hot drying air is supplied from a pressure

hood that covers the drum. The air is then pulled

through the web and roll by vacuum. There is no

need to use dryer felt for the second method, as the

sheet is held tightly by vacuum. However, for the

pressurized-roll case a very open fabric is necessary

to hold the sheet onto the cylinder.

In flatbed design, there are a fabric support and

conveying structure and top and bottom air cham-

bers. The supply air can be applied through either

chamber depending upon the design and process con-

ditions. This flatbed arrangement is particularly sui-

ted to highly permeable products in which the

pressure differential requirements are relatively low

and do not create significant mechanical problems

between the support members [39].

Through-drying is used in tissue drying because of

its very high permeability, and very high drying rates

(which exceed those on Yankee cylinders with high-

velocity hoods) are achieved even at fairly low temper-

atures. It is not recommended for newsprint, especially

at the wet end, where the permeability is relatively low

[27]. However, a recent application of a high-vacuum

through-drying unit in a roofing-felt (which has low

permeability) mill is claimed to have resulted in a 40%

production increase plus a 20% reduction in energy

use per ton when compared with the previously used

natural-gas-fired steam cylinders [40].

The high through-airflow rates for permeable

sheets make possible high drying rates, at the same

time virtually eliminating ‘‘one-sidedness’’ and CM

variations in the product. The thermal efficiencies of

through-dryers were increased up to 80% with the use

of several drying stages and air recycling or cascade

systems. Another potential advantage is the possibil-

ity of operating through-dryers at low temperatures

by using low-grade waste energy [41]. Honeycomb

vacuum cylinders of diameters up to 6.71 m (22 ft)
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and widths up to 7.6 m (25 ft) operate at speeds up to

30 m/s and at air temperatures 370 to 430 8C (700 to

800 8F) with high air-recirculation ratios (e.g., 80%).

Recently published experimental data [42,43]

and calculations [44] suggest that strategically placed

through-dryers may even be used for higher basis

weight, lower air permeability grades to improve dry-

ing rates. This process basically consists of a cylinder

dryer section followed by a through-dryer. Use of

through-air drying at lower sheet moistures not only

improves the drying rates but also reduces the fan

power requirement due to increased sheet permeability.

35.2.2 .2.4 Airbor ne Drying

Use of air floater dryers is recommended especially

for the drying of paper products for which unre-

strained drying is desired.

In air floater dryers, the web floats freely while

drying by the introduction of a contact-free guide

plane. In practice, the guide plane is designed as a

blowing deck, where air is supplied through blow

boxes with specially designed perforations. Various

dryer designs are shown in Figure 35.15. The one-

sided dryer design is particularly useful for paper

and board coated on one side. The blow boxes for

perpendicular impingement are positioned facing

the coated side and for slanting impingement to the

untreated side. The uncoated side of the web can be

treated with either warm or cold air, depending upon

the process conditions. In the two-sided dryer, hori-

zontal and vertical air impingement alternate on both

sides of the web. This design affords a higher drying

capacity and is suitable for booster drying of different

kinds of paper and board, including drying of sack

Kraft paper, liner, and board. The printing dryer is a

special version of the one-sided dryer. The lower blow

boxes use cold air; the upper ones use hot air. The

noncontact dryer uses both vertical and angular air

impingement in the same blow boxes and is suitable

for drying two-sided coated webs, impregnated web

materials, and so on.

The drying decks are stacked on top of each other,

and the web is guided through the dryer in a multiple-

pass fashion as shown in Figure 35.16. Each turning

roll is driven individually, and the speed is controlled

to conform to the machine-direction shrinkage of

the web.

The internal ducting of a floater dryer is shown in

Figure 35.17. The drying air is fed through horizontal

ducts to the flow boxes and blown onto the sheet

through the perforations in the boxes, then dis-

charged through slots between the blow boxes. The

air is recirculated inside the dryer by a series of fans

along both sides of the dryer; only a small portion of

the recycled air is withdrawn and replaced by fresh
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One-sided dryer

Two-sided dryer

Printing dryer

Noncontact dryer

FIGURE 35.15 Air floater dryers: (a) blow-box arrangement; (b) various blow-box designs. (Courtesy of Flakt Ind. AB.)
air. The air velocity range normally used is 25 to 50

m/s. The air can be heated either by direct firing or by

steam coils.

The application of floater dryers allows the sheet

to be dried virtually tension-free in the CM direction

with only slight tension in the machine direction. It is

well known that drying under zero or moderate ten-

sion in the shrinkage range gives higher stretch and

tensile energy absorption (see Figure 35.18) to the

product whereas the modulus of elasticity and stiff-

ness decreases.
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A typical application of a floater dryer on a sack

paper unit is shown in Figure 35.19. As natural

shrinkage occurs principally between 50 and 85%

dryness, the floater dryer is positioned between the

predryer and the after-dryer in order to produce high-

stretch paper. The after-dryer is used to remove the

cockles and to give a smooth surface to the paper. If

desired, a smoother surface can be obtained by calen-

dering the paper.

Air floater (or airfoil) dryers have become well

established for drying coated papers and sack paper,
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FIGURE 35.16 Stacked drying decks. (Courtesy of Flakt

Ind. AB.)
for example, and operating at speeds greater than 10

m/s (2000 fpm).

The advantages claimed, other than those already

mentioned, are high drying rates, uniformity of

moisture profile across width, and favorable energy

efficiency [45].

35.2.2 .3 Ra diant Dry ing

Radiant drying has not been used in the papermaking

industry very extensively. Relatively recent applica-

tions of infrared dryers have been limited to special

applications, such as drying of coatings, in which

contact-free drying is a valuable asset. However, the

applications of high-frequency dielectric heating, i.e.,

RF and microwave dryers, are still at the preliminary

stage. The main drawback of radiant dryers is their

relatively high operating costs.
FIGURE 35.17 Internal ducting of a floater dryer. (Courtesy of

� 2006 by Taylor & Francis Group, LLC.
35.2.2 .3.1 Princ iples of Rad iant Heating

The transfer of heat by radiation is expressed by

qr ¼ sA1F1 �2(T
4
1 � T4

2 ) (35 :12)

F1–2 in this equation is called the overall interchange

factor and is a function of both the geometric param-

eters, such as view factors, and the emissivities of the

radiating and receiving surfaces. As the temperature

driving force is the difference between the fourth

power of the absolute temperatures of the radiating

and receiving surfaces, very high heat-transfer rates

can be obtained by radiant dryers, given higher emis-

sivities and optimal design of the system for better

view factors.

The frequency and wavelength bands of com-

mercially available radiant dryers are shown in

Table 35.4. This table gives broad ranges for the

dryers; but in practice almost all IR dryers are in

near-infrared range (1 to 10 mm), and the specific

frequencies for RF and microwave dryers are allo-

cated by international agreement, such as 13.56,

27.12, and 40.68 MHz for RF and 433.92, 896, 915,

and 2450 MHz in the microwave region.

35.2.2.3.2 Infrared Dryers

Infrared dryers consist simply of a bank of infrared

heaters combined side by side or end to end. These

heaters are arranged to provide high-density heating

of the sheet by the geometry of the oven and the

optically designed reflectors. There are basically two

types of infrared heaters: electric infrared and gas
Flakt Ind. AB.)
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TABLE 35.4
Frequency and Wavel ength Ranges of
Radioact ive Dryers

Dryer Type Wavelength

Range

Frequency

Range (MHz)

Overall Typicala Overall Typicala

Infrared 1–1000 mm 1–10 mm 107

Microwave 1–100 cm 10–70 cm 400–5000 900–2450

Radio frequency 1–100 m 7–22 m 1–100 10–40

aCommonly used ranges in dryer designs.

100

120
infrared. The electrical infrared heater is primarily a

metal filament in a sealed enclosure. The spectral

energy distribution of various infrared heat sources

is shown in Figure 35.20. In addition to high radiant

efficiency, the higher source temperature generates

shorter wavelength radiation. The shorter wave-

lengths are more penetrating and more sensitive to

color differential absorption. There will be a greater

difference between black-and-white products in a

high temperature–source oven. However, the greater

radiant efficiency in the high-temperature ovens com-

pensates for this drawback, as shown in Figure 35.21.

The characteristics of commercially used electric in-

frared heat sources are summarized in Table 35.5,

which shows that in some applications convection

is a very important factor for heat transfer. There-

fore, the overall oven design that allows better circu-

lation of air, of which the primary function is to

carry out the evaporated moisture, becomes very
Flakt dryer
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FIGURE 35.19 The position of a floater dryer in a sack

paper dryer unit. (Courtesy of Flakt Ind. AB.)
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important. The various types of oven design are

shown in Figure 35.22.

Gas infrared burners for industrial processing are

usually in two general styles: surface (Schwank)

burners and impingement burners. A surface burner

(Figure 35.23) is a gas generator consisting of a per-

forated special ceramic tile, set in a rugged cast iron

or ceramic housing, with a special alloy screen grid

that protects the tile and also serves as a reradiator

and air deflector. These burners have an operating

temperature range from 760 to 890 8C (1400 to

1650 8F) when the proper mixture and volume of gas

and air are supplied. The fuel mixture is ignited on the

surface of the ceramic tile. Higher temperatures

(~1550 8C) can be achieved by using refractory IR

burners.
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FIGURE 35.20 Spectral energy distribution of infrared heat

sources (A, quartz lamp coiled tungsten, 22008C; B, quartz

tube coiled nickel chrome alloy, 19808C; C, metal sheath

heater surface, 7608C; D, Schwank gas infrared burner,

9008C; E, electric panel heater, 4308C). (Courtesy of Fostoria

Ind. Inc.)
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(A, tungsten color temperature; B, nickel chrome color tem-

perature; C, 22008C tungsten wattage; D, quartz tungsten

radiation output; E, G-30 glass tungsten radiation output;

F, nickel chromium wattage; G, nickel chromium radiation

output). (Courtesy of Fostoria Ind. Inc.)
A newly developed, ceramic, fiber matrix, gas-

fired infrared generator [46] is claimed to have a

high gas-infrared conversion efficiency (50 to 70%)

and high power density (30 to 100 kW/m2 depending

on temperature); it can be turned off from 8508C to

touch in seconds; it can be rapidly modulated to meet

heat load or machine speed variation; and it has no

naked flame. The ceramic fiber pad of this generator

is robust, and the supporting chamber and frame are

air cooled.

The advantages of IR dryers can be summarized

as: (1) low capital cost, (2) compactness, (3) contact-

free drying, (4) instantaneous startup and shutdown

of electric infrared, and (5) better product quality

because of the possibility for zoning the electric heat-

ers across the width of the web and modulating the

heat in each zone separately. However, application of

the IR dryers is still limited to the drying of coatings,

primarily owing to the relatively high operating costs,

i.e., the cost of electrical energy or gas. There are also

safety problems related to IR dryers, especially with

gas burners, because of the very high operating tem-

peratures.

35.2.2.4 Recent Developments in Paper Drying

In this section, the more significant developments

made to increase the efficiency of multicylinder dryers
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in recent years, and the new or novel concepts not

used extensively in the papermaking industry yet, will

be summarized. Some of these methods are still at a

laboratory stage but show the potential for a real

breakthrough in the paper-drying technology.

35.2.2.4.1 Innovations in Conventional Drying

of Paper

Cylinder-end insulation: The heat loss from a single

cylinder (1.5 m in diameter) over a period of a year is

found to be equivalent to 86 t of steam. Further cal-

culation shows that 90% of the heat loss can be saved

by the application of an insulator with an overall

heat-transfer coefficient of 0.7 W/m2 K to the cylinder

ends. However, a practical insulator should be fire,

oil, water, and chemical resistant, with the character-

istics such as easy to install, cost-effective, have a long

life, and should also provide access to manholes in

order to solve this problem.

35.2.2.4.2 Ribbed Dryers, Spoiler Bars

Augmentation of heat transfer through the conden-

sate layer becomes more important with increasing

machine speed. In order to obtain higher heat transfer

between the condensing steam and the wet web, the

thickness of the condensate layer should be reduced

by more efficient condensate-removal techniques or

by the use of fins so that heat can be conducted

around the condensate. This has led to such concepts

as ribbed dryers, spoiler bars, and grooved dryers.

The ribbed dryer has a series of ribs or fins

machined on the inside cylinder wall. The condensate

forms in grooves and is removed by a series of small

syphon pipes. The application of this type of dryer is

limited (only on Yankee cylinders) due to the com-

plexity of the condensate-removal system.

There is an oscillatory motion in the rimming

condensate layer and, if some restrictions (e.g., bars)

are spaced at the resonant frequency of the conden-

sate, a higher intensity of turbulence can be achieved.

This is the idea behind the dryers with spoiler bars.

There are two ways to attach the bars inside the

cylinder: (1) magnetic bars that utilize 460- to 920-

mm bar magnets laid end to end and (2) spring-

loaded hoop rings that use circumferential rings at-

tached to the longitudinal bars.

It has been reported [47] that the overall heat-

transfer coefficient can be increased up to 40 to 50%

by ribbed dryers or spoiler bars at machine speeds of

1400 m/min, as compared with plain shell dryers.

35.2.2.4.3 Profilers

Profiling steam boxes and infrared and magnetic pro-

filers are some of the devices utilized in paper ma-

chines.



TABLE 35.5
Characteristics of Commercially Used Infrared Heat Sources

Characteristics Tungsten

Filament Wire

Nickel Chrome Alloy

Spiral Winding

Low-Temperature

Panel Heater, Buried

Nickel Chrome Alloy, Metallic Salt

Glass Bulb T3 Quartz Lamp Quartz Tube Metal Sheath

Source temperature (8C)

Normal maximum 2200 2200 870 650 315–430

Usual range 1650–2200 1650–2200 760–980 540–760 205–590

Brightness Bright white heat Cherry red Dull red Nonvisible light

Usual size G-30 lamp 3/8-in. diameter tube 3/8- or 5/8-in.

diameter tube

Various flat panels

Wavelength at energy

peak (mm)

Normal maximum 1.15 1.15 2.6 3.1 ~4–5

Usual range 1.15–1.5 1.15–1.5 2.6–2.8 2.8–3.6 3.2–6

Relative energy

distribution (%)

Normal maximum

Radiation 80 86 55 50a 40–30a

Convection and

conduction 20 14 45 50a 60–70a

Usual range

Radiation 65–80 72–86 55–45 53–45a 50–20a

Convection and

conduction 35–20 28–14 45–55 47–55a 50–80a

Degree of heat

penetration

Depth of penetration varies with the characteristics of the product; as a general rule, energy of shorter wavelengths penetrates deeper than energy of longer wavelengths

Relative response

to heating up Seconds Seconds Minutes Minutes Scores of minutes

Cool down Seconds Seconds Seconds Minutes Scores of minutes

Color sensitivity Bodies of different colors can be heated at more nearly the same rate by IR with long wavelengths than they can be short-wavelength IR

Ruggedness

Mechanical shock Poor Good Good Excellent Varies with panel

Thermal shock Poor Excellent Excellent Excellent Design could be quite good

aRelative energy distribution will vary with the amount of convective cooling, which can vary with the position of heater and volume of air moving by, among other factors.

Source: Courtesy of Fostoria Ind. Inc.
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FIGURE 35.22 Infrared designs: (a) oven with pressurized

sections to introduce heated air; (b) ovenwithpressurized sec-

tions for cooling and ventilation; (c) different design of an

oven with pressurized sections for cooling and ventilation.

(Courtesy of Fostoria Ind. Inc.)
Profiling steam boxes, which selectively heat the

web, are placed just prior to the pressure-roll nip. The

increased temperature of the web improves water

removal, thus providing a means for moisture profile

control. However, the width of profile control is typ-

ically 310 to 460 mm and the range of the moisture

control is limited between 2 and 3% [48].

The infrared profiler uses segmented infrared

heaters that are individually controlled in 150-mm

zones in the CM direction.

The magnetic profiler uses independently exited

electromagnets installed across the width of a dryer

cylinder. As the cylinder, which is a conductor, passes

through the magnetic flux lines, eddy currents (which

produce heat) are induced in the shell. This heat

provides very precise and discrete control of the mois-
A

C

D

B

FIGURE 35.23 Surface-type gas infrared burner (A, premix

gas and air; B, chamber; C, perforated ceramic tile; D,

special alloy screen grid). (Courtesy of Fostoria Ind. Inc.)
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ture profile. The eddy current heating produced can

be 100 times higher than the input power to the

inductor in the 150-mm width band. Commercial

tests show that these profilers control the moisture

within þ0.3% and increase the machine speed up to 5

to 10% [48].

35.2.2.4.4 Papridryer

The Papridryer consists of two principle components:

a high-velocity hood and a vacuum cylinder. High

velocity (60 to 100 m/s), hot (250 to 4508C) air jets

impinge against the web supported on the vacuum

roll, resulting in higher drying rates at the surface of

the web. The vapor formed within the sheet is re-

moved by suction. The application of suction pro-

vides not only through-drying but also enhanced

impingement heat-transfer rates. Laboratory [49]

and mill [50] trials of the Papridryer show very high

drying rates (almost 10 times the average rate of

modern conventional dryer section for newsprint)

without significant change in quality. The preliminary

design calculations showed that only six Papridryers,

each having 1.5- to 2-m suction roll, could provide all

the necessary drying for a 15-m/s newsprint machine

with a dryer train consisting of about 60 steam-heated

cylinders. A better CM moisture profile can be ob-

tained by varying the jet velocities. Fast response to

control action and better energy efficiency are among

the other advantages of the Papridryer. Recent ex-

perimental studies published on the effect of surface

motion on slot jet impingement heat transfer [51] and

the effect of high-temperature difference (up to

3008C) on impingement heat transfer [52] will make

it possible to improve the Papridryer design.

The need for higher drying rates and controlled

paper properties has revived the Papridryer, i.e., com-

bined impingement and through-air drying, idea in

the last decade. Recent experimental studies [53,54]

reaffirmed the drying benefits, but still there is no

commercial application.

35.2.2.4.5 High-Intensity Impingement Drying

High-intensity drying is a concept using high-velocity

impingement drying in combination with cylinder

drying. It is similar to Yankee dryers on tissue ma-

chines, i.e., impingement hoods on a steam-heated

cylinder. Very smooth paper surface is achieved due

to the contact with the drying cylinder. Two dryers

can be used for printing papers to ensure that both

sides are treated in the same way [55].

The impingement-drying concept developed by

Valmet comprises a combination of conventional cy-

linder dryers and high-intensity drying units. Each

high-intensity drying unit has a large diameter roll

and two retractable air-impingement hoods. Three



of such units can be installed in a dryer section for

printing- and writing-paper grades. It is claimed that

the specific energy consumption per ton of paper is

almost exactly the same as the corresponding conven-

tional dryer case [56,57]. It is expected that this type

of dryer will play a significant role in developing

compact, high-speed machines of the future [57,58].

35.2.2 .4.5 Rad io Frequency and Microw ave Dr ying

Another alternative in maintaining higher drying rates

is the application of high-frequency dielectric heating,

covering both RF and microwave ranges. As shown in

Table 35.4, microwaves have higher frequencies and

shorter wavelengths whereas the RF radiations have

lower frequencies and longer wavelengths.

An industrial microwave heating system consists

of a dc power supply, a microwave generator (mag-

netrons are available in 915- and 2450-MHz bands

and klystrons at the higher-frequency bands) and an

applicator. A microwave heater has only one elec-

trode. On the other hand, an RF device requires two

electrodes. The power can only be drawn from an RF

generator when there is material present in the appli-

cator; therefore, the material is an essential electrical

component of the circuit and affects the electrical

characteristics [59].

In the early designs of the RF dryers, flat-plate

electrodes are used and the product is placed between

these electrodes. More recent designs use rod elec-

trodes either in a staggered through-field arrangement

in which the sheet is between the electrodes or in a

stray-field arrangement in which the electrodes are on

the same side of the sheet. These configurations have

been applied successfully to paper drying.

As the heat is absorbed only by water and as the

power-conversion efficiency is low, this mechanism is

suitable only for profile correction and for the drying

of laminated sheets.

A recently proposed system combines RF heating

with hot-air impingement. RF energy is applied to the

sheet through the air-impingement nozzles. Initial tests

have shown that the same drying rate can be achieved

up to one tenth of the time as that of the conventional

dryer, for some products, by using only 10 to 20% of the

energy required in the form of RF energy.

Jones [60] states that as the machine width in-

creases to become a significant proportion of a quar-

ter of a wavelength (i.e., 5 m at 13 to 56 Hz), the field

uniformity becomes increasingly difficult to achieve.

As paper machines are typically wider, an account

must be taken of standing waves.

35.2.2.4.6 Innovative Press-Drying Techniques

In the last 20 y, the main research effort in paper

drying has been concentrated on what we may call
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the variations of wet pressing or a combination of

pressing and drying. Press, impulse, and Condebelt

drying techniques have made significant progress in

recent years. Each of these processes uses mechanical,

thermal, and interactive effects in a unique way; be-

cause of that they are sometimes called thermomecha-

nical web consolidation processes [61]. All these

techniques claim very high dewatering or drying

rates that are applicable even to sheets made from

high-yield pulps and offer opportunity for greater

energy efficiency. Detailed, comparative reviews can

be found elsewhere [61–64].
35.2.2.4.7 Press Drying

The FPL (Forest Product Laboratory, U.S. Depart-

ment of Agriculture) press-drying process combines

mechanical and thermal means of water removal for

drying stiff pulp fibers (e.g., for linerboard production

under compressive force that improves interfiber

bonding). Press drying utilizes less energy because

the sheet has lower moisture entering the drying sec-

tion. Wet web is sandwiched between two felts and

pressed between two hot surfaces.

Laboratory tests have shown that it is possible to

achieve average drying rates about 10-fold at 1778C
and 20-fold at 2888C compared with conventional

drying of linerboard [65]. The estimated dryer size

needed for paper-machine speeds ranging from 0.25

to 10 m/s (50 to 2000 fpm) based on the tests per-

formed at FPL can be found in the literature [66].

The techniques developed for press drying and the

effects of press drying, particularly changes in drying

variables such as initial moisture content, tempera-

ture, pressure, and time, on sheet properties have

recently been summarized by Mitchell [67].

Back and Anderson [68] have found that at a

surface temperature of 1508C, both the tensile index

and the modulus of elasticity remain at high levels in

the range of 39 to 70% initial solids content, but

decreases sharply at higher solids content. They used

press-dried paper made from 60%-yield softwood

Kraft pulp.

Both the studies of Back and Anderson [68] on the

strength properties of press-dried sheets at the surface

temperature of 150 to 3008C and Yang et al. [69] on

the effect of density on modulus of elasticity of 1078C,

1498C, and 2328C showed no appreciable effect of

change in temperature. Setterholm and Benson [70]

showed that increased pressure increases the consoli-

dation of the sheet, which is accompanied by in-

creased strength properties such as breaking length

and elastic modulus.

Some of the reported advantages of the press

dryers are listed below [71]:



. Effective utilization of high-yield fibers

. Better use of hardwood fibers

. Improvement in the characteristics of paper

products made from refiner and thermomecha-

nical pulps
. Improvements in paper-containing waste paper

that leads to a promising future for paper recyc-

ling
. Reduction in the amount of refining required to

obtain the given web characteristics
. Improved dimensional stability and smooth-

surface production
. Increase in the output of dryer-capacity-limited

machines

Press drying offers a very promising method for

paper and paperboard drying. However, the method

is still in the development stage and many problems

(i.e., the venting of water vapor and the need of

extended nip residence time) remain to be solved.

Pilot-scale testing, at PAPRICAN, PIRA, and so

on, of this process is still underway.

35.2.2 .4.8 Condebe lt (or Conva c) Dr yer

The Convac process is an entirely novel concept in

paper drying. In this process, the wet sheet is pressed

on a steam-heated metal surface with a permeable felt

or mat and an impermeable metal sheet that is water-

cooled [72] (Figure 35.24). Before drying starts, air is

removed from the web and felt by vacuum. Once

drying begins, water vapor evaporates from the web,

passes through the felt and condenses on the cold

metal sheet, and this continues throughout the drying
Steam, T =
P =

Cooling water,

Cooling-water chest

Seal

Edge seal

Seal

Steam chest

FIGURE 35.24 Basic scheme of a Condebelt device. (Courtesy
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process. Therefore, by using this mechanism, vacuum

is maintained in the dryer. The static laboratory tests

resulted in very high drying rates, exceeding 145 kg/

m2 h at a metal temperature of 170 8C. Convac-dried

paper and board products show higher stiffness and

tensile strength, and the web surface in contact with

the hot metal becomes smooth.

In the pilot-scale application of this process, the

paper web is supported by a fine metal wire and a

thick plastic wire and is fed between two metal bands

(Condebelt process). The top or bottom band is

heated by steam and the other band is cooled by

water. Two proposed Condebelt arrangements are

shown in Figure 35.25. Pilot-scale testing of this

process at Valmet–Tampella Research Center gave

promising results [73,74]. Drying rates close to

500 kg/m2 h are reported for low-grade paper in

these tests [73]. The advantages are claimed to be

much higher drying rates, improvement in sheet

properties (e.g., smoothness, enhanced strength pro-

perties, and no shrinkage), and the possibility of

reduced space requirements.

There are two commercial installations of Conde-

belt dryers on board machines. According to recent

reports [75,76], the minor operational issues have

been resolved with modified design and expected im-

provements in product properties are realized.

35.2.2.4.9 Impulse (High-Intensity) Drying

High-intensity contact drying denotes the drying

under sufficiently intensive heating conditions such

that, following a brief warm-up period, the moist

paper web operates at internal temperatures in excess
 120 to 1808C (248 to 3568F)
 2 to 10 bar (abs) (2 to 10 ata)

T = 20 to 908C (68 to 1948F)
P = heating steam pressure

No air in the void spaces
between the two steel platens

Steel platen

Steel platen

Web
Fine-mesh plastic wire
Coarse plastic wire

of Valmet–Tampella.)



Air-removal unit

Possible subzone partitions
Steel band

Dry web out

Dry web out

Wet web in

Steam

Steam

Water

Steam

Suction

Sliding seals

Coarse wire

Doctor

Suction

Steel band

Fine wire
(a)

(b)

Steam or hot gas

Hot gas
Hot steel band preheater

Air-removal unit

Wet web in
Booster heater

Steel band

Suction
In

Cooling water Out

Steel band

Band supports

Doctor

Suction

Coarse wire

Fine wire

Optional steel band precooler Water or air
cooling

FIGURE 35.25 Condebelt dryer arrangements: (a) high z-pressure arrangement; (b) low z-pressure arrangement with pre-

and booster-heated steel band. (Courtesy of Valmet–Tampella.)
of the ambient boiling point [77]. Dryer surface tem-

perature might be elevated to 200 8C or higher and

sheet contact pressure in the range of 7 to 35 kPa or

higher. These can be compared with the typical dryer

surface temperatures, which range from 125 to 175 8C
and contact pressures that are less than 2 kPa. Drying

rates may be 10 to 20 times those obtained in conven-

tional drying [77].

Poirier and Sparkes [78] have successfully run a

two-roll impulse drying unit at PAPRICAN pilot

paper machine at speeds up to 800 m/min. Solids

contents of 60% have been achieved with newsprint

using this single-nip arrangement.
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The main problems associated with this technique

are delamination of the sheet, brightness and opacity

losses, sidedness, and sticking of the sheet to the

surfaces. There is a great investment in experimental

and theoretical development work in order to gain a

better understanding of the mechanisms involved in

this highly promising process. Various theoretical

views and debate published in the last 5 y show that

a widely accepted mechanism has not been pro-

posed yet [61–64,79–83]. Drying rates and process

conditions for typical impulse drying process as com-

pared with press and Condebelt drying are shown in

Table 35.6.



TABLE 35.6
Comparison of Press, Condebelt, and Impulse Drying

Press

Drying

Condebelt

Drying

Impulse

Drying

Temperature (8C) 100–250 120–180 150–500

Pressure (MPa) 0.1–0.4 0.02–0.5 1–5

Residence time (ms) 200–300 250–10,000 15–100

Drying rate (kg/m2 h) 25–120 100–400 500–8,000

Energy usage

(kJ/kg H2O) 2,500–3,500 2,200–3,000 550–1,400

Source: From Paulapuro, H., Developments in Wet Pressing, PIRA

Information Services, Leatherhead, Surrey, U.K., 1993.
35.2.2.4.10 Superheated Steam Drying

Loo and Mujumdar [84] made a transient analysis to

evaluate the technical feasibility of using superheated

steam as a drying medium replacing hot air. The main

attraction of the steam CIT (combined impingement

and through-drying) process they propose is the pos-

sibility of extremely high thermal efficiencies attain-

able through reuse of the exhaust steam by reheating,

compression, or use in other process-heating applica-

tions. Subsequently, Cui and Mujumdar proposed an

alternate configuration for steam drying of paper and

developed a simple mathematical model to estimate

the drying rate and energy consumption [85]. They

showed that although the drying rates for tissue prod-

ucts could be increased up to 25 to 30% compared

with those of a Yankee dryer, the net heat consump-

tion was extremely low. Their model was verified in a

static drying test apparatus operated in the constant-

rate period [86].

The effects of steam drying on paper quality need

to be examined closely. However, as steam drying of

pulp has been used successfully, it is not very likely

that it will have adverse effects on sheet properties.

Preliminary studies indicate that steam drying may

actually enhance the strength properties of paper.

In a recent review of this process, Mujumdar [87]

reported the drying rates of 100 to 200 kg/m2 h and

compared the limitations and advantages of both air

and steam drying. He concluded that the process

appears to be a viable concept due to its higher energy

efficiency, enhancement of certain quality indices for

at least some types of pulps, elimination of fire haz-

ard, and reduced space requirements. The technical

issues to be resolved are startup and shutdown, con-

densation of steam on web, air infiltration (sealing at

high speed), materials of construction due to corro-

sion and erosion, steam cleaning, recirculation, com-

pression, heating, and sheet-quality aspects.
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35.2.2.4.11 Drying in the Presence

of an Electrostatic Field

Recently, Rounsley [88] reported a 5 to 18% increase

in the drying rates of paper and coatings in the pres-

ence of a nonuniform, static, electric field. This tech-

nique has been tested for both felted and unfelted

drum drying as well as air impingement and radiant

drying. If commercially successful, this concept has

the advantage of fast response and may be used for

moisture profile control.

In summary, it may be noted that most of the

paper drying carried out industrially is accomplished

by conventional multicylinder dryers. With the ad-

vent of more energy-efficient and economic dryers

based on novel concepts, however, it is likely that

new drying technology will find industrial acceptance

within a decade.
35.3 DRYING OF PULP

If pulp is produced for use in an integrated paper-

making machine, there is no need for drying. How-

ever, for market pulp, drying up to 10% moisture

(90% fiber, 10% water) is necessary.

The pulp web was dried exclusively by contact

with steam-heated cans until the mid-1950s. However,

air drying (air floater dryers) of pulp is predominant

today (e.g., 70% of the U.S. paper industry). Al-

though the application of flash drying in the industry

is relatively new, it has found an appreciable market

(e.g., 15% of the U.S. paper industry). As the steam-

dryer system was introduced to the industry only

recently, it is not yet an established drying technique

for pulp.

35.3.1 CONVENTIONAL PULP DRYING

In the conventional method, the pulp web is produced

on either a fourdrinier wire or a revolving cylinder in

a vat in which the level is kept constant by continuous

pulp supply. A modern fourdrinier system has a

closed head box working at constant level, wet suc-

tion boxes to allow the drainage on the wire, and hot

water or steam boxes for preheating the web. Pressing

is accomplished either with feltless press rolls or dou-

blefelted press rolls. After the press rolls, the dryer

section begins. Cylinder dryers or air floater dryers

can be used in this section. The described modern

fourdrinier system achieves high dryness ahead of

the drying section, which affects the economy of the

system and allows higher capacities and machine

speeds up to 100 t/d and 200 m/min, for example.

This unit may have a machine width up to 6.5 m.

The revolving cylinder system is less expensive, but



it has lower capacity and presents some problems

related to the quality of the sheet [89].

Although the conventional steam-heated cylinder

dryers are still predominant in the paper industry,

their share in pulp drying has diminished rapidly

after the application of air floater dryers. The dryers

are 1.2- to 1.5-m diameter case iron cylinders and the

steam systems and air systems are similar to the paper

dryer system described earlier.

The air floater dryers are also similar to those

described in the paper-drying section. Hot air is im-

pinged to the web from blow boxes above and below,

and the web floats supported by the airflow. The low

sheet tension ensures a greater ability to tolerate dis-

turbances or sheet defects, and the quality of pulp is

less affected. Pulp dryers also consist of stacked dry-

ing decks, as shown in Figure 35.16. Pulp dryers are

larger than paper dryers as pulp is air dried from the

press section to the cutter.

35.3.2 FLASH DRYING

Flash drying is a process in which wet pulp is intro-

duced into a stream of hot gases and its moisture is

vaporized.

Dewatering of wet pulp is accomplished by vari-

ous types of presses. After dewatering, moist pulp is

introduced into a hot gas stream. The pulp–hot gas

mixture passes through a number of flash-drying

towers (number depends on the design of the system,

but usually two double-towered systems with a cyc-

lone separator between them are used as shown in

Figure 35.26) and the dried pulp particles and the

moist gases are separated in cyclone separators.
E
F

B

D

B

G

B

C

A

H

FIGURE 35.26 A flash-dryer unit for pulp (A, moist pulp;

B, air; C, oil; D, moist air; E, dried pulp; F, circulation fans;

G, air heater; H, steam-heated heat exchangers).
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There are also single, rotating horizontal units avail-

able for pulp drying.

Flash dryers for pulp are in operation with cap-

acities of up to 500 BDMT/d (bone-dry metric tons).

One such plant dries pulp from approximately 60 to

12% water in a two-stage dryer. The lower moisture

bound is critical, as overheating below it can cause

thermal cross-linking that makes reconstitution of the

original fiber difficult. Pulp temperature is maintained

below 70 8C in both stages, with air inlet temperatures

of 400 and 170 8C, respectively. Exhaust for the sec-

ond stage is mixed with inlet air to the first stage.

Surface moisture is removed in the first stage (about

30% moisture), and the more delicate second-stage

drying is carried out at a lower temperature. Dried

pulp is cooled before baling. The first-stage air heater

may burn oil or natural gas; the second-stage dryer

uses steam-heated air.

Although there are still some questions about the

high gas temperatures involved in flash dryers and the

absence of wide market acceptance of the products,

flash drying is very promising because of its very low

operating and capital costs compared with conven-

tional pulp dryers [89].

35.3.3 STEAM DRYING

The steam drying of pulp is a very recent application

and not yet widely accepted. Pilot-plant and full-scale

tests have shown very attractive results.

The principle of the steam dryer is outlined in the

flow diagram shown in Figure 35.27. Wet pulp is fed

into the dryer by means of a plug feeder, then disin-

tegrated and fluffed in a steam atmosphere and blown

through the drying stages by means of fans. Each

stage is a shell and tube heat exchanger, with steam

of a higher temperature condensing outside the pulp-

transport pipes. The dried pulp and carrier steam are

then separated in a cyclone, and the pulp is fed out of

the pressurized system by a specially designed dis-

charge screw and blown with air to a cooling cyclone.

The generated steam from the pulp moisture is with-

drawn to keep the pressure constant and the rest is

reused as carrier steam.

The first commercial installation of a steam dryer

in Sweden for a chemithermomechanical pulp

(CTMP) line with a capacity of 150 t/day showed a

30% reduction in overall drying costs per ton of mar-

ket pulp compared with an equivalent-size flash dryer

[90].

Lower power consumption, very short drying

times, easy control, no risk for fire in steam atmos-

phere, and minor or no effect on pulp quality are

among the advantages claimed by the manufacturer.
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FIGURE 35.27 Flow diagram of a steam dryer for pulp (A, wet pulp; B, heating steam at 6 to 15 bar; C, dried pulp; D,

generated steam at 2 to 5 bar; E, condensate; F, plug feeder; G, fluffer; H, discharge screw; I, circulation fans; J, cooling-air

fan). (Courtesy of MoDo-Chemetics.)
35.4 CONCLUSION

This chapter summarized the current technology for

drying of paper and pulp. Recent developments and

trends are also indicated. The reader is referred to the

literature cited and other relevant sections or chapters

of this handbook for further details and additional

information.
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NOMENCLATURE

A cross-sectional area

B basis weight of the sheet out of the dryer

section as dried (wet basis), g/m2

c concentration

C1, C2 constants

D diameter of the dryer cans

Dp nozzle-plate diameter ratio

D diffusivity

f open area

F1–2 overall interchange factor

h heat-transfer coefficient

H dimensionless jet-plate spacing

k thermal conductivity

L length across which DT is measured

M kilograms of water evaporated per kilogram

of paper dried (wet basis)

N number of dryer cans in contact with the

sheet

Nu average Nusselt number
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P pressure

Pr Prandtl number

q heat flux

Qe condensate flow rate

Qs blow-through steam rate

R gas constant

Re Reynolds number

Sm speed of the machine, m/s

Sc Schmidt number

Sh average Sherwood number

t time

T temperature

u sheet velocity

w weight of water removed per unit area per

unit time, or drying rate

x coordinate axes

X sheet thickness

Xp nozzle-plate width ratio

Greek Symbols

a thermal diffusivity

b mass-transfer coefficient

s Stefan–Boltzmann constant, 5.67 � 10�8

W/m2 K4

l latent heat of vaporization

Subscripts

a air

cyl cylinder

cs cylinder to sheet

f felt

o overall

r radiant

s steam

sa sheet to air

sf sheet to felt
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36.1 STRUCTURE OF WOOD

36.1.1 FORMATION OF WOOD IN T REES

Wood is produced in the hard stems and branches of

trees and shrubs. In these plants, the primary growth

is responsible for the stem and branch elongation,

whereas the secondary growth, achieved through the

cambium activity, is responsible for the thickening of

elements (Figure 36.1). Wood has evolved to fulfill the

basic needs of these plants during their life: water

transportofwaterbornenutrients;mechanical strength

to support the photoactive canopy of leaves; and resist-

ance to biological attacks. Appearance and properties

of this material depend strongly not only on the spe-

cies but also on the biological diversity and growth

conditions of site and climate. Indeed, even for the

same species, wood properties depend on the tree and

on the position within the tree. One part of this vari-

ability is genetically controlled, whereas the other

part comes from the varying growth conditions (stand

characteristics and silviculture practices). Conse-

quently, wood is a variable material that is extremely

difficult to characterize precisely. Hence wood pro-

cessing, including drying, is very difficult to optimize.

A cross section of a tree (Figure 36.2), from the

core to the outer region, shows the following features:

. Pith, a small core of tissue located near the

middle of a tree’s stem or branches, which ori-

ginates from the primary growth of the plant
. Woody material, the most important part of ma-

ture trees, which is differentiated into sapwood

(outer region), where the sap migrates from roots

to leaves and heartwood (inner region) that is no

longer used for sap transport, which exists only

when the stem, at that height, is old enough
� 2006 by Taylor & Francis Group, LLC.
. Bark, differentiated into an outer corky dead

part (external part of the stem), whose thickness

varies greatly with species and age of trees, and

an inner thin living part (just near the cambium

zone), which carries food from the leaves to the

growing elements

36.1.1 .1 Knot s

As the tree grows in height (primary growth), branch-

ing is initiated by lateral bud development. Knots are

the bases of branches, which have been covered as the

tree grows laterally. After a branch dies, the trunk

continues to increase in diameter and surrounds that

portion of the branch while the dead branch is still

present. This branch has to drop from the tree before

clearwood can form. If the knot was alive when the

trunk grew around it, the xylem of the trunk and the

branch are continuous and the knot fits tightly into

the wood. If the branch was dead when the trunk

grew around it, no anatomical connection exists be-

tween the xylem of the knot and the trunk. The knot

is nonadhesive; it may fall out of the wood, leaving a

knothole (Figure 36.3).

36.1.1 .2 Tiss ue and Cellu lar Structure of Woo d

Growth in thickness of the bark and wood is caused

by cell division in the cambium. New wood cells are

formed on the inside of the cambium and new bark

cells on the outside. In the cambium region, immature

cells differentiate into various kinds of mature xylem

(wood) and phloem (inner bark) cells characteristic of

the species (Panshin and de Zeeuw, 1980). Then en-

largement, elongation, and maturation allow the

woody material to be developed (Figure 36.4). Most

of the wood cells stay alive for not more than few
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FIGURE 36.1 Formation of wood in trees: the pith originates from the primary growth whereas the wood material is added,

along the years, by the secondary growth. (Microphotograph: polished disc of Douglas-fir (Pseudotsuga menziesii), LER-

MAB–ENGREF.)

Age of wood cells

Cambial activity
division,

elongation,
differentiation,

lignification

Heartwood
formation

BarkPith Age of tree

L

T

R

FIGURE 36.2 Cross section of a tree showing the internal structure of the stem. Growth rings can also be observed: light parts

are earlywood and dark parts are latewood. Due to this stem geometry, three material directions: longitudinal (L), radial (R),

and tangential (T), can be defined at each location. (Photograph: Yew (Taxus baccata L.), LERMAB–ENGREF.)
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FIGURE 36.3 The existence of knots in wood comes from the interaction between primary growth, responsible for the

branch formation, and secondary growth, responsible for thickening of stem and branches. (Photograph: Scots pine (Pinus

sylvestris), LERMAB–ENGREF.)
weeks; the last development stage, namely lignifica-

tion, induces the death of these cells. Only parenchyma

cells can live for years and they are responsible for the

development of heartwood.

In most species in temperate climates, the difference

between woods that are formed early in a growing sea-

son (earlywood) and that formed later (latewood) is

sufficient to produce concentric contours in a cross

section (Figure 36.2). These rings are known as growth

rings. Each increment in size in the branch or trunk

diameter can be observed in these growth rings that

remain unchanged once formed. Provided no false

rings exist (due to an interruption of the growth in

diameter by drought or defoliation by insects), the age

at any cross section of the trunk may be determined by

counting these rings. Obviously, this simple rule does

not apply for tropical species for which growth may be

practically continuous throughout the year and no well-

defined growth rings are formed, or for which growth

rings are the result of the individual rhythm of each tree.

Wood cells are of various sizes and shapes. They

are cemented together to form the structural wood

material. The majority of wood cells are elongated

and pointed at the ends. The types and dimensions

of wood cells depend strongly on the species.

In softwoods, woods formed by cone-bearing trees

(e.g., fir, pine, and spruce) with naked seeds, the xylem

contains mainly tracheids (90%). Tracheids are con-

siderably elongated cells (around 40 mm in diameter

and between 2 and 8 mm in length), which ensure both

sap flow, by means of numerous bordered pits situated
� 2006 by Taylor & Francis Group, LLC.
on the radial cell walls, and mechanical strength.

In softwoods, the earlywood is characterized by cells

with large radial diameters and thin walls, and hence

relatively large cavities. Latewood cells have a much

smaller radial diameter and thicker walls, which result

in much smaller cavities (Figure 36.4). In addition,

some softwoods have resin canals. Parenchyma cells

surround these canals and actively secret resin into the

canals, and ultimately into the heartwood.

Hardwood is the common name for the wood of

species whose seeds are enclosed in ovaries. These

species are more advanced than softwoods in terms

of biological evolution; consequently, they produce a

more sophisticated anatomical pattern, with cells

much more adapted to meet specific requirements in

relation to water transport, food storage, and mech-

anical support:

. Fibers are usually relatively thick-walled, sparsely

pitted, and about 1 mm in length. Different fiber

cells exist, but the tracheid fibers having bordered

pits are generally the most abundant. Although

fibers may have a certain role in sap conduction,

they basically function as the mechanical support,

making the wood usually stronger, denser, and

more durable than softwoods.
. Vessels of relatively large diameter are also

known as pores. These cells form the main con-

duits for sap flow. A vessel is built up by several

vessel elements, with more or less open end

plates, aligned in the longitudinal direction.



FIGURE 36.4 Wood is formed by cell division in the cambium zone, hence the radial cell lines appear clearly in this figure, in

spite of the large variation of radial diameter between earlywood and latewood. Some bordered pits allowing sap flow from

one tracheid to the other can also be observed on radial cell walls. (ESEM Photograph: Norway spruce (Picea abies),

LERMAB–ENGREF.)
. Longitudinal or axial parenchyma cells function

mainly in the storage of food.

Several thousands of hardwood species exist, and

each one has its own anatomical pattern. The density,

for example, ranges from less than 100 kg m �3 (i.e.,

balsa wood) up to more than 1200 kg m �3 (i.e., ebony

wood). They are usually divided into ring-porous and

diffuse-porous types, though all intermediate types

can be found:

. A ring-porous species produces very large ves-

sels (up to 500 mm in diameter) in earlywood.

Simple perforation plates allow the vessel cells

to communicate easily.
. Diffuse-porous species have smaller vessels (50

to 100 mm in diameter) of almost uniform size

and distribution throughout the growth ring. In

diffuse-porous species, vessel cells are usually

connected by scalariform (‘‘ladderlike’’) perfor-

ation plates.

Figure 36.5 depicts the typical anatomical patterns

encountered in temperate species.
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Both hardwoods and softwoods have cells (usu-

ally grouped into structures or tissues) that are

oriented horizontally in the radial direction and

which are called rays. The rays, composed of paren-

chyma with lignified cell walls or sclerenchyma, con-

nect various layers from pith to bark for storage and

transfer of food. In softwoods, rays are one-cell thick.

In hardwoods, they vary in size from one-cell wide

and a few cells high to more than 15-cell wide and

several centimeters high. Rays represent planes of

weakness along which drying checks develop easily.

36.1.1 .3 Hear twoo d F ormation

Just few weeks after the formation of xylem, it contains

mostly dead cells, but continues to play a role of utmost

importance for the plant: the transport of sap. Hence

the vascular system so produced is called sapwood. This

active zone may vary in thickness and number of

growth rings, commonly up to about 15 years, which

represents several centimeters in radial thickness. As a

rule, the more vigorously growing trees have more ex-

tensive sapwood. In sapwood, parenchyma cells stay

alive and function primarily in the storage of food.



(a) Norway spruce (Picea abies) (b) Pedunculate oak (Quercus rubra) (c) European beech (Fagus sylvatica)

FIGURE 36.5 Typical anatomical patterns encountered in temperate species: (a) softwood, (b) ring-porous species, and (c)

diffuse-porous species. The height of these images represents about 2 mm. (Microphotographs: J.C. Mosnier, LERMAB–

ENGREF.)
After some years, an intense biological activity of

these parenchyma cells gives rise to heartwood for-

mation. Metabolites are deposited in the heartwood

and the tree uses the heartwood as a place to store

waste products that are collectively known as extrac-

tives. These include resins, gums, oils, and tannins

that stop up the vessels (or the tracheids in softwood)

and clog the wood. In heartwood, all the cells are

dead and inactive; they do not function in either

water conduction or food storage. The heartwood is

often darker, slightly denser, and more durable (re-

sistance to fungi or insect attack) than the sapwood

and plays an important role in supporting the tree.

However, numerous species do not have dark heart-

wood (e.g., spruce, fir, and beech) and no correlation

exists between heartwood color and durability.
R

T

Fibers

Ray cells

Tyloses in
vessels

FIGURE 36.6 Example of tyloses development in the heartwo

graphs: Patrick Perré and Riad Bakour, LERMAB–ENGREF.
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In some species, such as certain oaks, the vessels

become plugged with the development of cellular

membranes known as tyloses, which enter the vessels

from adjacent parenchyma cells (Figure 36.6).

36.1.2 CHEMICAL C OMPOSITION

Wood is a typical organic material made up of three

main elements: carbon, oxygen, and hydrogen. Because

very small variations between different wood species

are observed, the numbers depicted in Table 36.1 are

broadly general but can be higher for some tropical

species. Nitrogen as well as some additional inorganic

elements (sodium, potassium, calcium,magnesium, and

silicon) are also essential compounds, which are mostly

involved in the metabolism of living cells during wood
L

T

od of Pedunculate oak (Quercus rubra L.). (ESEM photo-

)



TABLE 36.1
Elementary Composition of Wood

Element Content (%)

Carbon 49–50

Hydrogen 6

Oxygen 43–44

Nitrogen <1

Inorganic elements �1*

(Na, K, Ca, Mg, Si)

Source: Bosshard, H.H., Holzkunde, Band 2, Zur Biologie, Physik

und Chemie des Holzes (Wood Science: Biology, Physics and

Chemistry of Wood, Vol. 2), Birkhäuser Verlag, Basel, 1984.

*Exceptions exist in tropical species.

TABLE 36.2
Typical Wood Composition

Compound
Content (%)

Softwoods Hardwoods

Cellulose 42+ 2 45+ 2

Hemicelluloses 27+ 2 30+ 5

Lignin 28+ 3 20+ 4

Source: Walker, J.C.F., Primary Wood Processing Principles and

Practice, Chapman & Hall, London, 1993.
formation but are also important for the strength of

the cell wall.

The cell wall has a complex structure, composed

of a network of cellulose microfibrils interconnected

by hemicellulose chains and incrusted by pectins and

proteins (Mark, 1967). Cellulose is a linear polymer

with an average degree of polymerization of 10,000.

These polymer chains are organized in elementary

fibrils that are partly crystalline to the extent of 50

to 70%. Elementary fibrils are bundled with hemicel-

luloses to form microfibrils. The latter are very strong

in their longitudinal direction and their crystalline

part is very difficult to penetrate with water. The

hemicelluloses are branched, low-molecular-weight

polymers composed of several different kinds of pen-

tose- and hexose-sugar monomers. Cells that are dead

at maturity (fibers, tracheids, etc.) may impregnate

their walls with lignin, which makes these walls im-

pervious to water. Lignin is often regarded as the

cementing agent that binds individual cells together

and is insoluble in most solvents. Softwood lignin is

thought to incorporate about 500 phenylpropane

units (Keey et al., 2000), but it is a variable and

complex three-dimensional polymer.

Several layers have to be distinguished in the wall

thickness, not only by the macromolecular compos-

ition but also by the microfibril orientation, i.e., the

angle between the fibril orientation and the longitu-

dinal axis of the cell. Between two adjacent cells lies a

highly lignified region called middle lamella. Both

middle lamella and adjoining primary walls are some-

times referred to as compound middle lamella. The

secondary cell wall is laid down after cell extension is

complete. In direction to the cell lumen, the second-

ary cell wall is subdivided into three zones: S1, S2, and

S3. The lignin content significantly decreases from

about 90% in the middle lamella down to about 20%

of the S2 layer. The varying fibril orientation in the
� 2006 by Taylor & Francis Group, LLC.
particular layers (508 to 708 in S1, 108 to 308 in S2, and

608 to 908 in S3) causes a mechanical locking effect,

leading to a very high stiffness of the overall cell. Due

to its thickness and low value of microfibril angle, the

S2 layer is responsible for the high strength and low

shrinkage of wood in the longitudinal direction. The

overall distribution of wood polymers does not vary

greatly with common species (see Table 36.2), but

a comprehensive study (Fengel and Wegener, 1984)

reveals much wider variations.

Both organic and inorganic extraneous materials

are found in wood. The organic component takes the

form of extractives, which contribute to such wood

properties as color, odor, taste, decay resistance,

density, hygroscopicity, and flammability. Extractives

include tannins and other polyphenolics, coloring

matter, essential oils, fats, resins, waxes, gum starch,

and simple metabolic intermediates. Extractives may

constitute roughly 5 to 30% of the wood substance.

The inorganic component of extraneous materials

generally constitutes 0.2 to 1.0% of the wood sub-

stance. Calcium, potassium, and magnesium are the

more abundant elemental constituents.

36.1.3 REACTION WOOD AND JUVENILE WOOD

As plants cannot move, they have developed several

features to adapt to their environment such as the

effects of wind and site slope. Reaction wood is part

of this capacity for adaptation; it allows the plants to

maintain or modify the orientation of different axes

in space. In softwood trees, the reaction wood pro-

duces growth stresses smaller than in normal wood;

the tensile level is smaller and can even become nega-

tive in this compression wood. In hardwood trees,

reaction wood forms wood with higher growth-stress

level than in normal wood and is known as tension

wood. For example, branches are horizontal elements

that must work against gravity. In the case of hard-

woods, tension wood is present in the upper part of

the cross sections of branches whereas, in the case of



softwoods, compression wood is found in the lower

part. However, the compression wood can also be

found in some primitive groups of hardwoods (Carl-

quist, 2001).

36.1.3 .1 Com pression Wo od

Compared with normal wood, this tissue is character-

ized by shorter tracheids, higher lignin and hemicel-

lulose content, and lower cellulose content. This

reaction wood is easily identified on smooth surfaces,

in particular in a transverse view. When compression

wood is formed, the growth rings appear darker,

reddish brown, and often wider than on the opposite

side. Therefore, when compression wood develops in

the same side for several years, the cross section of the

stem tends to be oval with an eccentric pith in the

core; this is typical of branches or stem of bent trees.

At the anatomical level the cells observed in cross

section are more rounded than rectangular, showing

large intercellular spaces (Figure 36.7). The cell wall

consists only of ML, P, S1, and S2 layers. Once dry,

the cell wall shows deep, helically arranged checks

from the lumen. The latter is rather thick and its

microfibril angle is much larger than in normal

wood (about 45 8 from the axial direction). In conse-

quence, the density is higher, the longitudinal shrink-

age is increased to some percentage (compared with

0.1 to 0.2% for normal wood), and, in spite of the

higher density, the longitudinal mechanical properties

are less than in normal wood. Due to the large micro-

fibril angle in the S2 layer, the effect is opposite in the

transverse plane: lower shrinkage and higher stiffness.

36.1.3 .2 Te nsion Wo od

Tension wood is characterized by increased cellulose

content and increased density. Sawn surfaces appear
Normal wood

R

FIGURE 36.7 Compression wood compared with normal woo

ENGREF.)
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woolly and rough. Strength properties are reduced.

Longitudinal shrinkage can be more than 1%. No

significant coloration marks out tension-wood zones.

In addition, the regulation of hardwood seems to be

subtler than in softwoods, sometimes leading to very

localized presence of reaction wood (thin layers in the

radial direction and variable angular position from

one year to the other). Therefore, the macroscopic

features are not very reliable.

At the microscopic level, tension wood is much

easier to identify when it is fully developed. Fiber cell

walls are much thicker than normal, enclosing very

small lumens. Secondary walls are loosely attached to

the primary wall and thus are responsible for some of

the differing mechanical properties. The thick second-

ary wall of tension-wood fibers is significantly lesser

lignified; it consists of almost pure cellulose. Due to

this consistency, this layer is termed gelatinous or

G layer (Figure 36.8). The microfibrils are almost

parallel to the grain. The reason for tension-wood

shrinkage is not well understood. The loose contact

between the G layer and the remaining cell wall,

which does not restrain the outer cell region (i.e.,

primary layer) and from contraction during drying,

is one possible explanation. However, a recent work

tends to prove that the G layer itself has a high

longitudinal shrinkage, which is not consistent with

the small microfibril angle (Clair, 2001). It may be

noted that intermediate indications of tension wood

exist without the G layer.

36.1.3.3 Juvenile Wood

All trees during their growth produce juvenile wood,

i.e., the inner core of xylem surrounding the pith.

The time during which juvenile wood is formed varies

among individuals, with species, and with environ-

mental conditions. It is often recognized that juvenile
Compression wood

T

d. (ESEM photographs: White fir (Abies alba), LERMAB–



FIGURE 36.8 Tension wood in Pedunculate oak (Quercus rubra); note the existence of the G layer. (ESEM photograph:

LERMAB–ENGREF.)
wood formation lasts as long as living branches exist

at the corresponding height of the tree. The transition

from juvenile to mature wood takes place gradually.

No clear demarcation exists between juvenile and

adult wood.

In juvenile wood the cells are smaller than those of

the mature xylem. Particular differences exist in the

length of the cells as well as in the structure of the

layered cell wall. The microfibril angle in the S2 layer

is greater than in cells of the mature tissue. As for

compression wood, this causes a higher value of lon-

gitudinal shrinkage and a reduced tensile strength. In

addition, the spiral grain (angle between the stem axis

and the fiber orientation) is often large in the juvenile

wood. Together with the high longitudinal shrinkage,

this explains why the warping of timber containing

juvenile wood may be dramatic after drying. Juvenile

wood is a major problem in processing wood from

plantations of fast-growing species (eucalyptus,

radiata pine, etc.) that produce logs made up mostly

of juvenile wood.

36.1.4 IMPLICATIONS FOR THE DRYING P ROCESS

Toinduce theascentof sap in tree, themeniscipresent in

the leaf stomata pull up water (Zimmerman 1983).

Because most trees are more than 10 m high, one can

deduce that the absolute liquid pressure in the sap

column is negative. No gaseous phase can exist in such

conditions. The vascular system developed in trees has

many other implications for the drying process:
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. Because the system is designed for longitudinal

sap flow from the roots to the canopy, the wood

material is strongly anisotropic.
. Because of negative pressure, the vascular sys-

tem must be able to support a gas invasion due

to injury or cavitation. This is the role of bor-

dered pits or vessel-to-vessel pits. These ana-

tomical features may dramatically inhibit the

fluid migration in the wood.
. In heartwood, due to metabolite deposition, as-

piration or closure of bordered pits, or tylose

development, the permeability is often reduced

by one or several orders of magnitude.
. The wood is fully saturated in the sapwood part

of logs (an air-free sap column is required to

obtain negative pressures), whereas the heart-

wood zone is generally only partly saturated.

Table 36.3 indicates some orders of magnitude

generally observed for the moisture content of green-

wood. Indeed, because the sapwood part is fully sat-

urated, the maximum moisture content in this zone

can be calculated by assuming that the entire pore

volume is filled with water:

X ¼ f r‘
(1� f)rs

with f ¼ 1� r0

rs

(36:1)

where f is the porosity, r0 is the basic density (oven-

dry mass/green volume), rs is the density of the cell



TABLE 36.3
Typical Values of Moisture Content Found in
Greenwood

Wood Type Moisture Content Dry Basis (%)

Sapwood Heartwood

Softwoods 150–200 40–80

Hardwoods 80–120 60–100
wall substance (rs ffi 1530 kg m�3), and r‘ is the sap

density (r‘ ¼ 1000 kg m�3).

To highlight that the development of wood in

trees leads to a very anisotropic material, Table 36.4

indicates some order of magnitude for dimensionless

anisotropy ratios found in wood for the most import-

ant properties involved in drying. The ease of fluid

migration in wood (i.e., the permeability) is by far the

property that presents the highest anisotropy ratio.

The reduction in wood permeability from sapwood to

heartwood affects particularly the longitudinal direc-

tion in hardwoods (especially for ring-porous species

developing tyloses) and all directions in softwoods.
36.2 BOARD SCALE

36.2.1 WATER IN WOOD: SORBED AND CAPILLARY

WATER, AND SHRINKAGE

36.2.1.1 Moisture Content of Wood

The moisture content of wood (dry basis) is defined

by the following mass ratio:

X ¼ mass of water

oven-drymass
(36:2)
TABLE 36.4
Order of Magnitude of the Dimensionless
Anisotropy Ratios Encountered in
Wood Relative to Tangential Value

Property Direction

T R L

Stiffness 1 2 20

Shrinkage 1 0.5 �0

Thermal conductivity 1 1.5 2

Mass diffusivity 1 1–2 20

Permeability 1 1–10 100–105
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Moisture in wood is distinguished between the liquid

sap present unattached in the cell lumens (free water)

and the water molecules held in the cell walls (bound

water), with an activity less than 1.

36.2.1.2 Free Water

The sap flows in wood through the vascular system

produced by the cambium. This liquid, present in the

cell cavities, is usually referred to as ‘‘free water’’ just

because its properties are very close to those of liquid

water: density, viscosity, saturated vapor pressure, etc.

However, one has to keep in mind that this water is

tied to the solid matrix through capillary forces. Due to

the surface energy of the interface between liquid and

gas (the surface tension), together with the contact angle

between this interface and the woody matrix, a pressure

difference exists between liquid and gaseous phases.

This pressure difference, which obeys Laplace’s law,

increases with decreasing pore diameter. Because liquid

is the wetting phase in the case of water and wood, the

liquid pressure is less than the gaseous one.

In addition, due to the curvature of the interface,

a deviation of the saturated vapor pressure exists.

This deviation can be calculated from the definition

and properties of the Gibbs free energy and leads to

Kelvin equation (Dullien, 1992):

ln w ¼ ln
Pv

Pvs

� �
¼ �s

1

r1

þ 1

r2

� �
Mv

r‘RT
(36:3)

In Equation 36.3, Pvs is the saturated vapor pressure, Pv

is the equilibrium vapor pressure at the curved inter-

face, s is the surface tension, r1 and r2 are the two

principal radii of the surface, and Mv is the molar

mass of water. The quantity w is known as the relative

humidity. However, a very small pore radius is required

for the deviation to become significant (Table 36.5).
TABLE 36.5
Pressure Difference DP and Relative Humidity w
at the Surface for Different Radii Values (Values
Calculated at 208C, for a Perfectly Wetting Liquid
and Cylindrical Tubes)

Radius of the

Capillary

DP (Equivalent Water

Column)

w ¼ Pv/Pvs

1mm 0.146 kPa (14.9mm) 0.999999

100 mm 1.46 kPa (0.149m) 0.999989

10 mm 14.6 kPa (1.49m) 0.99989

1 mm 0.146MPa (14.9m) 0.9989

0.1 mm 1.46MPa (149m) 0.989

0.01 mm 14.6MPa (1.49 km) 0.898



36.2.1.3 Bound Water

Bound moisture is associated with the hygroscopic

nature of the woody components. There are some

uncertainties about the limits of hygroscopic behav-

ior, particularly with woods of high extractives con-

tent; but it is useful to define a maximum sorptive

moisture content, called the fiber saturation point

(FSP). If the capillary condensation effects in pores

greater than 0.1 mm in equivalent cylindrical diameter

are ignored, FSP of the wood may be defined as the

equilibrium moisture content (EMC) in an environ-

ment of 99% relative humidity. This yields a value of

30 to 32% for most commercial species (Keey et al.,

2000) at room temperature. FSP falls with increasing

temperature. For a softwood such as Sitka spruce

(Picea sitchensis), FSP falls from about 31% at 258C
to 23% at 1008C (Stamm, 1964).

As the relative proportions of the woody compon-

ents vary only within narrow ranges for common

commercial species, the EMCs at a given relative

humidity and temperature are closely similar for

these woods. However, at high relative humidities

deviations from mean values can appear. Shubin’s

data (1990) show, for instance, that at 95% relative

humidity the EMC at 42.48C ranges from 22% for a

pine to 33% for an oak. Hoadley (1980) notes that in

species with a high extractives content, such as red-

wood (Sequoia sempervirens) and mahogany (Swiete-

nia mahogani), the fibers remain saturated at 22 to

24% moisture content, whereas birch (Betula spp.)

may have a moisture content up to 35% at fiber

saturation.
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FIGURE 36.9 Sorption isotherms calculated by a mathematical
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Because of sorption hysteresis, the EMC at a

given relative humidity is higher in drying (desorp-

tion) from greenwood than in wetting (adsorption)

from perfectly dried wood. The ratio of values nor-

mally ranges between 0.75 and 0.88 (Schniewind,

1989). However, in previously dried wood subject to

environmental swings in relative humidity, the iso-

therm for adsorption and desorption becomes more

similar. Thus, for practical proposes, the hygroscopi-

city of wood is sufficiently similar for most commer-

cial species for generalized sorption data to be useful.

The curves depicted in Figure 36.9 represent an aver-

age between desorption and adsorption. They were

plotted using the mathematical correlation used in the

numerical code ‘‘Transpore.’’ The parameters of this

expression have been fitted from various data avail-

able in the literature: those published by Rasmussen

in 1961 (Siau, 1984) and those of Loughborough on

Sitka spruce published by Hawley in 1931 and ar-

ranged by Keylwerth in 1949 (Kollmann and Côté,

1968; Joly and More-Chevalier, 1980).

36.2.1.4 Differential Heat of Sorption

Sorbed water in the cell wall has a lower enthalpy

than liquid water. However, contrary to other forms

of water, such as solid, the enthalpy of bound water

increases with increasing moisture content up to FSP.

Above this value, the enthalpy of water in wood is

essentially the same as that of liquid water.

The value of the differential heat of sorption can

be calculated from the sorption isotherms using the

Clausius–Clapeyron equation (Skaar, 1988):
60 80 100

100�C

60�C�C

midity (%)

expression fitted from published data.



Vapor

Liquid

Ice Bound water

Fiber saturation point

Moisture content

ΔhsLv

−Lf

Lv

Pure water Water in wood

≈ −Lv/2

FIGURE 36.10 Differential heat of sorption versus the moisture content. (Adapted from Skaar, C., Wood–Water Relations,

Springer, Berlin, 1988.)
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FIGURE 36.11 Dimensional variations of a typical wood

sample vs. moisture content.
Dhs ¼ �
R

Mv

d ln
Pv

Pvs

� �

d
1

T

� �  (36 :4)

This heat of sorption is slightly higher than 1000 kJ

kg�1 for oven-dry wood and decreases rapidly with

moisture content to reach zero, with a horizontal

slope at the FSP (Figure 36.10).

36.2.1 .5 Sh rinkage

In trees, the cell walls of wood are in a fully swollen

condition. However, when sorbed water is removed

from the cell wall, new hydrogen bonds form between

the hydroxyl groups of the molecular chains and

reduce the distance between the chains. This variation

affects the dimension in a direction normal to the

microfibril direction. This fact explains why the lon-

gitudinal shrinkage is usually negligible. In the trans-

verse directions, the dimensional variations plotted

against bound water content are very close to a

straight line (Figure 36.11). Shrinkage can then be

defined by the total shrinkage (variation of dimension

between the green state and the oven-dry condition)

or in terms of a shrinkage coefficient (variation of

dimension divided by the variation in moisture con-

tent). For most species, the tangential shrinkage is

about twice the radial shrinkage. Several features

can explain this observation: the cell arrangement of

tissues, the difference between earlywood and late-

wood, and the presence of ray cells. The extrapolation

of length values against moisture content to the ori-

ginal unshrunken length yields the so-called shrinkage

intersection point (SIP) (Figure 36.11). Normally, this

moisture content is a little higher than the FSP, but

often the two moisture content values are assumed to

be same.
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The shrinkage values tend to increase with basic

density, but values vary strongly between and within

species. Table 36.6 indicates the order of magnitude

values encountered in some species.

In the case of compression wood, the microfibril

angle in the S2 layer is large, which results in a lower

transverse shrinkage and a significant longitudinal

shrinkage. In spite of the very low value of the

microfibril angle in the G layer, tension wood of

hardwood has also an abnormally high longitudinal

shrinkage.

As logs are sawn in green state, shrinkage occurs

after sawing. The size of each section is reduced by

shrinkage and also the shape of the section changes

caused by the tangential or radial anisotropy in

shrinkage (Figure 36.12):
a. Only the quartersawn sections without the pith

keep their rectangular shape

b. Flatsawn sections cup into a trough-like shape
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TABLE 36.6
Order of Magnitude of Shrinkage Values in the
Transverse Plane for Some Species. FSP is Assumed
to be Equal to 30% for All Species

Species Radial Shrinkage Tangential Shrinkage

Total

(%)

Coefficient

(%/%)

Total

(%)

Coefficient

(%/%)

Spruce, pine 5.0 0.17 9.0 0.30

Oak 6.0 0.20 11.0 0.37

Beech 6.5 0.22 12.0 0.40

Balsa 3.0 0.10 6.0 0.20

Teak 3.0 0.10 5.0 0.17

Okoumé 4.0 0.13 6.5 0.22

Azobé 8.0 0.27 11.0 0.37

Source: Kollmann, F.P. and Côté, W.A., Principles of Wood

Science and Technology, Solid Wood, Vol. 1, Springer, Berlin,

1968; Aléon, D., Chanrion, P., Négrié, G., and Perré, P.,

FormaXylos 4—Le séchage (Training in Wood Science: Drying,

Vol. 4), CD-Rom français/English, CTBA, Paris, 2003.

� 20
c. Quartersawn sections, which include the pith,

present a nonuniform thickness once dried;

near the pith, the thickness shrinks along the

radial direction whereas the tangential shrink-

age is involved elsewhere

d. A squared section cut along the grain direction

becomes rectangular after drying

e. A diamond shape is obtained if the grain direc-

tion is along the diagonal
Quartersawn

Flatsa

(a)

(d)

URE 36.12 Section deformations depending on the sawing 

o between radial and tangential shrinkage. These deformati

form moisture content throughout the section. (Adapted

maXylos 4—Le séchage (Training in Wood Science: Drying,

06 by Taylor & Francis Group, LLC.
36.2.2 HEAT AND MASS T RANSFER IN WOOD

36.2.2 .1 Flui d Migration in Wood:

Singl e-Phase Flow

The understanding of the fluid migration in wood is

of utmost importance to understand the drying pro-

cess. The differences in drying behavior between spe-

cies and within the log primarily come from the

permeability value and from the initial moisture sat-

uration. When only one fluid phase is present, the

classical Darcy’s law applies:

v ¼ �K

m
r(P) (36 :5)

where v is the apparent velocity of the fluid through

the specimen (m s �1), K is the permeability (m2), and

m is the dynamic viscosity of the fluid (Pa s �1).

Fluid migration in wood uses the vascular system

developed by trees for their physiological require-

ments. For this reason, wood has several specific

features concerning permeability among which the

most important are the anisotropy ratios. Wood has

dramatic anisotropy ratios: the longitudinal permea-

bility can be 1000 times greater than the transverse

permeability for softwoods and more than a million-

fold for hardwoods (Banks, 1968).

Table 36.7 summarizes some values of directional

permeability available in the literature for different

species. Depending on the experimental apparatus

and the protocol used by the authors, some data are

missing in the papers. For example, it is not always
wn

(b)

(c)

(e)

pattern. The shape after drying results from the anisotropy

ons exist even when the equilibrium is achieved and with a

from Aléon, D., Chanrion, P., Négrié, G., and Perré, P.,

Vol. 4), CD-Rom français/English, CTBA, Paris, 2003.)



TABLE 36.7
Order of Magnitude of Permeability for Some Species along the Three Material Directions of Wood

References Species Notes Permeability (m2) Anisotropy Ratio

L · 1012 R · 1016 T · 1016 KL/KR KL/KT KR/KT

Choong and Kimbler, 1971 Populus sp. S. l. a 0.59 — 0.44 — 13,000 —

Populus sp. H. l. a 0.61 0.15 0.18 40,000 33,000 0.835

Alnus rubra S. l. a 1.9 0.15 0.12 125,000 166,000 1.327

Liquidambar sp. S. l. a 2.7 0.19 0.69 145,000 39,000 0.273

Liriodendron sp. H. l. a 5.4 — 0.80 — 67,000 —

Sequoia sp. S. l. a 4.9 11.2 19.4 4,000 2,000 0.580

Sequoia sp. H. l. a 0.25 0.112 0.88 23,000 3,000 0.127

Pseudotsuga sp. H. l. a 0.026 0.000 0.000 — — —

Pseudotsuga sp. S. l. a 0.049 — 0.37 — 1,300 —

Pinus sp. H. l. a 0.0026 0.17 — 153 —

Choong. et al., 1974 Acer rubrum S. g. o 10.3 — — 8,300 11,400 1.4

Acer rubrum H. g. o 7.4 — —

Liriodendron sp. S. g. o 28.9 — — 1,450 1,600 1.1

Liriodendron sp. H. g. o 1.87 — —

Liquidambar sp. S. g.o 13.9 — — 1,300 2,750 2.1

Liquidambar sp. H. g. o 15.3 — —

Quercus rubra S g 62.0 — — 13,000 18,000 1.4

Quercus rubra H g 56.0 — —

Quercus falcata S g 69.0 — — 110,000 143,000 1.3

Quercus falcata H g 13.0 — —

Chen et al., 1998 Liriodendron sp. S l 26.0 4.5 — 57,000 — —

Liriodendron sp. H l 0.1 — — — — —

Juglans nigra S l 27.0 0.08 — 3 � 106 — —

Juglans nigra H l 0.0052 — — — — —

Quercus rubra S l 61.0 0.68 — 900,000 — —

Quercus rubra H l 45.0 — — — — —

Perré, 1992 and 2002 Picea sp. S. g. a 0.2 — — 700 — —

Fagus sylvatica S g. a 3.8 — — 3,000 65,000 21.0

Fagus sylvatica H g. a 1.4 — — 3,000 — —

Populus sp. H g. s 0.03 — — 10,000 — —

L, longitudinal; R, radial; T, tangential; S, sapwood; H, heartwood; l, permeability to liquid; g, permeability to gas; a, air-dried sample; o,

oven-dried sample.
easy to calculate the permeability ratios from permea-

bility value, or vice versa. Choong et al. (1974), for

example, have reported the permeability values for

sapwood and heartwood for the longitudinal direction,

but not for the transverse directions. Only the mean

anisotropy ratio is available in this paper. Perré (1992)

and Perré et al. (2002) have used an experimental

procedure to determine the longitudinal permeability

and the anisotropy ratio on the same sample. In these

instances, they just obtained the ratios and decided not

to calculate the transverse permeability accordingly.

The variability is impressive for both the permea-

bility values and the anisotropy ratios. In spite of the

scatter in the data, general trends are exhibited for the

longitudinal permeability:
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. The most permeable species in the longitudinal

direction are among the ring-porous species

(Quercus spp.) that have very large vessels (up

to 500 mm in diameter).
. The diffuse-porous hardwoods are fairly per-

meable too; probably, the large number of

vessels can offset their smaller diameter (around

50 mm).
. Softwood species are generally less permeable;

these trees have no specific elements for sap

flow, so the fluid has to pass through the small

openings, the bordered pits, at the end of each

tracheid along the path, which is 1 to 2 mm

each. Certain softwood species, such as Pinus

radiata, however, are very permeable.



The transverse permeability and the anisotropy

ratios are very variable. The heartwood part of logs

is usually much less permeable than the sapwood part

(Comstock, 1967). This is due to tyloses development

and extractives deposition (tannins, gums, etc.) in

hardwoods and due to the aspiration of bordered

pits in softwoods.

36.2.2.1.1 Pit Aspiration

In softwoods, the tracheids have considerable pitting

in their radial walls. These bordered pits are special-

ized valves to seal and isolate tracheids if they become

damaged or embolized, but remain open for sap flow.

At the pit location, the double cell wall takes the

shape of the external part of a torus. The external

diameter of this torus is in the range 10 to 20 mm,

depending on the position in the annual growth ring

(the diameter is smaller in latewood). The torus is

suspended by the margo, a net of radially oriented

microfibrils, with openings up to some micrometers

wide. In normal operation, the sap flows from one

tracheid to the other simply by using these small

openings (Figure 36.13a).

When gas invades one tracheid, the gas–liquid

interface is blocked in the margo due to capillary

forces. These forces press the torus against the oppos-

ite border of the pit (Figure 36.13b). Then, hydrogen

bonds keep the torus in this position; the pit is now

impermeable (Figure 36.13c). Such sealing of a pit is

known as aspiration.
Torus

Margo

Middle lamella

Secondary wall

Liquid Liquid

Conductive bordered pit

Gas

Pit as

≅10 µm

FIGURE 36.13 The mechanism of pit aspiration: a clever strat

injury or cavitation of the sap column. (Adapted from Siau, J.F
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This subtle mechanism is vital for trees, but causes

some difficulties in wood drying. Indeed, pit aspiration

occurs as soon as water is removed from the wood,

sometimes even during the heartwood formation. In

particular, it is impossible to avoid pit aspiration when

drying softwoods under normal conditions.

Only freeze-drying, or changing the liquid phase for

a solvent with low surface tension before drying, allows

air-dried samples without pit aspiration to be obtained

(Comstock and Côté, 1968; Meyer, 1971; Bolton and

Petty, 1978; Fumoto et al., 1984). The permeability

values depend on the species and on the author,

but all these data show that air-dried samples, with

aspirated pits, have permeability values considerably

smaller than unaspirated samples (typically ranging

from 1 to 10%). Due to thicker cell walls, smaller pit

radii, and more rigid structures, the percentage of as-

pirated pits is much less in the latewood part of samples

(Siau, 1984).

36.2.2.2 Generalized Darcy’s Law:

Multiphase Flow

When two phases coexist, the generalized Darcy’s law

must be used. The volumetric flow rate of each phase

is considered to be proportional to the pressure gra-

dient of the corresponding phase. The phenomeno-

logical coefficient is the product of the permeability

K by a function of saturation called ‘‘relative permea-

bility’’ to the considered phase.
Liquid

piration

Position of the
air/liquid
meniscus

Capillary forces

Gas

Aspirated pit

Gas

egy to limit the damage caused by any gas invasion due to

., Transport Processes in Wood, Springer, Berlin, 1984.)



For the gaseous phase

vg ¼ �
K krg(S)

mg

rPg (36 :6)

For the liquid phase

v‘ ¼ �
K kr‘(S)

m‘

rP‘ (36 :7)

The liquid pressure is related to the gaseous pressure

through the capillary pressure function:

P‘ ¼ Pg � Pc(S) (36 :8)

Equation 36.6 and Equation 36.7 must be consistent

with Darcy’s law (Equation 36.5) when one single-

fluid phase occupies the porous medium. Conse-

quently, the relative permeability functions fulfill the

following conditions:

Gas only Liquid only

kr‘(0) ¼ 0, kr‘(1) ¼ 1

krg(0) ¼ 1, krg(1) ¼ 0

(36 :9)

Although depending on both initial and boundary

conditions, the relative permeability values are usu-

ally supposed to be the function of saturation only.

Even with this simple assumption, their experimental

determination remains very challenging.

Very few results are available in the literature for

wood. Some data have been published by Tesoro et al.

(1972, 1974). A recent paper by Tremblay et al. (2000)

describes an indirect method to measure this property.

Based on the geometrical model of tracheids pro-

posed by Comstock (1970), Spolek and Plumb (1980)

derived an expression for the relative permeability in

softwoods. This model assumes that all tracheids are

exactly similar and that the wetting-phase distribution

is ideal. Their final expression involves an irreducible

saturation, below which no liquid flux is possible.

This concept of irreducible saturation has been

widely discussed, especially in the context of petrol-

eum production (Dullien, 1992). Depending on the

boundary conditions, one part of the fluid phase

that occupied the medium at the beginning of the

experiment remains in the medium, even though its

flow rate has vanished. This part seems to be trapped

in the medium in what is called a ‘‘pendular’’ state.

The amount of the residual part increases with the

imbibition or drainage velocity. In addition, the

amount of trapped phase after the experiment reduces

with time; surface spreading in the solid phase and the
� 2006 by Taylor & Francis Group, LLC.
edge-capillary pressure are the two mechanisms that

can explain this observation (Dullien, 1992). Due to

the microporosity that exists in the cell walls, such

mechanisms are likely to exist in wood also. However,

the concept of irreducible saturation has led to un-

realistic computed moisture content profiles during

drying (Perré, 1987), though later modeling of soft-

wood drying incorporates a similar concept success-

fully as a mean to account for pit aspiration (Nijdam

et al., 2000). In this case, ‘‘irreducible saturation’’

corresponds to the condition when pit aspiration is

sufficiently advanced such that the remaining free

moisture is immobilized in isolated pockets in the

wood.

Based on the measurements in the longitudinal

direction reported by Tesoro et al. (1972), on the

curve computed from the tracheid model (Spolek

and Plumb, 1980), and on those considerations

regarding the concept of irreducible saturation, the

following functions have been proposed for soft-

woods by Perré et al. (1993) (Figure 36.14):

In the transverse direction (radial or tangential)

kT
rg ¼ 1þ (2S � 3)S2 and kT

r‘ ¼ S3 (36:10)

In the longitudinal direction

kL
rg ¼ 1þ (4S � 5)S4 and kL

r‘ ¼ S8 (36:11)

36.2.2.3 Capillary Pressure

Some works can be found on the determination of

capillary pressure functions in wood. Mercury porosi-

metry exhibits a dramatic effect of the sample thick-

ness in the longitudinal direction (Trénard, 1980). For

short samples, the cell lumens are directly accessible to

the mercury; whereas for longer samples, the liquid has

to pass through the small openings, the pits that exist

between cells, clearly illustrating their bottlenecking

effect. The centrifuge method has been used success-

fully by Spolek and Plumb (1981) on softwoods and by

Choong and Tesoro (1989) on various species. To

determine the moisture content–water potential rela-

tionship of wood, Cloutier and Fortin (1991) used a

tension plate and a pressure plate. This is a drainage

method and their results could easily be converted into

a classic capillary pressure function.

Because certain anatomical features govern the

morphology of wood pores, particular methods can

be applied to wood:

. To compute a capillary pressure curve, Spolek

and Plumb (1981) have developed the geometrical
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FIGURE 36.14 Relative permeability curves calculated using equations (36.10) and (36.11).
model of the tracheid shape proposed by Com-

stock (1970). Although it may be simplistic to

assume that all tracheids have exactly the same

shape, theyobtaineda good trend for the capillary

pressure function by this means.
. Because the longitudinal direction of wood is

very marked, it is quite simple to obtain the

three-dimensional structure of the material

from a cross section. Figure 36.15 depicts the

examples of capillary pressure curves calculated

from microscopic images of cross sections of

wood. In this case, the pore-size distribution

has been calculated using image processing

(Perré, 1997; Perré and Turner, 2002).
36.2.2 .4 Bound -Water Diffusio n

Macroscopic bound-water diffusion results from

transport mechanisms that take place at the micro-

scopic scale, i.e., diffusion of the bound water

through the cell walls and vapor diffusion due to

Fick’s law. At the microscopic scale, these two fluxes

can be expressed as follows:

fb ¼ �rsDb rXb (Bound-water flux) (36 :12)

fv ¼ �rgDv rvv (Vapor flux) (36 :13)

In Equation 36.12 and Equation 36.13, Db and Dv

represent the microscopic bound-liquid and vapor
� 2006 by Taylor & Francis Group, LLC.
diffusivities, respectively having units m2 s �1 and vv

is the mass fraction of vapor in the gaseous phase.

By using the bound-liquid diffusivity data of

Stamm (1963), it is possible to obtain the following

least-squares, best-fit correlation for Db:

Db ¼ exp �12 :82 þ 10 :90 Xb �
4300

T

� �
(36 :14)

where T is the temperature in Kelvin.

On assuming isothermal conditions and constant

total pressure, the microscopic vapor flux can be ex-

pressed with the gradient of the bound-water content

as the driving force by Equation 36.13.

fv ¼ �
Mv

RT 
Dv

@Pv

@Xb

� �
rXb (36 :15)

Within the anatomical structure of wood, any

combination in series or parallel of vapor diffusion

(in lumen and pits) and bound-water diffusion (in the

cell walls) is a possible pathway to drive water from

high to low moisture content regions (Figure 36.16).

Because Equation 36.12 and Equation 36.15 use the

same driving force, the expressions for the macroscopic

bound-water diffusivity in the radial and tangential

directions can be calculated even using homogenization

techniques according to these microscopic properties,

together with the pore morphology (Perré and Turner,

2002). Equation 36.14, derived from specific experi-

mental measurements, exhibits a dramatic increase of
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FIGURE 36.15 Capillary-function curves determined using image analysis. (a) spruce (Picea abies): the cells have thicker

walls and smaller radial extension in latewood part, hence the highest value of the capillary-pressure curve. One also has to be

aware that full saturation is obtained with a lower amount of water in latewood (the porosity of this part is very small); (b)

beech (Fagus sylvatica): because beech is a pore diffuse-porous hardwood species, no significant difference is observed

between these parts. The low capillary pressure obtained for saturation values above 0.2 corresponds to the meniscus radii

located in the vessel elements. The dramatic increase for low saturation values is due to the small lumen diameters of the

parenchyma and fiber cells.
the bound-water diffusivity as the bound moisture con-

tent increases. For this reason, the same trend is pre-

dicted from the calculations or measurements at the

macroscopic scale; bound-water diffusion is always

easier for higher bound-water contents.

When using the gradient of bound water as a

driving force, the macroscopic flux reads

fb ¼ �r0DbrXb (36:16)
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This expression is consistent with the derivation of the

second Fick’s law by using the mass balance equation:

@Xb

@t
¼ r(DbrXb) (36:17)

For the sake of simplicity, the foregoing expressions

have always assumed isothermal conditions. However,

this assumption fails for certain drying processes
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FIGURE 36.16 Moisture diffusion in the hygroscopic

range: any combination in series or parallel of vapor diffu-

sion (in lumen and pits) and bound-water diffusion (in the

cell walls) is able to drive water from high to low moisture

content regions.
(e.g., impingement drying, radio-frequency, or micro-

wave heating). The problem of mass migration due to a

thermal gradient is a matter of scientific debate. Siau

(1984, 1995) gives a good review of possible formula-

tions that can be used in nonisothermal conditions.

36.2.2.5 Physical Formulation

Several sets of macroscopic equations are proposed in

the literature for the simulation of the drying process.

The first fundamental difference between them lies in

the number of state variables used to describe the

process:

. One: moisture content (or an equivalent vari-

able: saturation, water potential, etc.)
. Two: moisture content (or equivalent) and tem-

perature T (or an equivalent variable: enthalpy

etc.)
. Three: moisture content (or equivalent), T (or

equivalent), and gaseous pressure Pg (or an

equivalent variable: air density, intrinsic air

density, etc.)

Perré (1999) gives a critical review of the possibil-

ities and limitations given by these different sets of

equations. The use of moisture content alone is the

basis of many correlations of lumber-drying rates

(see Keey et al., 2000). Doe et al. (1996a) have found

that, at relatively low temperatures (<408C) used in

drying eucalyptus hardwoods, both moisture content

and temperature are needed in their evaluation of

moisture movement. The importance of gaseous
� 2006 by Taylor & Francis Group, LLC.
pressure appears in the simulation of high-

temperature seasoning, vacuum drying, or microwave

drying (Perré and Degiovanni, 1990; Perré and Turner,

1996, 1999a).

As a general rule, a one-variable model (moisture

content only) should be avoided (except, possibly,

when considering kiln behavior), especially because

it is not able to account for the very important coup-

ling that exists during drying between heat and mass

transfer. The two-variable model is appropriate for

most of the drying conditions encountered in indus-

try. Finally, the three-variable model, quite complex,

should be reserved for processes during which the

internal pressure has a significant impact on internal

moisture transport (processes with internal vaporiza-

tion: vacuum drying, high-temperature drying, radio-

frequency drying, etc.).

The second fundamental difference between the

drying models lies in the number of space variables

used to describe the process. One-dimensional

models (thickness) are fast running and allow the

most important phenomena to be caught (trans-

fers and drying stress), as the transfers occur mainly

over the long faces of lumber boards in a kiln. For a

more refined approach, a second direction can be

useful:

. The width is needed for a better evaluation of

drying rate and stress development, in particular

to account for the grain direction and the pres-

ence of both sapwood and heartwood.
. The length is absolutely required in the case of

processes with internal vaporization due to the

huge anisotropy ratios of wood.

Finally, a three-dimensional model allows a compre-

hensive geometrical modeling (Perré and Turner,

1999c).

The most comprehensive macroscopic formula-

tion is presented in this chapter; it accounts for all

transfer mechanisms presented in this section, includ-

ing the effect of internal gaseous pressure [Equation

T1 through Equation T5]. The set of equations, as

proposed below, derives for the most part from Whi-

taker’s works (Whitaker, 1977, 1998) with extensions

required to account for wood properties and drying

with internal overpressure (Perré and Degiovanni,

1990). In the equations set out below, all variables

are averaged over a REV (representative elementary

volume), large enough for average local quantities to

be defined but small enough to avoid variations due

to macroscopic gradients. Although very powerful for

numerous different configurations, these equations

assume equilibrium conditions at the microscopic

level and have some limitations (Perré, 1998).
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where the gas- and liquid-phase velocities are given by the generalized Darcy’s law:

�vv‘ ¼ �
¼
K‘
¼
kr‘

m‘

rw‘, rw‘ ¼ rP‘ � r‘grx (T4)

where ‘ is w, g, the quantity w is known as the phase potential, and x is the depth scalar. All other symbols

have their usual meaning.

Boundary Conditions

For the external drying surfaces of the sample, the boundary conditions are assumed to be of the following form:

Jwjx¼0þ � n̂n ¼ hmcMv ln
1� x1

1� xvjx¼0

� �

Jejx¼0þ � n̂n ¼ h(T jx¼0 � T1)

Pgjx¼0þ ¼ Patm

(T5)

where Jw and Je represent the fluxes of total moisture and total enthalpy at the boundary, respectively, and x

denotes the normal position from the boundary in the external medium.
36.2.3 PROCESS OF DRYING

36.2.3 .1 Lo w-Temper ature Convecti ve Dry ing

Low-temperature convective drying is the most wide-

spread industrial process for seasoning wood in kilns.

In this case, the role of internal gaseous pressure is

almost negligible and transfer occurs mainly in the

direction of the board thickness. Two periods of dry-

ing may be distinguished: (1) a constant drying-rate

period and (2) a decreasing drying-rate period.

36.2.3 .1.1 The Cons tant Drying- Rate Peri od

This stage is very common for certain porous media,

but is rarely seen with wood. However, it exists al-

most always for fresh boards consisting of sapwood

that are dried under moderate conditions (Perré et al.,
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1993; Perré and Martin, 1994). During this period,

the exposed surface of the board is still above the

FSP. As a result, the vapor pressure at the surface is

equal to the saturated vapor pressure, and is a func-

tion of the surface temperature only.

Coupled heat and vapor transfer occur across in

the boundary layer (Figure 36.17). The heat flux sup-

plied by the airflow is used solely for transforming the

liquid water into vapor. During this stage, the drying

rate is constant and depends only on the external

conditions (temperature, relative humidity, velocity,

and flow configuration). The temperature at the sur-

face is equal to the wet-bulb temperature. Moreover,

because no energy transfer occurs within the medium

during this period, the whole temperature of the

board remains at the wet-bulb temperature.
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The exposed surface is supplied with liquid water

coming from the inside of the board by capillary

action; the liquid migrates from regions with high

moisture content (liquid–gas interfaces within large

pores) toward regions with low moisture content

(liquid–gas interfaces within small pores).

The constant drying-rate period lasts as long as the

surface is supplied with liquid. Its duration depends

strongly on the drying conditions (magnitude of the

external flux) and on the medium properties. The li-

quid flow inside the medium is expressed by Darcy’s

law (permeability � gradient of liquid pressure).

36.2.3 .1.2 The Decr easing Drying- Rate Pe riod

Once the surface attained the hygroscopic range,

the vapor pressure becomes smaller than the satur-

ated vapor pressure (Figure 36.18). Consequently, the

external vapor flux is reduced and the heat flux sup-

plied to the medium is temporarily greater than what

is necessary for liquid evaporation. The energy in

excess is used to heat the board, the surface at first

and then the inner part by conduction. A new, more

subtle, dynamic equilibrium takes place. The surface

vapor pressure, hence the external vapor flow, depends

on both temperature and moisture content. To main-

tain the energy balance, the surface temperature in-

creases as the surface moisture content decreases. This
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leads to a decreasing drying rate (the heat supplied by

the airflow becomes smaller and smaller).

A two-zone process develops inside the wood: (1)

an inner zone, where liquid migration prevails, and

(2) a surface zone, where both bound-water and

water-vapor diffusion take place. During this period,

a conductive heat flux must exist inside the board to

increase the temperature and to evaporate the liquid

driven by gaseous diffusion. The region of liquid

migration naturally reduces as the drying progresses

and finally disappears. The process is finished when

the temperature and the moisture content attain the

outside air temperature and the EMC, respectively.
36.2.3 .2 Dry ing at High Temper ature: The Effect

of Inter nal Pressur e on Mass Tr ansfer

To reduce the drying time without decreasing the

quality of the dried product, the drying conditions

must be such that the temperature of the product is

above the boiling point of water. Such conditions

ensure that an overpressure exists within the material,

which implies that a pressure gradient drives the

moisture (liquid or vapor) toward the exchange sur-

faces (Lowery, 1979; Kamke and Casey, 1988).

At normal atmospheric pressure, the boiling point

of water equals 1008C. Consequently, in order to
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obtain an internal overpressure, the temperature of

the porous medium must be above that level during at

least one part of the process. This is the aim of con-

vective drying at high temperature (moist air or

superheated steam) and a possible aim of contact

drying or drying with an electromagnetic field (micro-

wave or radio frequency).

However, as shown in Figure 36.19, it is possible

to reduce the boiling point of water by decreasing the

external pressure and, consequently, to obtain a high-

temperature effect with relatively moderate drying

conditions. This is the principle of vacuum drying,

particularly useful for lumber that would be damaged

by high temperature levels.

Whenever an overpressure exists inside a board,

the large anisotropy ratios imply intricate transfer

mechanisms. Heat is often supplied in the thickness

direction while, in spite of the length, the effect of

the pressure gradient on gaseous (important for low

moisture content) or liquid migration (important for

high moisture content) takes place in the longitudinal

direction (Figure 36.20). This is a result of the ana-

tomical features of wood. In the case of very intensive

internal transfer, the end piece can be fully saturated

and, sometimes, moisture can leave the sample in the

liquid state. (This is quite easy to observe during

microwave heating.)
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36.2.3 .3 Ty pical Drying Behavior : Differenc e

be tween Sapwood and Hear twood

In a tree, freshly cut down and sawn, it is easy to

distinguish sapwood from heartwood (by touch or by

sight). But a few days later, the loss of surface moisture

content makes it impossible to do that. Nevertheless, in
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the case of high-temperature drying, the increase of

internal pressure gives rise to longitudinal migration

of liquid toward the end pieces, provided that the

permeability and the moisture content are high

enough. This is a good way to spot sapwood after a

few hours of drying (Figure 36.21b). This phenomenon

can be observed in industrial kilns (Figure 36.21c).

To illustrate the effect of these differences on the

drying process, Figure 36.22 depicts drying experi-

ments carried out with superheated steam at 150 8C
on both sapwood and heartwood of Norway spruce
(a)  A stack at the beginning of the drying

(b)  The same stack after a few hours of drying
 at high temperature

SapwoodHeartwood

(c)

FIGURE 36.21 A stack of boards during high-temperature dry
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(Picea abies). They are representative of the trends

observed by different authors (Salin, 1989; Pang et al.,

1994; Perré and Martin, 1994).

After the initial transient period, the constant dry-

ing-rate period takes place for the sapwood board.

During this period, which lasts several hours, all

temperatures are equal to the wet-bulb temperature

and the overpressure remains very small. At the be-

ginning of the second drying period (around 350

min), an important overpressure develops due to

the temperature increase. It disappears only when the
Sapwood  Heartwood

ing (shaded areas indicate wet zones).
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FIGURE 36.22 Experiment on spruce (Picea abies) dried with superheated steam at 1508C. Temperature and internal

pressure at different locations. Note the difference between sapwood (a) and heartwood (b).
entire board enters the hygroscopic range. At this

moment, all temperatures approach the dry-bulb

temperature.
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The results obtained for heartwood are quite dif-

ferent. No constant drying-rate period can be ob-

served. Just a short plateau at the boiling point
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FIGURE 36.23 Moisture content loss obtained for sapwood

and for heartwood (same experiments as in Figure 36.22).

TABLE 36.8
Intrinsic Permeabilities Used in the Drying Modeling

Direction Heartwood Sapwood

Longitudinal

Gas 10�13 m2 2.10�13 m2

Liquid 10�13 m2 10�12 m2

Transverse

Gas 10�16 m2 2.10�16 m2

Liquid 10�16 m2 10�15 m2
is detectable at the rear end of the board (T8).

Consequently, the overpressure remains high (espe-

cially for the center pressure P3) up to the end of the

drying. The maximum pressure is higher for heart-

wood than for sapwood. The differences in drying

kinetics are of great interest. In spite of the high initial

moisture content of sapwood (170% against 60%), the

permeability of heartwood is so low that the curves

cross each other at 450 min of drying (Figure 36.23).

This is consistent with the observations on entire

stacks (Salin, 1989).

The strategy of simulating the differences between

heartwood and sapwood lies in only two sets of param-

eters: the permeability and the initial moisture content

(for these experiments, 180% for sapwood and 70% for

heartwood). The values of permeability used to differ-

entiate sapwood from heartwood (Table 36.8) are

based on the considerations concerning pit aspiration.

By using only these differences, Perré and Turner

(1996) found that all the trends observed for sapwood

and heartwood were found in the simulated results.

The most spectacular effect is the longitudinal flow

due to the overpressure (Figure 36.24). In the case of

high-temperature convective drying, the sapwood

board delivers a large supply of water to the end

piece after 5 h, while the heartwood end piece is

already within the hygroscopic range. These carpet

plots should be compared with Figure 36.21.

36.2.4 MECHANICAL A SPECTS OF WOOD DRYING

36.2.4 .1 Mech anical Behavior of W ood

Industrial wood drying consists of not only re-

moving moisture from greenwood but also ensur-

ing that its quality (fitness for purpose) is adequate

in end use. Because wood shrinks during drying,

deformations and stresses develop that can lead to
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unusable products (Figure 36.25). The understanding

of these aspects must account for the complex mech-

anical behavior of wood, including its memory effect.

Shrinkage is the ‘‘driving’’ force for drying stress,

i.e., without shrinkage, no drying stresses would de-

velop. Figure 36.26 exhibits the dimensional variation

of an unladen sample with the moisture content

(the latter is assumed to be uniform). Under normal

conditions, the dimensions do not change until the

moisture content attains a moisture content close to

the acknowledged FSP. This condition is sometimes

called SIP. Then, the dimension variations are almost

proportional to the change in moisture content. This

strain field is called free shrinkage.

A sample subjected to tensile or compressive stress

(Figure 36.27) exhibits the instantaneous deformation

(elastic part) at first, which then increases with time

(viscoelastic creep). After cycling the moisture con-

tent to and from a higher moisture content, the creep

has been significantly greater due to mechanosorptive

action.

Thus, a sample subjected to a compressive stress

(as shown in case 1, Figure 36.28) exhibits a smaller

length at the end of drying than an unloaded speci-

men (case 2), which itself has a smaller length than

the sample subjected to a tensile stress (case 3). In

this experiment, the viscoelastic behavior acts be-

cause of time and the mechanosorptive behavior

acts because of the removal of water molecules due

to drying.

These ideas can now be applied to the drying of

lumber boards, which is assumed to be stress-free at

the beginning. At the beginning of drying (constant

drying-rate period), sap throughout the entire board

remains free. No shrinkage occurs; hence, stress

buildup is absent.

At the beginning of the second drying period,

shrinkage exists close to the exposed surfaces

(Figure 36.29a). At this moment, if the section was

cut into slices, the outer slices would have a shorter

length than the inner ones (Figure 36.29b). This dis-

placement field is not compatible and induces, in the
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FIGURE 36.24 High-temperature drying (140/858C). Carpet plot after 5 h of drying. Internal overpressure, resaturation of

the end piece, thermal conduction along the thickness, and end piece close to the wet-bulb temperature are evident on these

plots. Note the high value of internal pressure and the absence of end-piece resaturation obtained for heartwood (b).
actual section, a tensile stress in the surface layers and

(because of equilibrium conditions) a counteracting

compressive stress in the core layers (Figure 36.29c).

During this period, surface checking is possible.

From this point onward, the wood layers dry under

load.

As the drying proceeds, viscoelastic creep develops,

together with mechanosorptive creep. The outer slices

appear similar in configuration to that exhibited for

slice n83 in Figure 36.28, while the internal slices resem-

ble slice n 81. Consequently, in spite of the flat moisture

content profile, slicing the section at the end of the

drying would give picture Figure 36.30b; the core slices,

dried under compression, are smaller than the outer

ones, dried under tension. In the actual section, com-

pressive stress exists in the inner part (Figure 36.30c).

This phenomenon is known as stress reversal or case-

hardening. The residual stress level depends on many

parameters (growth history, sawing pattern, drying

conditions, species, thickness, etc.), which provide most

of the problems of drying optimization. In addition,

one must keep in mind that gradients of moisture

content, strain, and stress exist along the thickness.

This explains the curvature of the slices observed in
� 2006 by Taylor & Francis Group, LLC.
prong test or cup method commonly used in industry

to assess stress levels (Figure 36.31). When the inner

tensile stress is too high, internal checking occurs

(Figure 36.25). An interesting simulation of this test

can be found in Dahlblom et al. (1994).

36.2.4 .2 Dry ing Stres s Fo rmulation

During drying, shrinkage appears in all parts of the

board for which the moisture content X is within the

hygroscopic range. The shrinkage strain is proportional

to the difference between the local moisture content and

the local value of the moisture content at fiber saturation

at the same temperature. A deformation field noted, «sh,

is defined in the material’s axes by Equation S1.

If this deformation field does not fulfill the geo-

metrical compatibility, a strain tensor «mec related to

stress is generated. The constitutive equation, which

represents the mechanical behavior of the material,

relates this strain tensor «mec and the stress tensor.

Due to the memory effect of wood, this tensor «mec

has to be divided into two parts: (1) an elastic strain,

«elas, connected to the actual stress tensor and (2) a

memory strain, «mem, which includes all the strain due



to the history of that point («mem can deal with plas-

ticity, creep, mechanosorption, etc.).

The geometrical compatibility applies to the

total strain field «tot. When solving the mechanical

problems in terms of displacement, the total strain

tensor is deduced from the displacement field and this

geometrical condition is automatically fulfilled within

the domain. The stress fieldmust satisfy the localmech-

anical equilibrium and the boundary conditions.

Finally, the complete formulationof the stress problem

is given by Equation S1 through Equation S4.
«sh ¼ H(~xx)

A

0

0

2
4

with

H(~xx) ¼ 0

X (~xx)� Xfsp

�

«mec ¼ «elas

«tot
ij ¼ 1

2
(ui, j þ uj,i) over V

sij, j þ rfi ¼ 0 over V

sij ¼ aijkl(«
tot
kl � «0

kl) over V with «0 =

sijnj ¼ Ti on GTi

ui ¼ Di ¼ 0 on GDi

8>>>><
>>>>:

Remarks:

. This static formulation requires that boundary an

. G is the surface surrounding the domain V. GDi
re

of the displacement is known and GTi
to the subd

force is known. In order to ensure the uniqueness

on the boundary conditions: 8i, mes(GDi
) > 0. Ot

motion.
. As wood is orthotropic, each behavior law inv

common to define the inverse of aijkl that, for th

Hooke’s law:

«LL

«RR

«TT

2«LR ¼ gLR

2«LT ¼ gLT

2«RT ¼ gRT

2
6666664

3
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1
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36.2.4.3 Memory Effect

While describing the strain field, «mem, lies the entire

problem of developing a constitutive model for

wood, which requires both theoretical and numerical

work. Comprehensive formulations are also very

difficult to characterize (Ranta-Maunus, 1975). The

problem lies in the fact that the memory effect of

wood depends not only on the temperature and mois-

ture content values but also on their variations in time

and on the history of their variations in time. This
0 0

B 0

0 C

3
5 (S1)

if X (~xx) $ X fsp

if X (~xx) # X fsp

þ «mem (S2)

«sh + «mem and 8i , GDi
� GTi

= G (S3)

d volumetric forces satisfy the global equilibrium.

fers to the subdomain of G where the i component

omain of G where the i component of the traction

of the solution, additional conditions are required

herwise, the solution is defined within a rigid body

olves nine independent terms. In fact, it is more

e case of linear elasticity, leads to the generalized

�TL

ET

0 0 0

�TR

ET

0 0 0

1

ET

0 0 0

0
1

GLR

0 0

0 0
1

GLT

0

0 0 0
1

GRT

3
777777777777777775
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sRR

sTT
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2
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3
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FIGURE 36.25 Two examples of mechanical degrade during wood drying: board deformation and internal checking.

Greenwood
SIP Oven-dried

Moisture content

Length

SIP0

FIGURE 36.26 Wood shrinkage: the shrinkage intersection point (SIP), often close to 30%, depends on species and

temperature.
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FIGURE 36.27 Viscoelastic and mechanosorptive behavior of wood. (Adapted from Perré, P., The numerical modeling of

physical and mechanical phenomena involved in wood drying: an excellent tool for assisting with the study of new processes,

Tutorial, Proceedings of the Fifth International IUFRO Wood Drying Conference, Québec, Canada, 1996, 9–38.)
subject remains a matter of some scientific debate (Keey

et al., 2000).

Nevertheless, in the case of drying, the moisture

content only decreases and some simplifications

apply. Here, only the most common way to express

creep and mechanosorptive effect will be presented.

The general formulation of the time dependency of

the creep property involves the whole stress history:

«ij ¼
ðt

�1

Jijkl(t � t 0)
d skl

dt 0 
dt0 (36 :18)

where Jijkl(t) is the creep compliance tensor and t is

the actual time. The experimental creep function is

often analyzed as a number of Kelvin elements in

series (Figure 36.32), each having the property of
Load

Time t  =  0+ high
moisture content

1 32

Load

Dryin

FIGURE 36.28 Dimension changes of a specimen loaded during

physical and mechanical phenomena involved in wood drying: a

Tutorial, Proceedings of the Fifth International IUFRO Wood D
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a spring and dashpot in parallel (Genevaux, 1989;

Martensson, 1992; Mohager and Toratti, 1993; Han-

hijärvi, 1999 Passard and Perre, 2005). In the case of

uniaxial load, this leads to

J(t) ¼ J0 1 þ
XN
n ¼1

an(1 � e
�t
tn )

 !
(36 :19)

The temperature and moisture dependency of that

function can be expressed using a material time or

changing the characteristic time tn. The thermal acti-

vation, for example, is often expressed with the aid of

an Arrhenius law:

tn ¼ t1n exp �DWn

RT

� �
(36 :20)
1 32g

Time t   low
moisture content

drying. (Adapted from Perré, P., The numerical modeling of

n excellent tool for assisting with the study of new processes,

rying Conference, Québec, Canada, 1996, 9–38.)
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FIGURE 36.29 Appearance of drying stresses following

shrinkage. (Adapted from Perré, P., The numerical model-

ing of physical and mechanical phenomena involved in

wood drying: an excellent tool for assisting with the study

of new processes, Tutorial, Proceedings of the Fifth Inter-

national IUFRO Wood Drying Conference, Québec, Can-

ada, 1996, 9–38.)

End of dryingSecond drying period

Prong
test

Cup
method

FIGURE 36.31 Two experimental methods used to assess

drying stresses.
where DWn is the activation energy associated to

element n.

The mechanosorptive effect occurs as soon as the

moisture content changes during load. The simpler

way to express this effect consists in assuming that

the strain rate depends linearly on both the stress field

and the time derivative of the moisture content ḣ:

_««ms
ij ¼ mijkl skl(sign ḣ)ḣ (36 :21)

The mechanosorptive strain rate is always in the dir-

ection of the stress field, hence the factor sign _uu in

Equation 36.21.

A three-dimensional resolution is very costly in

terms of calculation time and computer memory

space. The need for such a cost is justified whenever

the objective of the calculation lies in evaluating the

overall deformation of the board. In this way, the

effect of reaction wood, fiber angle, and property
FSP

(a) (c)(b)

End of drying

Xeq

Tensile
stress

Compressive
stress

FIGURE 36.30 Stress reversal due to the memory effect of

wood. (Adapted from Perré, P., The numerical modeling of

physical and mechanical phenomena involved in wood

drying: an excellent tool for assisting with the study

of new processes, Tutorial, Proceedings of the Fifth Inter-

national IUFRO Wood Drying Conference, Québec,

Canada, 1996, 9–38.)
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variations can be analyzed. Good examples of these

possibilities can be found in the literature (Dahlblom

et al., 1994, 1996; Ormarsson, 1999). Nevertheless, to

study the stress development within a section far

from the ends of the board, a two-dimensional simu-

lation is sufficient. A ‘‘planar displacement’’ formula-

tion has to be used in this case, assuming small

displacements (Perré and Passard, 1995; Chen et al.,

1997a)or largedisplacements (MaugetandPerré, 1999).

36.2.4 .4 Stres s Deve lopm ent dur ing Dry ing:

So me Exampl es

All examples presented in this section, except the non-

symmetric case, refer to a flatsawn board of heart-

wood, 20-mm thick and 40-mm wide. They have been

computed using the computer code Transpore (Perré

and Turner, 1996b and c, 1999; Mauget and Perré,

1999; Perré and Passard, 2002;). Figure 36.33 depicts

the moisture and stress fields calculated at different

drying stages for quite severe conditions at a medium

temperature level (Td ¼ 80 8C, Tw ¼ 60 8C). After 6 h

of drying, the external part of the section is within the

hygroscopic range, which gives rise to tensile stress due

to shrinkage in the zones close to the exchange surface.

As a consequence of the mechanical equilibrium, in-

ternal zones undergo compressive stress. A negative

shear stress exists close to the edge (the right angles

have decreased). At the end of the drying process (60 h)

the moisture content is almost equal to the EMC (7%)

throughout the section. The stress reversal due to the

memory effect of wood is clearly exhibited. It can be

noted that the shear stress also changes in sign.

When a face of a board is insulated, the dry-

ing conditions are not symmetrical anymore and
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FIGURE 36.32 Modeling the viscoelastic behavior of wood with the number of Kelvin elements in series.
significant section deformations can be observed ex-

perimentally (Brandão and Perré, 1996). Figure 36.34

is an example of nonsymmetrical drying. In order to

increase the section deformation, a thin quartersawn

board has been simulated, here 5 mm by 80 mm. The
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FIGURE 36.33 Moisture content and stress fields after (a) 6 h a
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large displacement formulation is essential in this

case. In this configuration, one part of the drying

stress is transformed into section deformation; hence

the stress-reversal phenomenon induces a negative

final curvature.
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FIGURE 36.34 Example of nonsymmetrical drying: moisture content and section deformation (80/608C).
The next example illustrates three different con-

stant drying conditions chosen to analyze the possibil-

ities of prediction (Td stands for dry-bulb temperature

and Tw for wet-bulb temperature):
� 20
1. Td ¼ 40 8C, Tw ¼ 358C; mild conditions at low

temperature (EMC ¼ 15%)

2. Td ¼ 80 8C, Tw ¼ 60 8C; rather severe condi-

tions at medium temperature (EMC ¼ 7%)

3. Td ¼ 80 8C, Tw ¼ 76 8C; mild conditions at

medium temperature (EMC ¼ 14%)
Figure 36.35 depicts the variations of the averaged

moisture content and the stress level (direction paral-

lel to the exchange surface) at different positions vs.

time. All tests show a first drying period, without

drying stress, then a stage with tensile stress in the

peripheral zones, and finally the last drying stage that

exhibits the stress reversal. However, the duration of

each stage and the stress level depend strongly on the

drying conditions.

For the mild drying conditions at low temperature

(Td ¼ 408C, Tw ¼ 35 8C), the drying time is rather

important. The first drying period lasts for around 10 h

and the stress level is high for both the second drying

stage and the final drying stage. The drying condi-

tions are mild concerning heat and mass transfer,

while the temperature level is not high enough for

the creep field to relax the stress field; the final stress

level reveals the importance of the memory effect.
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As a consequence of the low relative humidity of

air, the second test (Td ¼ 80 8C, Tw ¼ 60 8C) is very

fast. However, both the maximum tensile stress level

and the final stress reversal are important; the rapid

external transfer imposes a high moisture content

gradient within the board. In addition, the viscoelas-

tic creep is not sufficient to cancel the memory effect.

At the beginning of drying, the board temperature is

close to the wet-bulb temperature, which is below the

glass-transition zone (Geoffray 1984, Goreng 1963,

Salmen 1984, Ostberg et al. 1990, Passard and Perre

2001). At the end of drying, the temperature level is

sufficient for greenwood, but not for the dry part of

the board to activate the viscoelastic behavior. Con-

sequently, the outer parts, which are close to EMC,

are below the glass-transition zone.

In the third test (Td ¼ 80 8C, Tw ¼ 76 8C), the

difference in moisture content between surface and

core remains low. The first drying period lasts an

important part of the total drying time. Due to the

high value of EMC, the board temperature is always

above the softening zone; consequently, all stress

levels remain very low. These conditions allow wood

of good quality to be obtained relatively free of stress

reversal with a moderate drying time (less than 150 h

against 400 h for the low-temperature test).

These simulations are in good agreement with

nonsymmetrical drying experiments performed on

oak (Quercus rubra) boards using the same drying

conditions (Figure 36.36; Perré, 2001). However, a
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FIGURE 36.35 Averaged moisture content and sxx vs. time: (a) Td ¼ 408C, Tw ¼ 358C; (b) Td ¼ 808C, Tw ¼ 608C; and

(c) Td ¼ 808C, Tw ¼ 768C.
closely similar schedule for another hardwood

(Nothofagus truncata) resulted in gross deformations

and thermal degradation due to the high extractives

content of the wood (Grace, 1996).

Based on this reasoning, new drying procedures

have been devised and tested on different tropical

species, including numerous tests in industrial kiln of

100-m3 capacity (Aguiar and Perré, 2000b). The prod-
� 2006 by Taylor & Francis Group, LLC.
uct quality was always very good, often with very little

checking and rather less deformation than with

conventional drying. Most importantly, this method

needs only one half to one third of the time required

for drying according to conventional schedules.

The code can also be used to test different drying

schedules (Figure 36.37). The first one (Schedule A) is

recommended for softwoods while the second one



FIGURE 36.36 Final section curvature of oak samples dried on their upper face with conditions n 2 (Td ¼ 808C, Tw ¼
608C) and n3 (Td ¼ 808C, Tw ¼ 768C), respectively.

Schedule A

Average

Moisture

Content (%)

Dry-Bulb

Temperature

(8C)

Wet-Bulb

Temperature

(8C)

Relative

Humidity

(%)

Green 71 66 80

50 76.5 68.5 70

30 82 70.5 60

20 88 67.5 40

Schedule B

Average

Moisture

Content (%)

Dry-Bulb

Temperature

(8C)

Wet-Bulb

Temperature

(8C)

Relative

Humidity

(%)

Green 40.5 38 85

60 40.5 37 80

40 43.5 39 75

35 43.5 38 70

30 46 39.5 65

25 51.5 43 60

20 60 47.5 50

15 65.5 49 40
(Schedule B) is recommended for hardwoods. Sched-

ule B proposes lower temperature levels and higher

relative humidity values. In this drying schedule,

EMC decreases significantly only at the end of the

process, when the board is supposed to be dry with a

low moisture content gradient. As the first conse-

quence of these drying conditions, one can notice a

much longer drying time for Schedule B (130 h

against 50 h). The first drying period lasts also for a

longer time for the second procedure (30 h instead of

10 h). It may be noted that the first drying–period

duration represents about the same percentage of the

total drying time for both schedules. This remark still

stands for the stress level. One can easily consider a

relative time (current time over total drying time) at

which all curves have the same shape and the same

stress magnitude.

In the first example, the advantages to be gained

from using a high relative humidity level (low mois-

ture content gradient, high hygroactivation of the

viscoelastic behavior) hardly offset the negative ef-

fect of the low temperature levels (slow moisture

migration and low thermoactivation of the viscoe-

lastic behavior). A careful analysis of these ap-

proaches is very promising. New rules can be
� 2006 by Taylor & Francis Group, LLC.
derived to improve existing drying schedules or to

devise innovative drying procedures.
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FIGURE 36.37 Simulation of two different drying schedules: moisture content, temperature, and stress level at different

positions vs. time.
An alternative procedure in improving kiln sched-

ules has been the estimation of strain levels to provide a

safe envelope of dry- and wet-bulb temperatures in kiln

operation. One industrial method uses acoustic emis-

sions on sample boards to determine a stress threshold

to keep the surface strain under 50 to 75% of the esti-

mated ultimate value (Doe et al., 1996b). Later opti-

mized schedules have been developed by Langrish et al.

(1997) using a model predictive control technique to

keep within the strain criterion. The technique reduced

the number of small- and medium-sized cracks, both

internally and at the surface, to less than one quarter of

those observed in the original conventional schedule.

36.2.5 DRYING QUALITY

36.2.5 .1 F actors Affecti ng the Dry ing Dura tion

Let us assume that the duration of drying is the single

important factor. In this case, heat and mass transfer
� 2006 by Taylor & Francis Group, LLC.
only are to be considered (Figure 36.38). Some param-

eters depending on the load are important, but they are

not under control:

. The thickness is a very important parameter

(roughly speaking, the drying time increases as

the thickness doubled)
. The transfer properties of the wood (diffusivity,

permeability, capillary pressure, thermal con-

ductivity, etc.)

In conventional drying, the controlled parameters

are the dry- and wet-bulb temperatures as well as the

velocity of the airflow. These three parameters deter-

mine the external heat- and mass-transfer rates:

. The ‘‘drying potential’’ of the air flow is the

heat-transfer coefficient (which increases with

the air velocity) times the difference between

dry- and wet-bulb temperatures.
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FIGURE 36.38 Guidelines on how to obtain a fast drying operation (from good to excellent and from poor to
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. The air velocity also plays an important role in

uniform drying within the stack. However, its

effect becomes less important as the drying pro-

gresses when internal transfer mainly controls

the moisture migration.

In addition, we have to keep in mind some more

subtle effects:

. The internal transfer (diffusion, liquid migra-

tion) becomes easier when the temperature

level increases.
. Above the boiling point of water, an additional

driving force, the gradient of total pressure, acts

with a dramatic effect (Perré, 1995). Drying

by internal vaporization takes place in such

conditions.
. The internal transfer rates depend on the local

moisture content (liquidmigration is usuallymuch

more effective than bound or vapor diffusion).

In addition, diffusion becomes very slow when

the bound-water content decreases toward zero.

In general, the drying time is reduced when the

velocity and the temperature of air are high and its

relative humidity is low. However, an excessively low

relative humidity may produce a surface zone with low

moisture content, thus reducing moisture migration

close to the surface. All high-temperature arrange-

ments (convective drying at high temperature, vacuum

drying, contact drying, etc.) are processes that acceler-

ate internal moisture migration due to the overpres-

sures generated within the product.

Finally, drying with electromagnetic heating

(microwave or radio frequency) offers an entirely
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new possibility: any internal temperature can be

attained without resorting to a heating medium such

as a hot gas.

36.2.5 .2 Fac tors Affecti ng the Dry ing Qual ity

Drying stresses originate from shrinkage; as soon as

the shrinkage field within the board is not geometric-

ally compatible, a stress field develops in the material,

which is responsible for mechanical degradation. In

order to reduce the stress level throughout the pro-

cess, and thereby the surface checking, the internal

checking, and the residual stress, several conditions

should be fulfilled (Figure 36.39):

. Low shrinkage coefficients, not under control

. Small thickness, not under control

. Low moisture content values between surface

and core
. Retaining important possibilities of viscoelastic

creep (mechanosorptive creep is always a source

of stress reversal); such an effect is obtained at

high temperatures, provided the moisture con-

tent is sufficiently high (Irvine, 1984)

It may be noted that a low-temperature level is some-

times desired (for example to avoid collapse), because

a high-temperature level may produce thermal deg-

radation or discoloration.

36.2.5 .3 Cr iteria for Obtaini ng a Fast and Good

Dry ing Pro cess

A fast and good drying process should incorporate the

criteria listed in Section 36.2.5.1 and Section 36.2.5.2,
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which are, to a large extent, contradictory. Numerous

mechanisms involved during drying have to be con-

sidered (Figure 36.40).

Because of this complexity, compromises have to

be found. Nevertheless, some general rules can be

listed (Figure 36.41):

. Rule 1: high relative humidit y. To ensure a low

moisture content gradient, one way is to reduce

the drying potential (wet-bulb depression) as

much as possible. In addition, this condition

imposes a relatively high value of EMC (only

one part of shrinkage is effected and the influ-

ence of temperature on the viscoelastic creep is

not inhibited by a relatively low moisture con-

tent level). However, a high relative humidity

value can activate the development of fungi.
. Rule 2: high tem perature. A high value of tem-

perature is most often a positive factor. This

accelerates the internal moisture transfer and

activates the viscoelastic creep. However, care

should be taken with sensitive species; high tem-

perature levels can increase the risk of collapse,

problems of color, or even thermal degradation

of the wood constituents.
. Rule 3: high air velocity. A high air velocity

promotes good uniformity of drying throughout

the stack. However, a higher velocity increases

the electricity consumption and may produce,

by the heat-transfer coefficient, an excessively

high external transfer flux, which is opposite to

the effect intended in Rule 1.

Concerning moisture transfer, Rule 1 and Rule 2

mean that internal transfer has to be increased whereas

external transfer should be reduced. Exceeding the
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boiling point of water is decisive for internal transfer.

However, these rules also require the temperature to

be high with a high value of relative humidity. Such

conditions may be difficult to ensure for certain

dryers. Innovative drying procedures may need new

dryer designs. Finally, too often, the effect of tem-

perature and moisture content on the viscoelastic

behavior is disregarded in the optimization of drying

schedules. The situation strongly differs from one

species to the other. Usually, softwood species are

quite easily dried. On the other hand, hardwoods are

often intractable because of their low permeability.
36.3 KILN SCALE

36.3.1 LUMBER QUALITY

The ultimate fitness for the purpose of dried lumber

depends not only on the chosen drying conditions but

also on the lumber quality itself. This quality may be

thought of in terms of gross defects such as knots as well

as intrinsic wood properties such as the degree of anisot-

ropy. Drying, which causes anisotropic shrinkage, inter-

acts with various wood features in various ways. The

objective of kiln seasoning, then, is to acknowledge this

interaction by setting process conditions that yield dried

lumber to the specifications in terms of a grade for an

end use. There is a world of difference between drying

decorative hardwoods and drying structural softwoods.

Increasingly, kiln operators are drying wood from

ever younger, fast-growing stands rather than from ma-

ture, old-growth forest. The drying behavior of this new

kind of wood is requiring operators to adapt traditional

processes on the basis of better understanding of the

drying mechanism, as outlined in the previous sections.
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36.3.1 .1 Gros s Features of Wood

Most hard pines and Douglas-fir (Pseudotsuga men-

ziesii) show large differences in green density and the

amount of water in logs, varying with age and height

up the stem. Figure 36.42 illustrates these variations

for P. radiata (Cown, 1992). The large amount of

water in the younger trees and the top logs of

older trees add to both the costs of transport from

the forest to the mill and the energy costs of kiln
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drying. Generally, the green moisture content in soft-

woods lies in the range of 150 to 200% in sapwood and

in the range of 30 to 80% in heartwood.

However, unlike softwoods, the green moisture

contents of sapwood and heartwood of hardwoods

are roughly comparable, and there is little variation

with age and position in the tree’s stem (Forest Prod-

ucts Laboratory, 1999). Depending on the species and

its density, the green moisture content for hardwoods

ranges from 50% to about 100%.
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The term wetwood refers to the discoloration that

occurs with high moisture contents in both soft- and

hardwoods. Wetwood differs from the wood held in

wet storage, as it is a slow-drying tissue confined

mainly to heartwood. An acrid odor is associated

with anaerobic and other bacteria that can live with

very little oxygen in the wetwood, which is found with

ring failure and frost damage in the standing forest.

Weakened cell walls enhance the susceptibility of the

wood to collapse and check, even under mild sched-

ules. The practical difficulty in drying wetwood lies in

the danger of overdrying the bulk of lumber.

In the drying of softwoods, it may be important to

segregate heartwood from sapwoodbecause of the large

differences in moisture saturation and drying behavior.

In spite of the high difference in the green moisture

content, the drying time can sometimes be comparable

for sapwood and heartwood (Salin, 1989; Perré and

Martin, 1994). However, with species like P. radiata,

even though the heartwood is much less permeable than

the sapwood, the latter takes twice the time to dry

(Haslett, 1998). The presence of heartwood influences

the drying of lumber in other ways. Sometimes, for

some tropical hardwood species, there is reduced

shrinkage, a desirable feature, due to the bulking of

cell walls by extractives. There are also greater volatile

emissions from the kiln’s exhaust, especially in high-

temperature drying, with implications for meeting ever

increasing environmental and health standards.

Although many lumber-grading procedures pre-

sume that each knot is a defect and that boards are

graded on the basis of the extent of clearwood, many

highly valued decorative woods contain knots and

other blemishes. Small knots, which may add charac-

ter to the wood, may create no difficulties in drying,

whereas large knots or knotty clusters can cause

problems in both drying and subsequent manufactur-

ing. Whenever visual characteristics are unimportant,

such as the requirements for structural timber, knots

and knotholes are of little concern.
TABLE 36.9
Undesirable Features in Juvenile Wood of Pinus spp. as

Features

Above-average amounts of compression wood, especially in butt log

Large microfibril angle in initial growth rings, especially in butt log

Severe spiral grain in the first few growth rings, especially above butt lo

Above-average hemicellulose content

High moisture content in sapwood of young trees

Lower basic density

Source: Keey, R.B., Langrish, T.A.L., and Walker, J.C.F., The Kiln-Dr
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Large dead knots (where the growing stem has

encased a dead branch over the years), however, can

be a problem, either falling out during drying or

causing difficulties in later millwork. The width of

checks associated with knots increases with the knot

diameter, and chipping out of knots during machin-

ing has been found to treble the level of board rejec-

tion for unacceptable knot checks (Haslett, 1998).

The gradual exhaustion of natural forest resources

has forced the industries to accept juvenile wood from

plantations and second-growth forests. Although ju-

venile wood is often considered unsatisfactory, result-

ing in inferior solid wood products, some juvenile

wood, being of higher density, can be of better quality

than some mature wood. Some of the deficiencies of

juvenile wood for fast-grown pines are set out in

Table 36.9, ranked subjectively in the decreasing

order of significance.

Similar differences between mature and juvenile

wood occur in hardwoods. Further, large growth-stress

gradients are often present in younghardwood trees. To

reduce this problem, it is wise to prolong the rotation of

plantation hardwoods until the butt-log diameter is at

least 0.6 m. (Keey et al., 2000). Although juvenile wood

is still there as long as there are living branches where

the wood is formed, the proportion of such wood is

much less in the larger-diameter trees.

36.3.1.2 Intrinsic Features of Wood

Wood density is regarded as the easiest and most

reliable measure of wood quality. Data from the dry-

ing of 106 North American hardwoods show that the

volumetric shrinkage of wood increases with its basic

density (Stamm, 1964). There is also a correlation

between the permeability and the basic density for

the sapwood of a softwood (Nijdam and Keey,

2000). Presorting a sapwood load into high-density

and low-density groups can reduce the moisture vari-

ability of the final recombined kiln-dried boards.
They Affect Solid Wood Quality

Effects

Problems with crook, bow, and stiffness

Problems with crook, bow, and stiffness

g Problems with twist

Enhances any instability in lumber

Higher transport and drying-energy costs

Increased potential for collapse during high-temperature drying

ying of Lumber, Springer, Berlin, 2000.
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In practice, however, it is not easy to distinguish the

effect of density with that of moisture content.

Within-ring density variations can cause problems

because of the differential shrinkage at the ring

boundary. Subsequently, severe drying stresses may

cause deformation and internal checking (Booker,

1994). Further, a low absolute density in earlywood

can result in collapse on drying, particularly under

high-temperature conditions (Booker, 1996).

Within-tree variations in density can be highly

significant. Cown and McConchie (1983) show that

the density in a 24-year-old radiata pine tree can vary

from 300 kg m�3 in the top log to greater than 450 kg

m�3 in the outer wood of the butt log. Consequently,

the drying kinetics of boards taken from the same log

may be markedly different (Davis, 2001). Trends in
TABLE 36.10
Characteristics and Properties of Reaction Wood Comp

Features Compression Wood

Physical characteristics Darker in color and very hard

Density 10–100% greater

Longitudinal shrinkage Order of magnitude greater (up to sev

Warp on drying Liable to warp badly

Strength Comparable strength, does not reflect

Source: Keey, R.B., Langrish, T.A.L., and Walker, J.C.F., The Kiln-Dr
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basic density for a number of second-growth soft-

woods are illustrated in Figure 36.43.

The situation is more complex with hardwoods.

The growth rate has little effect on the wood proper-

ties of diffuse-porous hardwoods, but has a marked

impact on the density of ring-porous hardwoods. Un-

like softwoods, these produce denser wood when fast

grown.

Regardless of the species or where the forests are

established, the variation in wood properties between

trees is very great and can be great even in boards

sawn from the same tree. In particular, the social

status of the tree in the stand (whether dominated

or dominant trees) has a great effect on the growth

rate in diameter and the occurrence of reaction

wood. Table 36.10 lists some of the characteristics of
ared with Corresponding Normal Wood

Tension Wood

Darker in color and silvery sheen in most

temperate hardwoods

10–30% greater

eral fold) About fivefold greater

Can warp and is liable to collapse

higher density Superior strength

ying of Lumber, Springer, Berlin, 2000.



reaction wood produced by environmental factors in

the forest. Compression wood has been found to have

a significant effect on drying, with lower drying rates

over the moisture content range of 40 to 100% for

boards of P. radiata (Davis et al., 2002). This reduc-

tion is attributed to the lower permeability of the

compression-wood zone, with its denser wood and

more thick-walled cells.

Large microfibril angles are found in both com-

pression wood and normal wood near the pith, induc-

ing larger than normal longitudinal shrinkage and a

greater tendency to warp. The longitudinal shrinkage

of tension wood, although larger than normal wood,

is less than in compression wood.

36.3.1 .3 Sa wmilling Strategi es

Timell (1986) describes sawmilling strategies to re-

duce warp in juvenile lumber and compression

wood. The cutting pattern influences the quality of

drying either by releasing stresses on sawing or the

cutting induces a stress pattern in the board that can

be balanced on drying. Warp has become more of a

problem with harvesting from second-growth forests

of short rotation, which contain proportionately

more juvenile wood than lumber from old-growth

forests. Crook and bow are most severe in the core

wood of the butt log and where compression wood is

encountered; whereas twist is most severe in the core

wood of the upper logs where spiral-grain angles are

large and changing rapidly. The variation of properties

about the mean is the critical factor with core wood.

Vázquez (2001) examines silvicultural practice

and sawmilling strategies to counteract the effect of

growth stresses in fast-grown Iberian eucalypts (Eu-

calyptus globulus). A model of the stress distribution

that enables to determine the deformations on sawing
FIGURE 36.44 Sawing pattern to limit the appearance of checks.

Eucalyptus globulus de Galicia (España). Influencia de la silvicul

from Galicia (Spain). Influence of silviculture and sawing strategi
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is given. The appearance of checks and warps can be

limited by the choice of a suitable sawing pattern, as

shown in Figure 36.44. Pang and Haslett (2002) note

that the residual drying stresses in quartersawn

P. radiata boards are less than flatsawn boards, par-

ticularly under low-temperature drying conditions

when the effect of mechanosorptive stress relief is

relatively minor. The difference in behavior is attrib-

uted to the lesser shrinkage in the width direction with

quatersawn boards.

36.3.2 KILN DESIGN

Although there are differences in detail between

manufacturers, a lumber kiln is essentially a special-

purpose room fitted with overhead fans for circulat-

ing the drying air and heating coils for maintaining

the air (and thus the wood) temperature at the set

levels. The moisture in the air is controlled by means

of opening the vents in the kiln’s roof, thus governing

the amount of moist air that returns to the fan which

is to be mixed with the fresh air drawn in. Although

many kilns are operated batchwise for ease of con-

trolling the drying conditions, which may change

through out the drying schedule, a kiln can be con-

tinuously worked by arranging the lumber to be

slowly railed through the chamber. In this latter

case, the drying schedule is maintained by varying the

temperature and humidity settings along the length of

the kiln. There is some increase in interest in continu-

ous kilns, which might provide energy savings and

better quality control (McLean, 2003).

The lumber is stacked externally in a rectangular

pile on a low, flat-bed trolley, with rows of boards

separated by wooden stickers of uniform thickness to

provide duct-like spaces between the boards for the

kiln air to flow through. The boards may be stacked
(Adapted from Vázquez, M.C.T., Tensiones de crecimiento en

tura y estrategias de aserrado (Growth stresses in E. globulus

es), Maderas: Ciencia Tecnologia, 2(1), 68–89, 2001.)



in separate packages on bearers and loaded into the

kiln by a forklift vehicle. The boards are butted up,

with their long faces incident to the airflow. The stack

is squared off as far as possible to provide a uniform

resistance to the airflow, and thus minimize variations

in drying throughout the kiln. In Scandinavian prac-

tice, kiln stacks are normally built from boards of

random length, so that every second board is placed

flush at one end of the stack and the other boards flush

at the other end (Salin, 2001). Kilns may be single-

tracked with a 2.4-m wide stack, or twin-tracked with

two stacks side by side, to yield a double-width stack

of 4.8 m. Figure 36.45 illustrates a vertical cross sec-

tion through a single-tracked, batch kiln.

To obtain a uniform air distribution to the air-

inlet face of the stack as possible, the plenum spaces

at each side of the stack must be sufficiently wide

(Nijdam and Keey, 2000). An internal ceiling directs

the air through the lumber stack or stacks, with baf-

fles or curtains to direct the airflow through the lum-

ber pile. Inward-swinging baffles and contoured,

right-angled bends to the plenum space from the

ceiling zone improve the uniformity of this airflow

(Nijdam and Keey, 2002). Bypass of air around the

stack is minimized by the fitting of side baffles or

curtains. The kiln is designed so that the pressure

loss through the heating coils and other ancillary

fittings is small compared with that through the

stack of lumber.
Plenum
chamber

Fillet

Weight

Ceiling
space

Heater coils

FIGURE 36.45 A vertical cross section through a single-tracked

Walker J.C.F., The Kiln-Drying of Lumber, Springer, Berlin, 20
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36.3.2.1 Airflow Considerations

Kröll (1978) reports the air distribution in a batch

dryer fitted with 15 shelves, a heat exchanger, and a

fan above a false ceiling, which thus resembles a box-

type lumber kiln in a number of respects. In the fifth

gap from the top, the air velocity was over twice the

average, whereas in the top gap there was a small

backflow with air streaming toward the inlet. The

flow reversal appeared to be the result of a vortex

generated at the top of inlet plenum below the half-

circle bend out of the ceiling space. Although such air

maldistribution may be extreme in a modern lumber

kiln, existing kiln designs may still yield a nonuniform

airflow through well-stacked lumber loads, as may be

inferred from the kiln audits reported by Nijdam and

Keey (1996). Haslett (1998) recommends that the co-

efficient of variation across the outlet face of the stack

should not exceed 0.12 at velocities through the stack

between 4.5 and 8 m s�1 when the dry-bulb tempera-

ture is greater than 908C.

Industrial rules of thumb generally equate the

ceiling-space height to the plenum-space width and

to the combined sticker-spacing height. Hydrau-

lic tests on a model kiln confirm the former rule

(Nijdam and Keey, 1999), and the latter is verified

by a pressure-drop analysis (Nijdam, 1998).

The transverse gaps between the boards are not

simple smooth ducts, but there may be irregularities
Reversible fan

Roof vent

Plenum
chamber

, box kiln. (Adapted from Keey, R.B., Langrish, T.A.L., and

00.)



where the boards butt up due to shrinkage on drying

or unevenness in thickness and there may be gaps due

to the presence of boards with uneven length. Fluid-

dynamic simulation of the flow over inline slabs

(Langrish et al., 1993) has suggested that gaps as

small as 1 mm might be sufficient to disrupt the

flow, with circulation within the gaps themselves.

The magnitude of the side gaps in the board influ-

ences both the drying rates and the development of

drying stresses (Langrish, 1999), so that experiments

on the drying of single boards (as often done) may

yield uncertain information about the drying of a load

of the same wood in a kiln. With regard to variations

in board thickness, Haslett (1998) recommends that

the coefficient of variation for the board thickness

must be under 0.04 for successful high-temperature

drying.

Whenever kiln stacks are built from random-

length lumber so that every second board is flush at

each end of the stack, variations in openness of the

stack result. This gives two different zones: (1) a

central zone in which all the available space is filled

and (2) two end zones where alternate boards are

missing (Salin, 2001). This arrangement results in

higher within-stack velocities (about 30% higher) in

the center than in the end zones, with corresponding

implications in the variation in drying behavior.

36.3.2.2 Moisture-Evaporation Considerations

The airflow through the stack influences the magni-

tude of the local airside mass-transfer coefficient, and

thus the evaporation into the airstream. Particularly,

at the higher air velocities used in high-temperature

drying, any variations in these transfer coefficients

have a significant effect on the uniformity of drying

throughout the stack.

The air-inlet face of the lumber stack presents a set

of blunt edges to the incident airflow, resulting in an

enhancement of the mass-transfer coefficients near

the leading edges (Kho et al., 1990). Computational

studies (Sun, 2001) of the flow over a series of slabs

with inline gaps suggest that for gaps greater than

about 2 mm there will be similar, but lesser, enhance-

ments at subsequent boards downstream.

With Scandinavian stacking practice, the end

zones of the stack dry faster than the central, fully

filled part (Salin and Öhman, 1998). The lower air

velocity in the ends is more than compensated by

higher heat-transfer coefficients associated with the

flow disturbance and smaller wood volume. (There

is a smaller decrease in temperature and increase in

humidity along the stack in the airflow direction.) In

general, it is expected that the local transfer coeffi-

cients diminish with distance in the airflow direction
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due to a thickening of the boundary layer. This vari-

ation and the downwind accumulation of moisture in

the airstream result in the maximum possible evapor-

ation rate dwindling with distance from the air inlet to

the air outlet from the stack.

Traditionally, the variation of evaporative rates

across the stack has been counteracted by the instal-

lation of bidirectional fans and by periodically revers-

ing the airflow direction through the stack. This

policy has minimal effect on the drying rates in the

center of the stack, but reduces the variation in be-

havior between the two end zones. If only moisture

content variations are considered, many reversals are

not needed to achieve this equalization (Pang et al.,

1995; Nijdam and Keey, 1996; Wagner et al., 1996).

However, if stress development in the surface layer

with the likelihood of checking is taken into account,

then the flow reversals for a timber such as Pinus

sylvestris should be less than 2 h apart (Salin and

Öhman, 1998). A period of 4 h is a common industrial

practice for permeable softwoods such as P. radiata.

36.3.3 KILN OPERATION

To understand kiln-wide behavior, it is useful to in-

voke the concept of the characteristic drying curve

(van Meel, 1958; Keey, 1978). The concept reduces

the drying kinetics for a specific material of specific

geometry to a single function of the local averaged

moisture content. The concept when applied to the

kiln drying of lumber boards is rough, not only due to

variations in drying behavior between boards (Davis

et al., 2001) but also due to embedded assumptions in

the concept itself. Nevertheless, it is a sufficient rep-

resentation of drying behavior to determine the effect

of kiln parameters on the course of drying. These

things, such as the uniformity of the airflow, the

number of airflow reversals, the velocity, tempera-

ture, and humidity settings, are all those under the

control of the kiln operator.

The concept of a characteristic drying curve leads to

the following expression for the moisture-evaporation

rate per unit of exposed board surface:

Nv ¼ f bf(YW � YG) (36:22)

where f is the evaporation rate relative to that at a

given moisture content (either the initial or some crit-

ical value of transition from unhindered drying), and is

a unique function of the mean free moisture content;

b is the external (airside) mass-transfer coefficient; f is

the humidity-potential coefficient, which takes a con-

stant value when the wet-bulb temperature remains the

same throughout the kiln; YW is the saturation humid-

ity at the wet-bulb temperature; and YG is the bulk-air
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humidity between the boards. Although the values of

the parameter f depend on the extent of drying that has

taken place and the nature of the wood itself, the other

parameters are under the control of the kiln operator

by varying either the stack extent, the kiln-air velocity,

or the dry- and wet-bulb temperatures.

Consideration (Keey et al., 2000) of the moisture

transfer over a small zone in the kiln leads to the equa-

tions, which can be conveniently expressed in nondi-

mensional form as follows:

@F

@u
¼ @P

@z
¼ �f P (36 :23)

where F is the moisture content relative to unit value

when f is 1, P is the humidity potential (YW �YG)

relative to unit value at the air inlet, z is a nondimen-

sional extent of the kiln in the airflow direction and

is a weak function of the kiln-air velocity, and u is

the relative time of drying which itself depends upon

the value of z for the kiln stack and the capacity of the

air to pick up moisture. These equations can be solved

if the parameter f is known as a function of the

moisture content (averaged over the board thickness).

They imply that the rate of change of moisture con-

tent with time (i.e., the drying rate) directly depends

on the rate at which the bulk air humidifies in its

passage through the kiln. The drying rate is also

directly dependent upon the humidity potential (the

driving force for the evaporation) and the parameter

f, which reflects the ease of moisture movement

through the wood.

These equations have been used to examine the

influence of kiln variables on the course of drying,

including the impact of exhaust-air recycle and the

switching of airflow direction (e.g., Tetzlaff, 1967;

Ashworth, 1977; Ashworth and Keey, 1979; Keey

and Pang, 1994; Nijdam and Keey, 1996). A summary

of this work is given by Keey et al. (2000).

Figure 36.46 shows the variation in the dimen-

sionless drying rate, @F/ @u, as a function of the nor-

malized moisture content F for one-way flow through

a single-tracked kiln, for which the nondimensional

extent z in the airflow direction is 1. In the case of a

timber, whose initial green moisture content is equal

to the critical point of transition between unhindered

and hindered drying by the rate of moisture move-

ment through the wood, the drying rate falls mono-

tonically with both time and distance in the airflow

direction. The effect with time is due to the intrinsic

drying rate as the wood dries out, whereas that with

distance is due to the progressive humidification in

the kiln. Whenever there is free moisture content in

the wood above the critical point, the drying-rate

profiles are more complex. As soon as the critical
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point is reached at the air-inlet face of the stack, the

intrinsic drying rate falls there, resulting in less pro-

gressive humidification in the kiln; the downstream

drying rates can now rise until the local critical point

is attained. The greatest effect is seen at the outlet face

of the stack.

Figure 36.47 shows the effect of reversing the air-

flow direction through the stack. On switching over the

flow, what was once the ‘‘inlet’’ face now becomes the

‘‘outlet’’ face, and vice versa, giving a temporary boost

to the drying rate at the former outlet and a moderation

to that at the former inlet. The rates within the center

of the kiln are essentially unaffected. With flow

switchovers, the leaflike moisture content profiles be-

come more pinched with a lesser variation in moisture

content across the kiln.
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Typically, lumber kilns operate at very high ratios

of recycled air to that discharged through the vent to

the outside air to maintain the wet-bulb temperature

at the scheduled values. For that reason, commercial

kilns appear to operate under very steamy conditions

to the casual observer. The high degree of air recycle

means that small deviations in evaporation are fed

back to the air-inlet face of the stack, disturbing the

conditions there. This disturbance is then propagated

through the stack. In theory, with high recycle ratios

and extensive dryers (z > 1), it is possible, once the

wood has reached the critical moisture content at the

air-inlet face, for internal drying rates to rise above

those for very wet greenwood at the air-inlet face of
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the stack initially and even to exceed them (Keey,

1968). Although the necessary combination of factors

to get substantial rate enhancements is unlikely in the

kiln drying of most lumber species, the potential for

increases in drying rate (and strain development)

should be borne in mind.

36.3.4 PRACTICAL CONSIDERATIONS

Various works give a detailed overview of kiln

practice. Such overviews include those by Pratt and

Turner (1986), Boone et al. (1988), Hilderbrand (1989),

Mackay and Oliveira (1989), Simpson (1992), and

Haslett (1998).



36.3.4.1 Schedule Development

Kiln schedules are of two kinds. A tropical forest con-

tains many species, often diffusely spread, so that indi-

vidual identification of species and separate drying is

rarely economic or feasible. Economic drying of mixed

species involves the grouping of these according to some

criteria. Simpson and Baah (1989), for example, choose

basic density and initial moisture content, on the

grounds that high-density, moist lumber is the most

susceptible to drying defects and requires the longest

drying times. Using this system, Hidayat and Simpson

(1994) were about to define drying-time factors for 12

species groups. On the other hand, temperate produc-

tion forests may be confined to a single kind of tree or a

limited range of species, and comprehensive species-

specific schedules can be developed for these. For ex-

ample, Haslett (1998) specifies various schedules for a

single species, P. radiata, according to the grade and

end use of the wood.

Traditionally, schedules have been developed on a

cautious, trial-and-error basis from small-scale tests

on the woods of interest. Pandey (2001) notes that the

seven standard, empirically derived schedules for

nearly 150 Indian woods could be fitted to a diffu-

sional model. Brandaõ and Perré (1996) propose a

drying test at 908C on small boards to provide infor-

mation on drying rates and deformation criteria. This

leads to an alternative species-grouping approach to

that put forward by Hidayat and Simpson (1994).

Increasingly, however, detailed simulation of the

mass-transfer and strain-development behavior is

used as a basis for determining appropriate kiln-

temperature settings (e.g., Langrish et al., 1997; Aguiar

and Perré, 2000a; Nijdam et al., 2000).

Kiln drying involves both the transfer of moisture

through the boards and the evaporation from the

exposed surfaces into the air circulating through the

kiln. These processes must be kept in balance to

maintain the fastest possible drying rate. With imper-

meable timbers, the transfer processes within the

wood are rate-limiting. The wood temperature is the

important variable. With permeable timbers, particu-

larly under high-temperature conditions, external

transfer mechanisms become important and high

kiln-air velocities (7 m s�1 and higher) are used to

enhance the heat- and mass-transfer coefficients.

To sustain the rate of drying as the wood dries

out, either the dry-bulb temperature or the wet-bulb

depression may be raised, thus providing a greater

overall driving force for the drying process. However,

faster drying rates can lead to steeper moisture con-

tent gradients with the risk of excessive strain devel-

opment and checking. Thus most schedules specify

relatively small wet-bulb depressions, corresponding
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to relatively high EMC at kiln temperatures, produ-

cing modest surface shrinkage. In a conventional

schedule the wet-bulb depression is typically about

5 to 108C, whereas for high-temperature drying

wet-bulb depressions can be 508C or more.

Whenever it is important to avoid significant color

development in the wood on drying, low kiln temper-

atures have to be used. Even though in New Zealand

where accelerated conventional schedules (with dry/

wet-bulb temperatures of 90/608C) are used to dry

appearance-grade timbers, commercially, kiln tem-

peratures not greater than 508C are employed to get

very pale wood (Keey, 2003).

Although higher airflows seem justifiable at the

start of a schedule when the evaporation from the

exposed surface is more controlling, there is some

doubt whether there is an economical advantage in

designing kilns with variable-speed fans (Riley and

Haslett, 1996). However, one manufacturer claims sig-

nificant fan-energy savings by reducing the rate of

circulating air toward the end of the schedule in the

drying of a softwood without causing any significant

extension of drying time (Fogarty, Priv. Comm., 2002).

36.3.4.2 Kiln Control

As the basic control of the drying process depends

upon the wet- and dry-bulb readings, control of these

temperatures has been the normal method of main-

taining the drying schedule. Most single-zone, steam-

heated kilns mount split bulbs under the overhead

heating coils, one in each plenum some distance off

the floor (Culpepper, 1990). In kilns divided into two

zones along their length, the bulbs are placed midway

in each zone. The thermometer bulbs must be pro-

tected from radiation from hot surfaces and have an

adequate air circulation over them. Careful location

of the bulbs is important, as significant air-temperature

gradients can exist in the plenum spaces.

Simple lumber-drying installations having one or

two kilns might have simple electronic-control sys-

tems with discrete programmable controls, timers,

and chart recorders for temperature and steaming

control. A more sophisticated system for a medium-

sized faculty might have a computer-based system

running on windows-type software to give a visual

readout of kiln conditions during the schedule (Keey

et al., 2000). Endpoint determination can be based on

the temperature drop across the load (TDAL), which

is a function of the extent of drying (Taylor and

Landoch, 1990; Martin et al., 1995).

As pointed out by Morén (2001), TDAL reflects

the average drying rate in the kiln directly. He sug-

gests that monitoring of the TDAL provides a

method of ‘‘adaptive kiln control,’’ with the TDAL



TABLE 36.11
Concentrations of Volatile Emissions Arising
from Two High-Temperature Kiln Schedules
for Pinus radiata

Compound Concentration, g m�3 at dry/

wet-bulb temperatures (8C)

120/70 140/90

Formaldehyde 19.5 31.0

Acetic acid 21.7 38.2

Monoterpenes 34.8 66.4

Hydroxylated monoterpenes 12.6 10.7

Condenser residues

(resins and fatty acids)

16.4 16.4

Source: McDonald, K.A. and Wastney, S., Analysis of volatile

emission from kiln drying of radiata pine, Proceedings of the

Eighth International Symposium on Wood Pulp Chemistry, Vol. 3,

431–436, 1995.
set at a constant value at constant wet-bulb tempera-

ture after an initialization period, followed by a

period at constant dry-bulb temperature.

The measurement of the boards’ moisture content,

at the end of drying, has frequently been done with

hand-held resistivity meters, often complemented

with more time-consuming gravimetric measurements

with sample boards (EN 13183-1). The Standard EN

13183-2, Round and Sawn Lumber—Procedure to

Measure the Moisture Content, employs a hammer

probe with insulated measuring pins, which are

inserted to a depth of approximately one third of

the board’s thickness, and is valid over the moisture

content range from about 7 to 30%. This technique

has been adapted by inserting probes in the kiln

stacks to give a continuous reading of the moisture

content in the later stages of drying. Nonpenetrative

systems are available in which the resistivity probes

are aluminum fillets placed along the length of the

lumber charge to measure the resistance of all the

boards that the probes are in contact with. All resist-

ive methods, however, are limited to measuring mois-

ture contents from just above fiber saturation and

below, with one system having a claimed repeatability

of +2% when the average moisture content is less

than 16% (Furniss, Priv. Comm., 2002).

The alternative use of microwave-sensing tech-

nologies is attractive in enabling a wider range of

moisture contents to be determined from green to

dry (Holmes and Riley, 1996; Riley and Holmes,

2001). The first prototype tested used a waveguide,

40 � 20 � 1.2 mm, with angled slots in the long face,

connected by a high-temperature coaxial cable to the

oscillator and placed in a stack so that the slots were

in contact with the lower face of a board. A later

development enabled the possibility of the stack’s

moisture distribution to be determined. The experi-

ments have demonstrated the potential for the manu-

facture of a rugged industrial system. However, unless

the timber is very uniform in properties, this tech-

nique is uncertain as the relationship between the

microwave signal and the moisture content becomes

fuzzy because of factors such as variations in wood

density among the boards.

An online contact-free method of measuring the

moisture content of wood, which involves traversing

the boards on a band between sensor heads, could be

developed based on techniques used in papermaking.

The method would be suitable for sorting boards

after drying. At least one such method is commer-

cially available, but the measurement principle has

not been divulged (Smith, Priv. Comm., 2002).

The benefits of even a relatively simple kiln-

control system are illustrated in an example quo-

ted by Culpepper (1990). The incorporation of a
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programmable logic controller at one site increased

the overall grade recovery from 70.7 to 81.9%, with a

reduction in energy costs of 43% for steam and 10%

for electrical power. The total saving represented a

1.2-y payback on the investment.

36.3.4.3 Volatile Emissions

Acidic corrosion is a well-recognized feature of kiln

drying, particularly with certain species such as oaks.

Packman (1960) notes that, of some 150 species stud-

ies of both hardwoods and softwoods, the majority

(80%) has a pH between 4 and 6 and only one had a

pH consistently above 7. In an extreme case, with a

hardwood of high extractives content, sufficiently se-

vere rusting of steel trolley wheels and other ferrous

fittings in a pilot-plant kiln required their replacement

after a 2-week period. Extensive use of aluminum

linings with plastic piping in modern kilns has largely

avoided the problems of corrosion.

The corrosive nature of the volatile substances re-

leased during kiln drying is derived from the presence of

free acetic acid in the wood and from the hydrolysis of

the various acetyl groups attached to the hemicellu-

loses. Softwoods generally yield greater emissions than

hardwoods, because the latter are normally dried at

lower temperatures and have lower resin content.

Some volatile substances, such as formaldehyde, come

from the thermal degradation of the hemicelluloses and

lignin, whereas green pines release terpenes and their

derivatives. Table 36.11 lists the concentrations of vola-

tile emissions from two high-temperature schedules.

Milota (2001) compared the emissions from various

North American lumber species in a small-scale kiln



with those from the same wood in a commercial kiln.

The laboratory kiln functioned like the mill kiln with

respect to venting characteristics, temperature, and

humidity, but it dried the wood faster, possibly because

the load is narrower. In general, the small-scale method

was fairly repeatable for the determination of volatile

organic chemicals, with a standard deviation of 8 to

16% of the mean value, but the repeatability was poorer

for methanol and formaldehyde.

36.3.4.4 Equalization and Stress Relief

At the end of kiln drying there is always some board-to-

board variations in moisture content, arising from the

inherent differences in drying characteristics of individ-

ual boards and the progressive humidification of the

circulating air. Because kiln drying is basically a process

in which the boards are forced to reach a new equilib-

rium, moisture content profiles also exist within each

piece of wood. With moisture-based schedules, the kiln

conditions are reset at the end of the schedule to give an

EMC that is 2 to 3% below the desired value. This

strategy prevents overdrying of the drier boards while

allowing the wetter boards to dry further toward the

target end moisture content. Some authorities (e.g.,

Haslett, 1998) recommend that the softwood lumber

should be slightly overdried to ensure that the moisture

content variation both within and between boards be-

comes small. Any subsequent steaming, which is under-

taken for stress relief, will raise the moisture content of

the overdried load toward the specified value.

Kiln schedules are designed to dry the lumber as

fast as possible without causing unacceptable defects

to appear due to excessive strain development. Re-

sidual stresses in the wood must be relieved if the

lumber is to be further processed. Steaming is a com-

mon method of doing this.

In smaller installations, steaming may be done in

the kiln; but, in larger installations, a separate cham-

ber supplied with low-pressure, saturated steam is

used for this purpose. Such chambers are not nor-

mally supplied with fans, and stratification of the

steam and air can be a problem. Lumber that is

high-temperature dried should be cooled so that the

wood temperature falls to about 70 to 958C to enable

the wood to pick up moisture. The steaming induces a

reversal of the moisture content profile through the

wood, with concomitant reduction in the residual

stresses.

Chen et al. (1997b) examined various stress-relief

strategies for sapwood boards of softwoods and have

found that other procedures are suitable in addition

to final cooling and steaming. These include simple

cooling under cover or the use of a schedule consist-

ing of intermittent drying and conditioning cycles.
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36.3.5 LESS-COMMON DRYING METHODS

The majority of lumber-drying installations are con-

vective drying chambers worked at atmospheric condi-

tions and temperatures not greatly above ambient. For

structural-grade, permeable softwoods, however, when

color development is not a prime concern, elevated

temperatures can be used to get very fast drying pro-

cesses. Designs under consideration include kilns being

worked to temperatures of 2008C, with air velocities

between the boards up to 15 m s�1. Continuously

worked kilns then become attractive with very fast

drying. Such designs will require particular attention

to thermal expansion, reliable heat-exchange equip-

ment, and venting of moisture vapor.

Many of the advantages of high-temperature dry-

ing can be obtained by working under vacuum. In

particular, such a process gives rise to an internal

overpressure and an additional and efficient driving

force for internal moisture migration. The lower op-

erating temperatures are an advantage in drying heat-

sensitive woods and in minimizing color development

when pale products are required.

Similar advantages of lower working temperat-

ures are obtained in the use of dehumidifying heat-

pump systems, with the added bonus of lower thermal-

energy use to compensate for extended drying times.

The drying principle of these kilns, however, is the

same as vented conventional kilns.

Most kilns, either direct-fired or steam-heated, use

wastewood as the primary fuel. Other heating arrange-

ments have been advocated such as the use of micro-

wave, radio frequency, and solar energy, with the latter

being attractive in remote locations for small kilns.

36.3.5.1 Vacuum Drying

Vacuum dryers have been commercially available for

many years and their use is regarded as a standard

practice in Europe for the drying of high-quality

hardwoods economically, which would otherwise be

difficult to dry (Hilderbrand, 1989). Descriptions of

vacuum drying are given by Ressel (1994), Audebert

and Temmar (1997), and Jomaa and Baixeras (1997).

Because of the enhanced internal moisture migra-

tion under vacuum, the rate of drying can be as rapid as

that at a much higher temperature at atmospheric pres-

sure. However, the higher specific volume of vapor asso-

ciatedwith the reduced pressure is a severe limitation for

heat transport by convection (Perré et al., 1995).

Several industrial solutions have been proposed:

. The use of plates heated by electrical resistance

or circulation of heated water are placed be-

tween each layer of boards; heat is supplied to



boards by conduction whereas the vacuum level

is used to enhance the internal mass transfer.
. Discontinuously operating kilns, with two

periods of about 1 h alternate: a heating period

at atmospheric pressure and a drying period at

reduced pressure.
. Finally, the most recent ‘‘high-vac’’ kilns use a

slightly higher pressure level (more than 100

mbar), together a very high linear air velocity

(10 m s �1 or more), to compensate for the loss of

thermal capacity of the air; this method has

proved to be very effective.

In the latter method, uniformity of the air distribution

through the load is important to ensure evenness of

drying, with regions of low velocities resulting in

higher final moisture contents (Ledig and Militzer,

1999). The positions of fans and heating coils have

an important bearing on the temperature and on the

final moisture content of the load (Hedlund, 1996).

Vacuum dryers with overhead fans provide a fairly

controlled airflow path through the load, but other

fan locations can result in ill-defined pressure and

suction sides. An overhead-fan dryer, however, was

found to yield a systematic variation in temperature

between the door and the other end of the dryer,

which might have been reduced by dividing the unit

into separate temperature-control zones. Techniques

to overcome the inherent poor heat transfer in

vacuum dryers include the use of heated plates be-

tween the boards or intermittent heating with super-

heated steam. Another suggested technique employs a

heating cycle at atmospheric pressure, when the heat

transfer is better, followed by a vacuum-drying cycle

(Guilmain et al., 1996). Tests on drying oakwood at

pilot and industrial scales showed that the discontinu-

ous process was faster, with less susceptibility to

mechanical damage of the wood, but the thermal

consumption was higher than under continuous

vacuum conditions.

Behnke and Militzer (1996) have produced a

vacuum-dryer model for design and process-control

purposes based on a characteristic drying curve for the

wood’s drying behavior.Hilderbrand (1989) claims that

commercial drying time in vacuum kilns varies between

one half and one third of those found in conventional

convective kilns under atmospheric pressure.

36.3.5 .2 Dehum idifi er Kiln s

Drying at low temperatures, which is a feature of

seasoning refractory timbers, is energy-inefficient.

A dehumidifier kiln reduces the thermal-energy con-

sumption by incorporating an air-conditioning unit

that recovers heat by cooling the kiln air below its
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dew point and, in effect, recycling the latent heat of

condensation. As moisture is removed as condensed

liquid rather than vapor in warm discharged air, the

associated thermal loss is avoided. However, a small

amount of venting is needed for humidity-control

purposes. Volatile organic chemicals normally re-

moved with the vented moist air now appear in the

condensate stream, which potentially could be sent to

a separate unit for chemical recovery.

Figure 36.48 shows the layout of a heat-pump

dehumidifying kiln. Moist air is drawn over the evap-

orator and condenser consecutively in a Rankine cycle

heat pump. Besides these basic elements such as an

evaporator, a condenser with its associated compres-

sor, and expansion valve, there is an accumulator that

prevents the refrigerant from entering and damaging

the compressor and a subcooling heat exchanger to

enhance the effectiveness of the heat pump.

The performance of dehumidifier kilns is normally

expressed in terms of the specific moisture-extraction

rate (SMER), which is the amount of moisture

extracted per unit energy input. Two such ratios

may be defined: one representing how effectively the

dehumidifier extracts moisture from the air as con-

densate and the other (the kiln SMER) representing

how efficiently the kiln removes moisture from the

lumber including the condensate and venting. The

kiln SMER for convective kilns is limited to about

0.8 to 0.9 kg kWh�1, compared with values in the

range of 1.5 to 2.5 kg kWh�1 for commercial dehu-

midifier kilns (Davis, 2001). Some of the lower values

may reflect the poor insulation of the tested kilns

rather than a defect in the process.

Dehumidifying kilns are limited in operating tem-

perature by the working limits of the compressor

(<708C) and the size of the unit (<40 HP). However,

dehumidifying heat-pump units can be coupled to-

gether and a mill with as many as 14 units is operating

(Kerr, Priv. Comm., 2002).

Dehumidifier drying has attractions when high-

quality solid wood is sought. Because of the relatively

low operating temperatures, color and kiln brown

stain development is reduced significantly while

checking is less than in standard alternative schedules.

36.3.5.3 High-Frequency Electrical Heating

In wood drying, heating with high-frequency electric

fields in both the dielectric and microwave range has

been considered and some specialized applications

have been found. Schiffmann (1995) defines the di-

electric frequencies of electromagnetic radiation as

those covering the range from 1 to 100 MHz, whereas

microwave frequencies are considered to span from

300 MHz to 300 GHz. He suggests that, as a rule of
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thumb, these high-frequency heating methods become

economically attractive for new kilns if the drying

rate is increased fourfold over that for conventional

drying. In general, the use of dielectric and microwave

heating may become attractive for the small-scale

drying of high-value hardwood species that are diffi-

cult to dry by conventional means. For example, Smith

and Smith (1994) report the use of radio-frequency

heating for the drying of oakwood in a small vacuum

kiln of 23-m3 capacity, which had a lower capital cost

but higher energy costs than a conventional dryer

for the same duty. For very small power require-

ments, microwave heating is more attractive; when

the power requirement exceeds 50 kW, how-

ever, economics favor the higher-power tubes in the

radio-frequency range. In one Canadian system, radio-

frequency drying is used to finish the seasoning of

conventionally dried lumber that has not met target

moisture content.

Heating is generated in the dipolar rotation of

water molecules as they try to orient themselves in

the rapidly changing polarity of the applied electrical

field. The power developed per unit volume is given by

P ¼ kE2f «0 tan d (36:24)

where k is the dielectric constant, E is the electric

field strength, f is the field’s frequency, «’ is the rela-

tive permeability, and tan d is the loss tangent or
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dissipation factor. The field’s strength and its fre-

quency are fixed by the equipment, whereas the

other parameters are material-dependent. As the di-

electric constant of water is over an order of magni-

tude greater than the woody materials, moisture is

preferentially heated, a process that leads to a more

uniformly moist product with time. This feature is

one of the attractions of the technique, for example,

in moisture leveling in the manufacture of plywood to

avoid delamination during subsequent hot pressing

(Schiffmann, 1995).

There is also a contribution due to ionic conduc-

tion because of the presence of ions in the sap. This

mode of heating is not significantly dependent on

either the temperature or the frequency of the applied

field, but is directly dependent on the charge density

and mobility of the ions.

Because the heating is internally generated, rather

than convectively warmed at the exposed surface of the

boards, high and damaging internal pressures can be

created in the process. For example, internal overpres-

sures of 60kPa have been reported by Antti (1992) for

power inputs of 1.25kW on drying 100 � 50 � 1660-

mm boards. Under vacuum drying, such overpressures

become less damaging. Thus, high-frequency heating

has been advocated for use with vacuum drying because

of the difficulty in achieving adequate convective heat-

ing under vacuum, and a summary of its historic devel-

opment is given by Resch and Gautsch (2001). This
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technique is attractive for beech and oak timbers in the

European market because of the retention of their nat-

ural light color with low-temperature drying.

Perré and Turner (1997, 1999a) have described a

numerical model of microwave drying of softwood

with an oversized waveguide. In this work, internal

overpressure reaching two to three times the atmos-

pheric pressure has been reported both in experimen-

tal and numerical results.

36.3.5.4 Solar Drying

Solar drying of lumber has attractions in remote

locations with favorable climates because of the

‘‘free’’ nature of the energy source. Imré (1995) has

classified solar-heated dryers into three main groups:
� 20
1. Solar natural dryers that use only the sun

2. Semiartificial solar dryers with a fan to supply a

continuous flow of air through the load

3. Solar-assisted artificial dryers, which may use an

auxiliary energy source for boosting the heating

rate
Mixed types include a solar-dehumidifier dryer with

forced-air recirculation, as shown in Figure 36.49.

Many solar dryers described in the literature are

simple greenhouse kilns (e.g., Langrish and Keey,

1992). In these units, the solar collector is fitted within

the structure that holds the load and the airflow is

maintained by fans. The solar energy, in other cases,
06 by Taylor & Francis Group, LLC.
is collected externally in heat-storage systems or

panels, as illustrated in Figure 36.49. Greenhouse

kilns have attractions in simplicity of construction

and operation.

The daily world-average solar radiation on a hori-

zontal surface is 3.82 kWh m�2 (McDaniels, 1984),

with values in tropical countries being higher (up to

7.15 kWh m�2) (Imré, 1995). However, Plumptre

(1989), reported by Keey et al. (2000) on reviewing

35 solar kiln designs, notes that the location of these

was spread almost uniformly over the range in lati-

tude from 0 to 508.
Langrish and Keey (1992) observed one oper-

ational feature of the use of a greenhouse kiln. With

the kiln’s vents shut overnight and with the drop in

ambient temperature, the relative humidity in the kiln

would rise sufficiently for moisture to condense on the

wood’s surface. This provided a degree of condition-

ing, which prevented the development of excessive

checking in a refractory hardwood being dried.
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Perré P., 1998. The use of homogenisation to simulate heat

and mass transfer in wood: Towards a double por-

osity approach, Keynote lecture, 11th International

Drying Symposium, published in Drying ’98, 57–72,

Thessaloniki, Grèce.
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37.1 INTRODUCTION

Thermal removal of water from solids or slurries is an

important operation carried out in numerous min-

eral-processing and metallurgical-processing applica-

tions. Although drying is a highly energy-intensive

operation that is also increasingly difficult at lower

moisture contents, no special attention is generally

given to the technical and economical aspects of the

drying process employed in the mineral- or metallur-

gical-processing industry. It is therefore not surpris-

ing that most dryers found in these industries are of

the conventional type, as discussed later in this chap-

ter. Detailed descriptions and design considerations

of specific dryer types (e.g., rotary, fluid bed, and

spray) are presented elsewhere in this handbook.

The interested reader is referred to relevant sections

for further information. The objective of this chapter

is to summarize the types of dryers currently used in

practice, to discuss any special aspects with illustra-

tions, and to identify possible new concepts that may

be applicable in the mineral industry.
, LLC.
In the mineral and metallurgical industry, drying

is generally carried out at the raw-material or

product-handling stage; for example, after benefici-

ation or concentration the ore may require drying to

some optimum level to facilitate handling. Among the

various possible reasons for resorting to drying, some

are listed below:
1. Saving freight charges if the ore is transported

over large distances.

2. Facilitating handling in conveyors, cars, bins,

and so on.

3. Improvement of efficiency of subsequent dry-

ing processes, such as screening, air classifica-

tion, and electrostatic precipitation.

4. Enhancing efficiency or cutting fuel consump-

tion in roasting and calcination, for example.

5. Minimizing or eliminating problems of hand-

ling wet solids due to freezing in cold climates.

6. Some processes, such as flash smelting, may

require bone-dry solids as a necessity for effi-

cient operation.



As a general rule, one must establish the necessity

of drying before undertaking further action. If it is

deemed necessary, it is essential to maximize mechan-

ical dewatering (by filtration, centrifugation, pressing,

and other processes) to reduce the thermal load in

drying. It may be noted that below a typical solid

moisture content of 4%, dusting may pose serious

handling and environmental problems. Fire and ex-

plosion hazards as well as hazards associated with the

handling of toxic materials are commonly encoun-

tered in the drying of solids in the mineral and met-

allurgical industry. Needless to say, as in the latter

industry the final product is typically molten metal,

drying is not required at the product-handling stage.

Sometimes drying may be achieved simultaneously

with another operation. For example, a rotary kiln–

pulverized coal firing system requires coal that is dried

to an optimum moisture level, which depends upon the

rank of the coal as well as the type of grinding system

used. Between 2 and 4% moisture in the coal leaving

the mill is best for ball mills. Lower-rank coals with

higher hygroscopic moisture can generally be ground

at higher moisture levels without seriously affecting

their handling and grinding characteristics. The

upper level of moisture in the coal is determined by

the stability of the flame; for a rotary kiln, about 15%

represents the upper limit [1].

Conventional dryers used in the mineral-processing

industry are classified as hearth type, shaft type, and

grate type. Other types of dryers used less commonly

in current practice are the spray type, fluid-bed type,

pneumatic or flash type, conveyor type, drum type,

stationary- and rotating-tray type, infrared type, and

others. Only the more commonly used dryers are

discussed in this chapter.

After a brief overview of the essential characteristics

of the variousmajor types of dryers found in themineral

industry, we discuss the rotary dryers in some depth,

followed by a summary of industrial applications of

other, less frequently used dryers that have the potential

for increased application in the near future.
37.2 CONVENTIONAL DRYERS

37.2.1 HEARTH TYPE

For the hearth type of dryers, the bed of solids to be

dried is supported on a floor or hearth that is heated

directly. Heat for drying is supplied primarily by

conduction. These dryers are in use for the drying of

flotation concentrates of zinc and lead, copper sludge,

washed kaolin, and so on. These dryers are inherently

slow and highly labor-intensive. These are popularly

employed for dusty solids, such as bauxite. Following
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are the ranges of thermal-performance characteristics

found in practice:
1. Evaporative capacity: 5 to 25 kg water evapor-

ated/h/m2 (hearth area)

2. Fuel consumption: 1500 to 4500 kcal/kg water

evaporated

3. Thermal efficiency: 10 to 30%
Because of their low thermal efficiency and large

space requirements, hearth dryers are less popular

now.

37.2.2 GRATE TYPE

In the grate type of dryers, the wet granular solids are

supported on and conveyed by a reciprocating grate

through which drying air is passed. Such dryers are

extensively used in the drying of ‘‘green balls’’ in iron,

copper, and chromium manufacture. These dryers are

sometimes operated with alternating updraft and

downdraft to prevent possible condensation of water

on the downstream layer of balls. Drying-air tempera-

ture varies from 300 to 4508C. Although thermal

efficiency improves with temperature, higher temper-

atures may cause thermally induced cracking of the

pellets, resulting in poor mechanical strength, exces-

sive dusting, and severe fan wear. The typical bed

depth ranges from 2 to 5 m; the air velocity (superfi-

cial) ranges from 50 to 125 m/min. Its evaporative

capacity is at least three times that of hearth-type

dryers, i.e., 25 to 75 kg water evaporated/h/m2 of

grate area. The thermal efficiency is also much super-

ior from 30 to 60%. Gentle handling (of pelletized

solids), better quality control of the product, and

relatively good thermal performance are some of the

advantages of grate dryers. They are also used for

cooling solids after drying. Among their disadvan-

tages are high maintenance costs due to grate wear

and high material- and air-handling costs. They can-

not be used for sticky or pasty feeds.

37.2.3 SHAFT DRYERS

Shaft dryers are convective dryers in which the granu-

lar material is ‘‘showered’’ through a current of the

drying medium, which may flow in the vertical or

horizontal direction. The former are often termed

tower dryers and the latter constitute, perhaps, the

most widely used ‘‘rotary’’ dryers.

The tower dryer is basically a chimneylike struc-

ture made up of bricks, insulated steel, or concrete.

Hot gases from a furnace are led through the bottom

whereas the wet solids flow downward countercur-

rently to the drying medium. The flow of the solid



material is retarded (to allow necessary residence time

in the dryer) by means of properly designed baffles.

Such dryers are in use in the zinc and iron industries.

Typical sizes are in the range of 2 � 2 � 20 m. The air

velocity ranges from 60 to 150 m/min; the thermal

efficiency is about 35 to 60%. The design is simple and

the operation is trouble-free for nonsticky materials.

For free-flowing solids with little residual moisture,

these types of dryers offer operational advantages.

Such applications are exceptions rather than the rule

in the industry.

As the rotary dryer is by far the most commonly

encountered dryer in the mineral industry, it is dis-

cussed in some detail in this chapter. Additional infor-

mation on rotary dryers is available elsewhere in this

handbook. Essentially, rotary dryers are cylindrical

drums normally supported on two or more tires run-

ning on a set of rollers at a slight incline to help convey

the material. Wet feed enters the dryer through a feed

chute, belt conveyor, screw conveyor, vibrating con-

veyor, or other suitable means. Drying air flows

through the shell in either a cocurrent or countercur-

rent fashion. Lifters in the drum shower the material

over the cross section of the shell to induce intimate

contact with the drying air. Rotary dryers are very

versatile and economic for large-tonnage drying of rela-

tively low-value materials. In the mineral industry, they

range from 1.5 to 4 m in diameter and are 6- to 30-m

long. Evaporative capacities are of the order of 30 to

120 kg/h/m3 (dryer volume); thermal efficiencies range

from 35 to 70%.Lowcapital costs, close quality control,

low maintenance costs, and trouble-free operation over

extended periods are some of the advantages of rotary

dryers. Among the disadvantages are the difficulty of

sealing, high structural load, and nonuniform residence

times. For fine materials that tend to cause a dusting

problem when dry, it is difficult to operate rotary

dryers at high efficiency without more complicated

mechanical modifications, which are mentioned later

in this chapter.
37.3 VARIOUS DRYERS USED
IN MINERAL PROCESSING

37.3.1 ROTARY DRYERS

It is customary to classify rotary dryers as direct heat

and indirect heat. Hot gases are brought into direct

contact with the wet solids in the former type, and the

heat for evaporation is supplied through metal ducts

or tubes located within the shell in the latter variety.

Except for special operations, the rotary dryer oper-

ates at near atmospheric pressure. Vacuum operation

is recommended for special applications, such as
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drying of yellow cake in the in situ uranium leaching

process. In the indirect type, heat is transferred by

conduction and radiation (with a minor contribution

by convection); in the direct type, the predominant

mode is convection, though radiation may also be

significant depending upon the operating temperature.

It is impossible to use one type of dryer for all

applications. Pilot-plant tests and prior experience are

the best guides in the selection of the proper type as

well as the optimal operating conditions for the spe-

cific problem at hand. All elements of drying costs,

namely, drying system (including pretreatment of feed

and posttreatment of dry product), fuel, power, and

maintenance costs, must be examined carefully before

selecting the drying equipment. Efficient use of heat

generally requires the control of entering- and exit-gas

temperature and the control of the drying time to

minimize heat losses. In the mineral industry, it is

not common to use heat-recovery equipment even

with modern installations. Maintenance costs are re-

lated to the first costs. Inadequate attention to mech-

anical and structural considerations, which may lower

initial costs, may in the long run lead to higher main-

tenance costs.

For directly heated counterflow or parallel-flow

rotary dryers, the typical heat requirement for evap-

oration ranges from 1200 to 2200 Btu/lb. For efficient

operation, it is desirable to use the highest possible air

temperature; in the mineral industry the normal range

is 1400 to 18008F. For heat-sensitive materials, lower

temperatures may be needed. For best heat transfer, it

is necessary to use the highest possible air velocity; for

dusty materials this poses a problem. For product

moistures below 1%, a counterflow dryer is recom-

mended if the product is not heat-sensitive. For

thermolabile materials with product moisture in ex-

cess of 1%, a parallel-flow dryer is desirable as the

feed is in contact with hot gases while drying the

surface moisture. The solid temperature does not ex-

ceed the corresponding wet-bulb temperature (cor-

rected for radiation effects). For sticky or caking

solids, which do not shower well, it is often necessary

to allow more residence time in the dryer. New de-

signs include special internals within the shell to break

up the formation of large agglomerates in the drum so

that a rotary dryer could be used to dry sticky or

pastelike feeds.

Dryer loading may vary from 3 to 15%, of which

8 to 12% is the most common. This represents the

volume occupied by the material within the dryer as a

percentage of the total volume of the shell. Rotary

dryers have a retention time of 5 to 25 min, with the

normal range of 7 to 15 min. Dryer speed and inclin-

ation can be adjusted to attain the desired retention

time for a given material. Kramm has provided a



table of some field installations to illustrate the size,

operating parameters, and types of materials handled

in direct-heat rotary dryers [1].

37.3.2 SPRAY DRYING

Spray-drying technology has found a number of im-

portant applications in the mining industry, particu-

larly in drying a wide assortment of mineral flotation

concentrates. Spray drying can substitute for conven-

tional dewatering methods followed by drying in rotary

dryers or kilns. By means of spray drying, flotation

concentrates (pulp, sludge, and precipitate) can be

dried to a bone-dry state (less than 0.5% moisture) in a

single continuous operation. The following is a list of

advantages of spray drying in the mining industry:
� 20
1. Feed can be taken from thickener underflow

directly; this is important when handling col-

loidal suspensions, which are difficult to filter.

2. Spray drying yields bone-dry product that is

essential for flash smelting. It also cuts down

fuel use in smelting or refining operations.

3. Product handling is easy. Product loss and en-

vironmental pollution can be minimized.

4. Pyrophoric materials, which tend to undergo

spontaneous combustion at moisture levels of

3 to 5%, can be dried to a bone-dry level at

which they are inert.

5. Plant operation and control are easy. Thermal

efficiencies of spray-drying systems are inher-

ently better than those of most other dryers.

Extra equipment to recover low-grade heat in

exhaust is not necessary.
The solids content in the slurry is typically be-

tween 55 and 70%. A pumpable slurry is needed to

accomplish atomization. A specially designed rotary

atomizer converts the slurry into a cloud of droplets

that contact the hot drying gases, which may be at 500

to 10008C, thus giving excellent heat economy. The

exit-gas temperature is typically between 110 and

1508C. The dried products attain a temperature well

below that of the exit air. It can be noted that at inlet

temperatures above 7508C, the inlet duct to the dryer

is refractory-lined. If available, exhaust gases can be

used as a supplementary heat source, thus reducing

the overall heat consumption. Once the pulp is bone-

dry, it is discharged through the bottom of the conical

drying chamber into a conveying system. Fines

entrained in the exhaust gases are collected in high-

efficiency electrostatic precipitators and then dis-

charged into the conveyor system. Product recovery

can also be achieved by high-efficiency cyclones com-

bined with a wet scrubbing system.
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The heart of the spray-drying system is the atom-

izer. As mineral slurries tend to be abrasive, conven-

tional atomizers cannot be used for this application.

New designs that are suitable for abrasive slurries

have appeared in the market during the last decade.

In one commercial design, the atomizer wheel is

equipped with the wear-resistant, sintered, bushings

so arranged that a protective layer of the concentrate

builds up in the inner wheel chamber as a result of the

fluid mechanics of the flow generated. Thus the con-

centrate provides its own protective cover for abra-

sion control. The bushings can be turned through 908
to quadruple their operating life.

Commercial installations based on spray-drying

technology are currently in use in the mining indus-

tries around the world. Examples of products that are

spray dried include chromium concentrate, copper

concentrate, lead–manganese–molybdenum–tin–zinc

concentrate, yellow cake, precious metal slime,

zinc leach residue, and rock phosphate.

The cost of spray drying depends upon the prices

of fuel, power, and labor, which vary with location.

Typically, the energy consumed per metric ton of

bone-dry concentrate—starting from 70% solids in

pulp—is about 325,000 kcal (or equivalent to about

9 U.S. gal of fuel oil). About 10 kWh of electrical

energy is needed for air handling and atomization.

As the atomizer is the only rotating part, maintenance

costs are small, aside from replacement of the expend-

able inserts in the atomizer wheel. Abrasion may

occur in the drying chamber or air ducts where air

velocities are high.

For more details about the spray-drying process,

the reader is referred to the appropriate sections of

this handbook and to the literature cited there.

37.3.3 VACUUM DRYERS

Development of new processes often leads to new

requirements on the drying equipment needed. One

example of this is the yellow cake–precipitation process

of International Energy Corporation (IEC) [2], which

uses neither chlorides nor sulfates in extraction and

precipitation for in situ uranium leaching. This process

avoids the formation of uranium salts that require

high-temperature calcination. IEC uses a solution of

ammonium carbonate and hydrogen peroxide for

leaching and live steam to sparge the eluate to precipi-

tate the so-called yellow cake. Yellow cake slurry with

30% solids is fed to a rotary vacuum dryer to produce a

dry product ready for packaging. Compared with the

conventional open-hearth dryer, vacuum drying offers

the advantages of low capital costs, low installation

and maintenance costs, and environmentally safe

operation with no dust problems.



Figure 37.1 shows the vacuum drying system sche-

matically. The dryer is 3 ft in diameter with an active

length of 10 ft to dry 1200 lb/d of yellow cake. The

approximate utility requirements are 250 lb/h of steam

at 50 psig, 40 gpm of condenser cooling water, and

electricity to drive a 10-hp motor. Water vapor from

the dryer is condensed in vertical tube-type condensers

and recycled to allow nearly total water recovery; this

system thus conforms closely to the zero-discharge con-

cept advocated by regulatory bodies. Because the dryer

operates under vacuum, a leak results in air being

drawn into rather than out of the system.
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FIGURE 37.1 Drying of yellow cake slurry using a vacuum dry
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The batch-type rotary vacuum dryer has an in-

ternally heated helical agitator that provides excellent

heat transfer. For sticky or adhesive materials, add-

ition of a spring-loaded scraper-blade device prevents

the product buildup during the drying cycle.

37.3.4 FLUIDIZED-BED DRYERS

Batch or continuous drying in an upward flow of hot

gas, with or without additional heat transfer provided

by immersed heat exchangers in the bed, provides an

efficient method of drying for fluidizable, nonsticky
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*TURBO-DRYER is a trademark of Wyssmont Co. Inc., Fort Lee,

NJ.
solids or even slurries. Details of the fluid-bed drying

process are presented elsewhere in this handbook. In

mineral drying, the plenum temperature ranges from

1200 to 18008F but the exhaust-air temperature of the

discharge material varies from 180 to 2508F. Resi-

dence time varies from 5 to 25 min. Fluid-bed dryers

are energy-efficient, consuming as little as 1500 Btu/lb

of water evaporated. Capital and maintenance costs

are low, but the feed size is limited to 3/4 in. Larger

feed sizes are limited to lighter materials. Fluid beds

are in commercial use for drying titanium dioxide,

zirconium silicate, zircon, ilmenite concentrate, coal,

sand, and other products.

For sticky solids with a tendency to cake or form

lumps, mechanically stirred or vibrated fluid beds can

be used for low- or medium-scale applications.

37.3.5 FLASH DRYERS

Flash or pneumatic dryers transport wet, pulverized

solids in a hot airstream. For fine feed that is loose

and readily conveyed pneumatically, flash dryers pro-

vide a means of drying as well as transport. Clearly,

only surface moisture is typically removed in the short

time span available in the dryer, say, several seconds.

If the feed is not free-flowing, it is possible to integrate

a hammer mill into the gas circuit to reduce feed size

to small particles. Feeds that tend to cake can be

mixed with dry solids to make them pneumatically

transportable.

37.3.6 CONVEYOR DRYERS

For conveyor dryers, the wet feed is carried on a belt

or a vibrating conveyor that is made to pass slowly

through a heating chamber. Depending upon the de-

sign, hot air may or may not pass through the bed of

solids on the conveyor.

37.3.7 SCREW CONVEYOR DRYERS

Screw conveyor dryers have hollow shafts or flights

through which the heated gas flows. The trough

that carries the material is similarly heated. The

free-flowing wet feed is transported and dried as it is

conveyed to the exit. It is especially well suited as a

supplemental dryer for an existing dryer.

37.3.8 DRUM DRYERS

Drum dryers are used for slurries or pastes. The wet

material is coated on the outer surface of a slowly

rotating drum that is steam-heated. The slurry is

either sprayed onto the drum surface or the drum is

placed in a trough filled with the liquid slurry. The

dryer must be designed to ensure that total drying is
� 2006 by Taylor & Francis Group, LLC.
accomplished in one revolution; the dry solid is

scraped off before a new coating of wet material is

applied.

37.3.9 ROTATING SHELF OR DISK DRYERS

For rotating shelf or disk dryers, the wet solid is

supported on circular trays that rotate slowly in a

fixed housing. The trays or shelves are cut out in the

center and have radial slots. In the TURBO-DRYER

version, the shelves are mounted rigidly to a single

vertical shaft.* The fan assembly fits within the shaft

assembly and can rotate independently of the

shaft. Hot air or another drying medium is fed from

suitably designed air distributors mounted on the side

and is exhausted from the roof. Material flows from

one shelf to the other below it. Stationary wiper

blades wipe the tray clean of the material, which

drops to the shelf below it through the radial slots.

The dryer must be designed to yield dry product as

the material exits from the lowest shelf.

These dryers are recommended for granular solids

that need gentle handling, which are dusty when dry,

or when drying with solvent recovery is necessary.

Operating temperatures as high as 11008F and as

low as 08F are feasible. Dryer operation and control

are simple. Maintenance costs are low. High thermal

efficiencies can be attained in practice.

These types of dryers are in commercial service for

drying materials such as bauxite, borax, calcium car-

bonate, powdered coal, kaolin, mica, soda ash, thor-

ium dioxide, zinc powder, and iron ore concentrate.

37.3.10 FUTURE TRENDS

Most dryers, especially those that directly contact hot

combustion gases with the wet solids, operate best

with liquid or gaseous fuels. With escalating prices

of fuel oils and natural gas, dryers will increasingly

use coal when possible. Direct-fired rotary dryers are

the easiest to adapt to this source of fuel. Another

trend is the development of more efficient drying

systems for the use of nontraditional dryers. Better

thermal economy is obtained with fluid-bed, spray,

and flash dryers, but the rotary is currently more

economical for very-high-tonnage operation of prod-

ucts with low unit value.

The use of solar energy to supplement the heat

required for drying is unlikely to be economical in

mineral-processing applications. One area that needs

to be examined very carefully is the possible use of

superheated steam instead of heated air as the drying



medium. This concept is already in commercial use for

drying pulp in the paper industry and for drying tex-

tiles. Technoeconomic studies have shown favorable

indications for the use of superheated steam spray

drying as well as fluid-bed drying (of granulated coal).

With superheated steam, the mass-transfer resistance

offered by the air film through which the evaporated

moisture must diffuse is eliminated. The exhaust is also

steam, which can be condensed to recover heat or

compressed or reheated for total or nearly total recyc-

ling. Thus, the efficiency of superheated steam-based

drying systems can be very high, though there are a

number of mechanical-design constraints and oper-

ational problems that must be resolved before employ-

ment of suchnew technology in a large-scale operation.

Finally, with high thermal efficiency dryers it is gener-

ally not economically justifiable to install heat-recov-

ery equipment to recover the low-grade heat in the

exhaust gases. If the exhaust gas is at high temperature

for whatever reason, one must carefully evaluate the

possibility of installing heat-recovery systems for such

dryers. It is also likely that heat-pump technology will

develop rapidly in the next decade and may find appli-

cations in the drying of minerals.
*Note: See other chapters of this handbook for details and cross-

references for specific types of dryers.
37.4 CONCLUSION

This chapter was intended to summarize the various

dryer types found in the mineral-processing industry

for the benefit of process engineers involved in the

selection and specification of such equipments. Sev-

eral competing dryer systems can generally accom-

plish the desired performance, albeit with different

capital and operating costs. Energy costs should be

considered, and energy-conservation measures should

be employed when possible.

Several different dryer types can be used in many

of the mineral-processing applications, e.g., drying
� 2006 by Taylor & Francis Group, LLC.
of concentrated nickel ore is carried out on indus-

trial scale using spray dryers, flash dryers, rotary

dryers, as well as fluid-bed dryers. In some cases,

the selection of the dryer type depends on the cost

of energy that is available locally as well as the

availability of waste heat at the site. The relative

cost of drying using these widely different drying

systems must be quite different as well. Care should

be exercised in selecting the most cost-effective dry-

ing system (e.g., nonthermal dewatering using filtra-

tion or centrifugation preceding thermal drying).

Selecting a drying system used by a similar oper-

ation elsewhere in the world may not necessarily be

the appropriate system. The interested reader is

referred to a recent monograph by Kudra and

Mujumdar [3] for discussion of some of the novel

drying technologies available.
ACKNOWLEDGMENT

The author wishes to record his sincere appreciation

for the assistance of Purnima Mujumdar in the prep-

aration and typing of this manuscript.
REFERENCES*
1.
 Kramm, D.J., ER-G-17, Fuller Co., Bethlehem, PA.

Also E&M J., June, 1980.
2.
 International Energy Corporation (IEC), Rotary dryers,

IEC Technical Bulletin, Pennwalt Corporation, Stokes

Division, Philadelphia, PA.
3.
 Kudra, T. and Mujumdar, A.S., Advanced Drying Tech-

nologies, Marcel Dekker, New York, 457 pp., 2001.





38 Dewatering and Drying
� 2006 by Taylor & Francis Grou
of Wastewater Treatment Sludge
p

Guohua Chen, Po Lock Yue, and Arun S. Mujumdar
CONTENTS

38.1 Introduction ......................................................................................................................................... 887

38.2 Wastewater Treatment Process and Sludge Production....................................................................... 887

38.3 Moisture Distribution in Sludge .......................................................................................................... 889

38.4 Sludge Dewatering ............................................................................................................................... 890

38.5 Sludge Drying ...................................................................................................................................... 891

38.5.1 Solar Energy Drying ............................................................................................................... 891

38.5.2 Thermal Drying Fundamentals ............................................................................................... 892

38.5.3 Direct Sludge Dryers............................................................................................................... 893

38.5.4 Indirect Sludge Dryers ............................................................................................................ 896

38.5.5 Other Sludge Dryers................................................................................................................ 898

38.5.6 Related Issues.......................................................................................................................... 901

38.6 Conclusion ........................................................................................................................................... 902

Acknowledgment............................................................................................................................................ 902

References ...................................................................................................................................................... 902
38.1 INTRODUCTION

Sludge is the name that describes a muddy or slushy

mass, deposit, or sediment as (a) the precipitated solid

matter produced by water and sewage treatment pro-

cesses; (b) mud from a drill hole in boring; (c) the

muddy sediment in a steam boiler; (d) waste from a

coal washery; or (e) the precipitated or settled matter

from industrial processes. Water treatment sludge

consists of suspended solids, coagulation chemicals,

usually an alum or polymers with a limited amount of

biological materials. A comprehensive review of in-

dustrial sludge can be found elsewhere [1]. In that

review, sludge from petroleum, metal-finishing, flue

gas cleaning, water treatment, pulp and paper pro-

cessing, polymer plants, chemical plants, as well as

mineral and metallurgical industries are discussed.

The sludge addressed in this chapter is the by-product

of a wastewater treatment plant. Brief reviews on the

treatment, usage, and disposal of this type of sludge

are available [2,3]. In this chapter, we take a compre-

hensive approach to examine the literature on sludge

dewatering and drying in order to give readers a

relatively detailed and complete picture of this area
, LLC.
that is growing with the expenditures on environmen-

tal cleanup and control, amounting to about US $150

billion in the United States and about US $400 billion

globally in 1997 [4].
38.2 WASTEWATER TREATMENT PROCESS
AND SLUDGE PRODUCTION

Among the sludges generated from wastewater treat-

ment plants, there are two types: (a) municipal sewage

sludge and (b) industrial sludge, depending on the

sources of the wastewater. By taking a municipal waste-

water treatment plant as an example, there is primary

sludge obtained from gravity settling at the beginning of

the process, secondary sludge generated from biological

treatment (usually activated sludge), see Figure 38.1,

and also tertiary sludge generated by processes such as

chemical precipitation and filtration [5]. The sludge

produced may undergo further biological digestion ei-

ther aerobically or anaerobically in order to reduce the

volume as well as the pathogens in the sludge [6].

The digestion of raw sludge will also convert some of

the organic carbon into methane or CO2.



Raw
waste water

Detritus pit

Bar screen
Sand, fat,
and oil
removal

Fine screen Primary settler

Sand and
grit
washing

Primary
sludge

Secondary
settler

Water from
primary stage

Aeration
tank

Air
supply

Sludge
recircle

Discharge

Activated sludge

FIGURE 38.1 Typical wastewater treatment process.
App roximatel y 5.4 milli on tons of dry sewage

sludge are generat ed ann ually from abou t 12 ,750

public owned treatment works (POTW) in the United

States [7]. The average sludge producti on is abou t

0.090 kg dry sludge/pers on/day in Europ ean coun -

tries [8]. Since raw sludge c omprises over 90%

water, the volume of the raw sludge produced is

enormous. Typical raw -activat ed sludge produ ction

is in the range of 1.2 to 2.4 kg/per son/day . Tabl e 38.1

shows the producti on and utilization of sludge pr o-

duced in EU , the Unit ed State s, and Japan. The da ta

on the EU an d the United State s are from Ref . [5],

while the data on Japan are from Ref. [9]. Currentl y,

the sludge is used in a griculture , placed in landfill s,

incine rated and, in some places, dumped in the sea.

Sea dumping has been ban ned by many countrie s

and is a trend being followe d worldw ide. Landfil l

remain s the primary sludge disposa l practi ce in

most of the countri es wher e suit able sites are avail -
TABLE 38.1
Global Sludge Production and Utilization

Country Dry t/y ·1000 Agriculture Use (%) Landfill (%) Incineration (%) Sea (%) Other (%)

United States 5358 33.3 34 16.1 6.3 10.3

Germany 2700 27 54 14 5

Japan ~2000 25 75

UK 1107 42 8 14 30 13

France 852 60 20 20

Italy 816 33 55 4 8

Spain 350 50 35 5 10

The Netherlands 323 26 50 3 2 19

Denmark 170 54 20 24 2

Belgium 200 29 55 15 1

Greece 48 10 90

Ireland 37 12 45 35 8

Portugal 25 11 29 60

Luxembourg 8 12 88

� 2006 by Taylor & Francis Group, LLC.
able. Since the volume of sludge is very high world -

wide, there is a growing inter est in eithe r increa sing

agricu ltural usage or process ing the sludge to pro -

duce other useful products.

The resources found in municipal wastewater

treatment sludge, more recently called biosolids,

are nutrients (N and P) and energy (C) along with

some minor co mponents as shown in Tabl e 38.2

[10]. Therefore, 1.17 million dry tons, or 21.6% of

total wastewater treatment sludge generated in the

United States, are used to improve the soil for crops

and pastures. The application of sludge for agricul-

tural use in developing countries should be even

more widespread. In addition, there are also appli-

cations for nonagricultural land, such as forest land,

parks, golf courses, and reclamation sites. Agricul-

tural use includes the direct spray of raw sludge, the

use of digested sludge as fertilizer, or composting

the sludge with some municipal solid waste (MSW)



TABLE 38.2
Municipal Sludge Characteristics

Parameter Primary Secondary

Total solids (TS), % 3.0–7.0 0.5–2.0

Volatile solids (% of TS) 60–80 50–60

Nitrogen (N, % of TS) 1.5–4.0 2.4–5.0

Phosphorus (P2O5,

% of TS)

0.8–2.8 0.5–0.7

Potash (K2O, % TS) 0–1.0 0.5–0.7

Heat value (kJ/kg,

dry basis)

23,000–30,000 18,500–23,000

pH 5.0–8.0 6.5–8.0

Alkalinity (mg/l as

CaCO3)

500–1500 580–1100

Metal contents (mg/kg,

dry basis) Range Median

Arsenic 1.1–230 10

Cadmium 1–3410 10

Chromium 10–99,000 500

Copper 84–17,000 800

Lead 13–26,000 500

Mercury 0.6–56 6

Molybdenum 0.1–214 4

Nickel 2–5300 80

Selenium 1.7–17.2 5

Zinc 101–49,000 1700

Iron 1000–154,000 17,000

Cobalt 11.3–2490 30

Tin 2.6–329 14

Manganese 32–9870 260

Interstitial water

Intracellular and
chemically bound water

Surface water

Free water

FIGURE 38.2 Water distribution in sludge.
to form humus-like material for land remediation

[11]. The limitation of large-scale agricultural util-

ization of sludge lies in the high heavy metal con-

tents and pathogens in the sludge. Biosolids can also

be used as landfill cover material. They can be used

as an energy source as is the case for incineration of

sludge together with MSW to generate electricity.

Incineration can greatly reduce the volume of

sludge, thus relieving the demand for landfill. This

option is suitable for regions such as Hong Kong,

Singapore, and Japan where landfill sites are not

available. However, the well-known air pollution

problem arising from incineration has to be

addressed properly. The ash produced can be used

as raw material for the production of building and

road-surfacing products. Other methods of sludge

treatment include the production of oils and fertil-

izers from sludge [12,13] and construction materials

from melted incinerated sludge ashes [14]. An exten-

sive report on alternatives for sludge use is available

elsewhere [15].
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38.3 MOISTURE DISTRIBUTION IN SLUDGE

The moisture in sludge can be as high as 99%.

Figure 38.2 shows a conceptual visualization of

moisture distribution in sludge. This distribution

takes the following forms [16]: (a) free moisture that

is not attached to the sludge particles and can be

removed by gravitational settling; (b) interstitial

moisture that is trapped within the flocs of solids or

exists in the capillaries of the dewatered cake and can

be removed by strong mechanical forces; (c) surface

moisture that is held on the surface of the solid

particles by adsorption and adhesion; and (d) intra-

cellular and chemically bound moisture. The amount

of water that can be removed depends on the dewa-

tering process and also the status of the water in the

sludge. The water that can be removed by mechanical

dewatering is usually termed as ‘‘free water’’ and the

remaining as ‘‘bound water.’’ The bound water con-

tent is the theoretical limit of mechanical dewatering

[17]. The free water so defined includes truly the free,

interstitial, and partially the surface moisture. The

bound water includes the chemically bound moisture

and partially the surface moisture.

The bound water content can be determined by

methods such as dilatometric determination, vacuum

filtration, expression, drying, and thermal analysis. The

dilatometric method is based on the assumption that

free water can be frozen at �208C. By placing a

known amount of sludge into a scaled container

called a dilatometer and measuring the volume of

expansion at �208C, the free water content can be

calculated [18]. The part that does not freeze is the

bound water. The sludge is usually mixed with a fluid

that does not freeze at �208C, is immiscible with

water, has specific gravity less than 1.0, and shows



linear expan sion/con traction over the tempe rature

range of �20 to 20 8 C. Thus , the volume chan ge in

the frozen sludge can be easily determ ined. Xylene

was the fluid suggest ed for use in this process [19] .

Hydraul ic oil ha s been foun d to be suitab le for su ch a

purpose [20] . The rate of sampl e co oling is usually

control led at 18 C/mi n althoug h it has an insign ificant

effect. The vacu um filtrati on and exp ression method s

force the free wat er to pass throu gh porous media ,

which retain the soli ds with the bound wat er. For the

express ion test, either a co nstant hea d piston press

[21] or a ce ntrifuge can be used [22,23]. The bound

water content can also be determ ined by drying a thin

layer of sludge unde r co nstant air temperatur e (30 to

40 8 C) and constant humidi ty (RH of 50 to 60%) . The

drying of the free water is accomp lished at a constant

rate while the bound water drying rate de creases wi th

a decreas e in the mois ture co ntent. The critical mois -

ture co ntent equ als the bound wate r con tent [16,24–

28]. Thermal analys is may be used to measur e the

amount of heat relea sed when the free water is frozen

or the amo unt of heat requir ed to melt the frozen

water. By assuming that the free wat er woul d freeze

at � 20 8 C, the heat relea sed or requir ed during the

freezing or thaw ing process can be de termined by a

calorimet er [29] or by a diff erential scanning calori m-

eter [30, 31].

Obvi ously, the bound wat er co ntent often

depend s on the operati on because of the differen ces

in the analyt ical method s [20,31,32 ]. Such a depen d-

ence was found to be related to the mechani cal force

applie d an d the bond stre ngth be tween the water

molec ules and the so lid pa rticles. In vacuum filtr a-

tion, the depend ence corresp onds to a bond stren gth

close to zero (1 kJ/kg) ; in the drying test, it corres -

ponds to a bond stre ngth of 20 to 40 kJ/kg; an d in

express ion, it corres ponds ap proximatel y to 70 kJ/kg,

which is almos t the value of the he at of physiso rption

[21]. A de tailed sludge testing and hand ling guide can

be found elsewhere [33].
Lime
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FIGURE 38.3 Typical mechanical dewatering of sludge.
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38.4 SLUDGE DEWATERING

Sludge drying is an energy intensive process . Conse -

quently de wateri ng, i.e., removin g wat er withou t

evaporat ion, becomes an impor tant process before

thermal drying is util ized. Prior to sludge de waterin g,

the digest ed sludge is usuall y con ditioned to generate

flocs that are easy to filtr ate. Chem ical co nditioning

using polyel ectrolytes , Fe (III ), Fe (II), lime, or Al

(III), is the most common method (see Figure 38.3) .

The che micals act as eithe r co agulants by redu cing the

zeta poten tial of the soli d particles or flocc ulants

through the bridgi ng effect to form pro per-sized

flocs. Ther mal conditio ning by simple he ating or wet

air oxidat ion can also be used [34] . An effe ctive

method that can be used in co ld regions in wi nter is

freezing/thawing [35]. During the freezing period, the

ice crystals formed will push the contaminants, in this

case the sludge particles, out of the lattices to form

solid blocks. The sludge should be fully frozen. The

thawing and quick removal of water will end up with

a dewatered sludge of more than 20% solid content

[36,37]. The thawed sludge should not be agitated in

order to keep its filterability [38].

There are several alternatives to mechanical dewa-

tering of sludge. They are: vacuum filters, belt filter

presses, centrifuges, and membrane filter presses.

Vacuum filters are among the earliest mechanical

devices employ ed (Figur e 3 8.4a). Although man y of

its installations are being replaced by the more en-

ergy-efficient belt filters, the use of vacuum filters is

popular when applied with precoat filtration. Another

configuration is the rotary belt vacuum filter. The

difference between a belt vacuum filter and a rotary

drum vacuum filter is that the filter medium belt is

wrapped around the surface of the drum rather than

fixed to it. This gives the advantages of continuous

belt washing and more efficient cake discharge [39].

The operation of belt filter presses is similar

to pressing in papermaking (Figure 38.4b). The
ewatering Liming To dryer

Activated sludge



conditioned sludge is first drained under gravity be-

fore being sandwiched between two endless filtering

belts. The pressure from the tensioned belts squeezes

the water out of the sludge with a continuous cake

discharged at about 15 to 25% solid content when the

feeding solid concentration varies from 2 to 5%.

Plate-and-frame filter presses can also be used if the

volume of the sludge to be treated is not high (Figure

38.4c). The rotary press is a recent development (Fig-

ure 38.4d). Biosolids are pumped into a peripheral

channel that has walls made up of rotating filter

elements. As the mechanism rotates, compression is

created and liquid is forced through the filter elem-

ents. A cake is formed in the interior channel and then

extruded [34]. The belt filter press can be enhanced by

acoustics [40] or electrical osmotic dewatering tech-

niques ([41]; Figure 38.4e).

Centrifugal dewatering uses the centrifugal force

developed by spinning a bowl or basket to separate the

sludge solids from the liquids. Disc, basket, and solid

bowl centrifuges are all used for sludge dewatering with

the latter being the most common. Solid bowl centri-

fuges are available in cocurrent or countercurrent flow

designs ([42]; Figure 38.4f, Figure 38.4g). A typical

centrifuge has two operating zones: a submerged pool

and a drainage zone. The current generation of centri-

fuges can achieve solid contents of 25 to 35% [34].

Membrane filter presses are modified filter presses

with the introduction of inflatable membrane systems,
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automatic cloth washing, controlled filling tech-

niques, dual-speed plate separation, and automatic

discharge [43]. The use of cross-flow microfiltration

technology has been used in South Africa and in the

UK to concentrate sludge solids [3]. Even with tech-

nical advances over the last century, sludge dewater-

ing technology still continues to be improved. No

simple method exists for selecting the best dewatering

process for a wastewater treatment plant. The dewa-

tering process chosen will be a function of sludge

disposal and capacity, along with the plant’s oper-

ation and maintenance capabilities [44].

38.5 SLUDGE DRYING

38.5.1 SOLAR ENERGY DRYING

Thermal drying of dewatered sludge is necessary

when the required final product water content is low

as in fertilizer production, when the heating value of

the sludge needs to be improved for efficient inciner-

ation, or in the case of reduction of transportation

costs in disposal such as landfilling. Thermal drying

can also help to inactivate indigenous viruses [45].

As mentioned before, the thermal drying of sludge

is a very energy-intensive process, hence utilizing

solar energy is often the first natural choice [46]. It

has been found that a solar energy collector can

help increase the drying rate in order to decrease the
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drying time at some locations [47,48], whereas at other

locations such a system can offer only limited help [49].

A drying bed with asphalt pads can make sludge pro-

cessing easier than if clay-lined sites are used [50]. A

filtration sand bed that drains sludge at a small angle

around 18 was found to perform better by placing a

cellular confinement system at 3, 4, 6, and 8 inches cell

depth [51]. This grid-confined sand easily supports a

small loader used to remove dried sludge that typically

has a solid content of 35% and a consistency similar to

soil. In open drying beds, periodical turning of the

sludge has been found to increase the drying rate,

decrease the insect populations, and reduce the odor

problem through increased aeration and the disturbed

incubation of insects [52]. Otherwise, the formation of

thin surface layers would hinder the drying of the

remaining sludge [53].

38.5.2 THERMAL DRYING FUNDAMENTALS

The drying of sludge using solar energy requires a

considerable amount of land and may give rise to an

odor problem that is difficult to solve. In recent years,

thermal drying has received much attention and is

becoming a major sludge-processing technology [54].

The thermal drying of sludge will normally undergo a

constant rate with a first falling rate followed by a

second falling rate period as shown in Figure 38.5
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[55]. During the constant drying rate period, free

water is removed. The first falling rate period is be-

lieved to remove the interstitial water and the second

falling rate period removes the surface water. The

final moisture content retained within the sludge is

mostly chemically bound water in amounts that de-

pend on the type of sludge and the drying conditions.

Besides the variations in moisture content and drying

rates, the physical status of the sludge will change

from a wet zone to a sticky zone before granulation

depending on the solid content [54]. In the wet zone,



the sludge can be spread easily on to a heated tube in

an indirect dryer. Once the stick y zo ne (sol id co ntent

between 55 and 70%) is reached , the sludge turns into

a pa ste and strong sheari ng is necessa ry in order to

have a high de gree of mixing. Therefor e, in an indir ect

drying syst em, the dried sludge is frequen tly mixed

with raw sludge to have a solid content of ab out 70%

in or der to avoid the sticky zone. With further re-

moval of moisture, the sludge becomes crumb ly in

nature and can mix much more freely.

Ther e are numerous dryers availab le global ly that

claim to be able to dry sludge. In terms of he at and

mass transfer, the avail able dryers can be classified as

(a) direct drying syst ems, (b) indir ect drying systems,

and (c) combined systems that foun d in fluidized- bed

dryers . Direct dryers are simple in design but the

vapors relea sed from the sludge have to be sep arated

from the drying medium, especi ally in the situ ation

when the drying medium is to be recycl ed to save

energy. Dir ect dryers are typic ally rotary -drum, fla sh,

moving -belt dryers , or cen tridryer types. Typi cal in-

direct dryers are thin-fi lm, rotar y-disc , or ro tary-tray

dryers . The indirect drying system ha s the advan tage

of producing minimal amounts of vap ors an d is there-

fore easy to manage [3]. The drying rate of indir ect

dryers may be lower than that of direct dryers becau se

the latter can operate at mu ch higher temperatur es.

38.5.3 DIRECT S LUDGE DRYERS

Figure 38.6a shows a rotar y-drum dryer. Inlet tem-

peratur es of up to 1000 8 C can be used without the

risk of ignition with a water evaporat ion rate ran ging

from at least 800 kg /h to as much as 50,000 kg/h.

Recyc ling part of the vent gas may be used to improve

the therm al efficienc y of the dryer. In indu strial

sludge drying in Japan, rotar y-drum dryers equipped

with a disintegra tion device are widely employ ed (Fig-

ure 38.6b) . The disintegra tor in the dr um consis ts of

antenna- like bars and rotates at 200 to 400 rpm. Such

a dryer can give an evaporat ion rate of 100 to

5000 kg /h [56]. One varia tion is to introd uce hot gas

into the rotar y dru m through perfor ated tubes to

ensure unifor m gas distribut ion while the drum wal l

is equipped with spiral fligh ts for sufficien t mixing

[57]. If the incomin g sludge con tains a significan t

amount of fibers such as sludge from the pa permak-

ing ind ustry, an a ttrition mill may be inst alled ahead

of the dryer [58]. Figure 38.6c and Fig ure 38.6d show

a tri ple-pass rotary drum dry er. It consists of two

concen tric cyli nders within one large outer cylin der.

These cylin ders are align ed to rotat e at the same

speed. As sludge passes through the most inn er cyli n-

der, it is exposed to the highest gas tempe ratur es.

When the sludge is con veyed pneumat ically to the
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outsid e cyli nders by the fan, it is expo sed to low er

gas tempe ratur es a nd air veloci ties. Depen ding on the

hot gas tempe rature a nd the dryer size, the evap or-

ation rate can vary from a few hundred kilogr ams pe r

hour to more than 25,000 kg /h.

The most basic flash drying system for use wi th

material s that requ ire disi ntegra tion, whi ch is the ca se

for sludge, is the cage mil l syst em. The feed is agita ted

in the hot gas stre am by the cage mill, thereby in-

creasing turbule nce and retent ion time. The circul ar

motion of the rotor a ssists the partiall y dried sludge

to move up the dryer where additio nal drying occurs.

A mixer may be used for wet feed wher e a por tion of

the alrea dy dried sludge is divert ed ba ck into the

mixer. In flash drying, heat recover y is helpful in

impro ving the energy effici ency. Depe nding on the

applic ation, this is nor mally accompan ied either by

using ven t gas recirculat ion (Figure 38.7a) , by

employ ing a deo dorizing preheat er as a heat exchan -

ger (Figur e 38.7b) , or tying the flash drying syste m

directly with a steam -gener ating boiler that can incin-

erate both the dried sludge an d any odor ous drying

gases (Figur e 38.7c). The maxi mum water evap or-

ation rate is app roximatel y 0.1 kg water/m 3 air flow

at the vent. A recent developm ent in fla sh dryers is

present ed in Figure 38.8. The strong impac t force and

air turbul ence gen erated by a high speed dispersion

rotor enab les better perfor mance of the feed material

disper sion in the drying ch amber wi thout a cage mill.

A remar kable increa se in drying effici ency has been

observed. By adjust ing the c lassifying rotor locat ed at

the top of the dryer, the moisture content an d the

particle size of the pr oduct can be regula ted.

Such a dryer is claimed to be ad hesion-free with an

evaporat ion rate of up to 6000 to 8000 kg/h. It

operate s sim ilar to that of a hot -gas-grin der dryer

(Figur e 38.9) . The differen ce is that the form er can

handle wet sludge whi le the latter is report ed to

operate with dried sludge of mois ture content around

20 to 30% [56] . A spin flash drying system ha s recent ly

been patent ed based on simila r princi ples [59].

Belt dryers are avail able in open, semi-open , and

closed-loo p systems. Figure 38.10a shows a closed-

loop system with the heating air dried and recircu-

lated [60]. Figure 38.10b shows another system that

was designed for sludge drying using infrared (IR)

heating. Air from the supply plenum passes across

the face of the IR heaters and is directed downward

toward the sludge in a belt passage way. A lower

plenum is provided below the upper run of the belt.

It is maintained in a vacuum to draw air through the

sludge. About 10 to 30% of the air is exhausted from

the upper plenum to release moisture from the appar-

atus with the same portion of air made up by drawing

air from the entrance and exit of the belt passageway
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[61]. Fig ure 38.10c sho ws a moving -belt sludge dr yer

with the belt made up of cell ular poc kets. The sludge-

filled pockets a re supporte d on a heated pan . Heated

air is supp lied from both the top and the bottom

surface s of the poc ket. Heat trans fer is achieve d by

convecti on and condu ction. The sludge may unde r-

go multiruns be fore it is dried and rejected from

the poc kets [62] . A be lt dryer with stacke d heating

chambers claiming to have a bette r therm al efficiency

(Figure 38.10d) has been patent ed [63].
� 2006 by Taylor & Francis Group, LLC.
Anothe r type of direct dryer is the spray dryer [64]

but there is no such installation in the United States

for sludge treatment [65]. A recent patent of cyclonic

dryer may be used in sludge drying [66]. In this cyc-

lonic dryer, a high-speed heated air stream is intro-

duced to the cylinder such that it rotates tangentially

around a central axis immediately upon entry into

the cylinder. The wet material such as sludge is fed

to the dryer directly into the outer spiral air stream

with turbulence generated by ramps on the wall of the
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cyclone. The concep t of combinin g drying and dewa-

tering has been realized by Cent ridry 1 using a cen tri-

fuge in the heart of the dryer an d the dewatered

sludge granule s are directly dried imm ediately afte r

exiting the centrifuge. The dewateri ng and drying

parts are separat ed by the stator case of the centri fuge

([67]; Figu re 38.11) .

38.5.4 INDIRECT S LUDGE DRYERS

Since indirect dryers generate less ga s, most of their

designs are closed- loop with either heat recover y a nd/

or odor remova l units. Bec ause indir ect dryers depend

on heat being trans ferred from a he ated surfa ce and

the de watered sludge is still relat ively wet (around

25% solid content for activated sludge ), the han dling

of the inter facial behavior of the sludge and the

heated surfa ce is an impor tant issue. While there is

no air flow to disper se or disintegra te the wet sludge,

mechani cal agit ation has to be de signed to preve nt

the heati ng surfa ce from be ing fouled, especi ally in

the sticky zo ne with the solid content ranging between

55 and 70%. Depen ding on the requ irement of the

final mois ture content , which is related to the fate of

the dried sludge, there are singl e or two-st age indir ect

drying systems employ ed . If the sludge is dried to
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impro ve its burn ing propert ies in an incine rator, a

single-s tage thin film evapo rator can accompl ish the

job with a fina l soli d content up to 65%. This tech-

nology has been establis hed in the process ing of oth er

products [68]. For sludge process ing, usu ally a hori-

zontal agitated thin film evap orator is selec ted. Its

drying rate lies between 20 and 160 kg/m 2/h [54].

W hen higher fina l solid co ntents are de sired, a

rotary pad dle or disc dryers may be used either

alone or as the secon d stage follo wing a thin-fi lm

evaporat or. Figure 38.12 sho ws the design princip le

and necessa ry parts usua lly found in an indirect

dryer. It consis ts of a stator with scraper s an d a

rotor wi th agit ators and drivi ng units. The he at trans -

fer su rface can be self-cl eaned wi th the gentle fri ction

forces creat ed from the rotor motion . Adequ ate mix-

ing can be ach ieved by the actio n of the agitators and

the scraper s. The nearly consecuti ve chambers ensu re

almost a plug flow of the sludge through the dryer,

which is an impor tant issue in sludge ster ilization [69] .

The dryers so designe d are av ailable as shown in

Figure 38.13a through Figure 38.13d. Some of the

dryers shown in Figure 38.13 claim to be able to dry

sludge with moisture contents down to less than 10%.
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FIGURE 38.11 Centridryer.
Ind irect drying with sim ultaneo us sludge dry ing

and pelletizing emerg ed in the last decad e in Europe

as a resul t of environm ental and energy co nservation

concerns. The dryers used in su ch a practice are ver-

tical mult istage tray dryers (Figur e 38.14) . The sludge

is fed via the top inlet and moved by the rotat ing arms

from one heated tray to ano ther in a zigzag path until

it exits at the bottom as a dried and pelle tized prod uct

with up to 95% total soli d co ntent. The dryer trays are

hollow an d are heated by steam or therm al oil [70,71].

The sludge can be uni formly spread on the heated

surface with its layer thickne ss con trolled properl y.

Hence, more unifor m drying is achieve d in such

a dryer. 
Moist air Inlet

Stator

Agitator

Rotor

FIGURE 38.12 Design principle of Rotadisc.
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38.5.5 OTHER SLUDGE DRYERS

In add ition to the direct and indir ect dryers revie wed

above, there are systems available that either use

combined conduction and convection heat transfer

or use a different drying medium. Examples are the

fluidized be d dryer shown in Fi gure 38.15. The wet

sludge can be continuously fed and withdrawn from

the fluidized bed system with few moving parts. The

heat for water evaporation is supplied mostly from

the hot surfaces of thermal oil tubes. The heated air of

about 858C provides some heat and mainly ensures

that the sludge granules stay in a fluidized state to

enhance the heat transfer between the sludge and the

hot tube surface (Figure 38.15a). Sludge can be dried

to 5% moisture content in such a dryer [67]. Contrary

to the simple design seen in Figure 38.15a, a very

sophisticated drying system using superheated steam

has also been developed (Figure 38.15b). Wet sludge

is fed into one of the cells around the superheater and

suspended by the superheated steam blown through

the perforated base plate by the impeller. The par-

tially dried sludge moves successively through each

cell before it is discharged [72].

The description of a concept of combining sludge

drying with sludge incineration is shown in Figure

38.15c. The drying is achieved by mixing heated

sand with wet sludge in a rotary kiln. The dried sludge

is burned in a fluidized bed with sand. The flue gas

heats the sand on top of the burner [73]. This com-

bination is supposed to have higher energy efficiency.

In fact, the integrated fluidized bed drying/incinerator

is currently a popular choice in Japan because of

its compactness and high energy efficiency with

no bad odors generated. In this industrialized dryer/
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incine rator, the dewat ered sew age sludge is dist rib-

uted over a hot fluidized sand bed at about 800 8 C
and subsequen tly redu ced to microsize particles as a

result of rap id evapo ration and comb ustion [41] .

M ultistag e Car ver-Greenfiel d evaporat ion of

water from sludge [74] is found to be very en ergy effi-

cient in ad dition to offer ing ease in handling of liquid s

until the sludge is dried [7]. Impul se dry ing of sludge

was investiga ted an d foun d to be a ble to increa se the

solid co ntent of belt-p ressed sludge signi ficantl y when

the operati ng tempe ratur e exceeded 200 8 C. Thi s is

consider ed as an inexpen sive ene rgy-effici ent technol -

ogy because part of the wat er is express ed out of the

sludge in the liqui d form [75] . This invest igation has led

to tw o very recent patent s unde r the name of ‘‘Ap par-

atus for mult inip impul se drying’ ’ [76,77].

38.5.6 RELATED ISSUES

The viruses and pa thogens con tained in sludge must be

handled prop erly. Thermal sterilizati on is a goo d by-

produc t of therm al drying. The US EPA requir ement

of 70 8 C for 2 h is eq uivalen t to 90 8 C for 10 to 15 min,

which can be easily satisfied by indir ect dryers . The

operati ng tempe ratur e of direct dryers can usuall y go

above a few hundred degrees . Therefor e, therm ally

dried sludge can be safely used for any purp ose. Odo r

is another concern . In direct drying, exh aust gases may
Wet sludge

Centrifuges

Dryer

Air

Gas

Sludge cake

FIGURE 38.16 Typical components seen in a sludge drying pla
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be introduced to the incinerator or burner. In indirect

systems, the limited amount of gas generated can either

be burned or biofiltered. In direct drying with high

solid contents at high temperatures, prevention of the

explosion of the fine powders must be seriously con-

sidered . Figu re 38.16 shows the typic al componen ts

seen in a sludge dewatering and drying plant.

In spite of the known nutrients and carbon

sources it contains, sludge is presently considered

of low commercial value because of its heavy metal

contaminants. The cost of sludge dewatering ranges

from about US$34 to 57/t of dry solids at respectively

150 and 60 t/day of dry solids using a high throughput

centrifuge. In the case of belt filter presses, the cost for

a similar dewatering capacity would be US $40 and

US $64, respectively [7]. The capital investment for

sludge drying is roughly US $1.8 million/t/h evapor-

ation rate. Variations can be found from the low-cost

flash drying systems to the highly sophisticated

expensive closed-loop systems. The operating cost

depends on the grade, source, and cost of the fuels

used for heat exchanger. The final moisture content

requirement is a key parameter that influences the

capital cost. The predicted range is US$65 to 80/t of

dry solids [55].

Utilizing the waste heat from the burning of

sludge is considered to be very important. For

example, flue gas drying preceding incineration can
Deodor

Gas−solid
separation

Dust
Remove

Dry sludge

EffluentPE
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nt using a direct dryer. (Courtesy of Vadeb.)



save as much as 60% on the cost compared with direct

incineration in large sludge plants [78]. Similarly,

mechanical compression of the vapors generated

from indirect dryers can improve the energy efficiency

considerably [79]. Cogeneration-sludge drying units

might be an economically attractive option to

consider in large wastewater treatment plants [80].
38.6 CONCLUSION

Wet sludge from wastewater treatment plants has

greater than 95% moisture content. Proper utilization

or disposal of this sludge has become a global issue

because of increasingly stringent environmental regu-

lations. The removal of water from wet sludge is

an important step in reducing sludge volume and

transportation costs and in increasing the heat value

of sludge. Mechanical dewatering is usually the first

treatment step after physical, chemical, biological, or

thermal conditioning. There are several methods of

sludge dewatering such as vacuum filters, belt presses,

and centrifuges. Mechanical dewatering can be

enhanced by acoustic and/or electro-osmotic effects.

Solar drying is a natural choice if the environmental

conditions permit.

Thermal drying can be accomplished in direct,

indirect, or combined drying systems to produce a

higher final solid content. There are numerous

dryers available to dry sludge to a solid content of

around 55 to 95%. The selection of a particular dryer

depends on the initial and final moisture contents,

the properties of the product, the ability to operate

and maintain the system, and the nature and capacity

of the sludge to handle. The cost of sludge dewatering

depends on the process selected, with US$34 to 40/t of

dry solids for centrifuge and aboutUS$60/t of dry solids

for a belt filter press. The drying cost varies among

different technologies chosen with a range of US$65 to

80/t of dry solids. Proper use of the waste heat generated

from the vent gas can create significant savings in the

drying cost.

Sludge drying is not an isolated issue. It has to be

addressed along with other economical, environmen-

tal, and safety concerns. There may be no obvious

and immediate financial incentives from investment in

a sludge treatment process, but over the past decade

the world has witnessed a significant increase in pub-

lic investment in environmental protection including

for sludge processing. Such a trend will be followed

worldwide in the future. Despite being many types of

dryers available, the market demands innovative dry-

ing technologies with higher thermal efficiencies,

lower emissions, less operator involvement, cheaper

capital costs, and better final products.
� 2006 by Taylor & Francis Group, LLC.
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39.1 INTRODUCTION

Biotechnology is the action aiming at producing use-

ful products for various branches of the economy by

means of biological components and microorganisms,

viruses, animal and vegetable cells, as well as extra-

cellular substances found within tissues. The growing

scope of these activities includes production of a bio-

logical system, a producer strain, using the recombin-

ation technique and cell engineering. As a result of

processes taking place in the presence of microorgan-

isms, materials of various forms are produced, such as

microorganisms similar to the inlet materials, e.g.,

yeast and bacteria. The product may be a substance

with a complex chemical structure in the form of a

high-molecular polymer or organic compound (e.g.,

antibiotics, vitamins, and organic acids).

Biotechnology includes several basic processes,

the most important of which is the fermentation pro-

cess (Figur e 39.1). In this proce ss the fund ament al

transformations of reagents take place in the presence

of microorganisms. This is a complex process of
, LLC.
biochemical transformations depending on many

microbiological, chemical, physical, and mechanical

factors. These factors include microorganism cultures

and strains, types and amounts of additives, pH of the

medium, temperature, mixing intensity, and so on.

The other process, which is of equal importance, is

preservation of the product of microbiological trans-

formation. The preservation process depends, among

other things, on product applicability, the way it is

utilized, storage possibility, and conditions. Some-

times the product can be used jointly with by-

products and unreacted residues of the culture med-

ium and nutrients. Then, it is a raw material for

microbiological concentrates (as a result of filtration,

concentration, or drying). When the product is used

as a purely microbiological material, it should be

separated from the fermentation medium, impurities,

and residues of reagents, and then the purified sub-

stance should be concentrated and preserved by re-

moval of solvent (water) through freezing or drying.

The aim of this chapter is to present methods of

preservation of biotechnological products by drying
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FIGURE 39.1 Schematic diagram of the biotechnological process.
while maintaining required product quality. In the

first part, a biotechnological product is presented as

an object of drying. Particular attention is given to its

sensitivity and qualitative changes due to dewatering

and elevated temperature. In the second part, quali-

tative changes of the product are considered in the

mathematical description of the drying process, its

modeling, and optimization of process parameters.

Finally, many known drying methods are character-

ized with reference to their advantages and disadvan-

tages as applied to biotechnological products.

This chapter has been updated from the previous

version [1]. However, its structure has been preserved

and the most important trends and procedures applied

in drying of biotechnology products are emphasized.

The chapter is supplemented with the results of the

latest research, and most recent references are quoted.

Worth mentioning are the monograph Thermal

Processing of Bio-materials [2] and relevant parts of

Advanced Drying Technologies [3] that have an appli-

cative character. It is also worth referring the mono-

graph on bioproduct granulation [4] that presents

problems related to thermal impacts on a material

and drying of bioproducts. From among many gener-

ally known source materials it is worth to mention the

conference proceedings concerning preservation, con-

centration, and drying of foodstuffs [5–8] and the

studies on the role of water in food and biological

products [9–12]. Many monographs on drying of

biotechnology products were published in Russian
� 2006 by Taylor & Francis Group, LLC.
[13–21]. There are still up-to-date general publications

presenting the analysis of specific conditions of drying

and preservation of biotechnology products used in

many European countries [22–30], and also valuable

publications that give an account of experimental

results [31–35].
39.2 BIOTECHNOLOGICAL PRODUCTS
AS MATERIAL BEING DRIED

A typical suspension of liquid fermentation culture is

an aqueous mixture of microorganisms or biopoly-

mers, unreacted residues of nutrients, by-products,

process-controlling additives, and so on, with dry

mass content amounting to several percent. In the

process of concentration and drying of these mater-

ials, attention cannot be paid only to the removal of

water, which is the medium and solvent of a sub-

stance, but also to the removal of water, which is a

constructional element of the product particle. The

presence or absence of such water is of fundamental

importance for biotechnological product storage life,

its activity, and applicability. In general, dried mater-

ials have been classified as drying objects according to

their structure and type of water binding [18,20].

A variety of biotechnological products, from the

point of view of both their nature and structure, do

not allow precise specification of the form of material-

moisture binding.



In general , it is assum ed that these mate rials be-

long to colloi dal-capilla ry-poro us substa nces in which

all form s of mate rial-mo isture bonds are possibl e.

Apart from water solvent , there are also free wat er

and bound wat er. A signi ficant pa rt of water

occurri ng in the cell s of microorgan isms is free

water, while that in the macrom olecul es of biopoly-

mers and prod ucts of microbiolog ical trans form -

ations is mostly bound water (Figur e 39.2). The

biosynt hesis products are usually hydrophil ic colloid s

that can hold up a significa nt amount of bound water.

In the micr oorganis m structure, e.g., a typic al

bacter ial ce ll, there are man y impor tant elem ents

(e.g., nuc leus, cytopl asm, cell membran e) built of a

large number of various inorgani c an d organ ic com-

pounds with molec ular wei ghts that range from sev-

eral hundr eds to thousands of daltons . Among all

compon ents of a live cell, water prevai ls, amou nting

to 70 to 98 %. In micro organis ms only ab out 15 to

18% bound water was found . A major pa rt of the

water pre sent in the c ell is free wat er that is a medium

for va rious react ions and a solvent of many sub -
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to polar protein groups.
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stance s. Fluctuat ions in wat er level can ca use distu rb-

ances in bio chemical process es that take place in the

cell because many reactions, includ ing those catalyzed

by enzymes , depen d on hyd ration of a cell as a whole

and of cell protein s. Interacti ons typica l for drying

that cause changes in moisture con tent an d tempe ra-

ture of a prod uct include many trans form ations

affecti ng its qua lity. Examp les of basic changes a re

given in Table 39.1. Four types of changes are dist in-

guished: (a) biochemi cal (microbiol ogical ); (b) en -

zymatic; (c) chemi cal; and (d) phy sical.

Bio chemic al changes charact eristic of yeast or

bacter ia are strictly connected with the loss of wat er

in the cells and in their indivi dual structural elem ents.

Enzymat ic changes include mainl y the changes of

activit y cau sed by struc tural biop olymer deco mpos-

ition. Chem ical chan ges us ually resul t in a de crease of

nutritiv e values of biotec hnologica l products and in a

formati on of sub stances nox ious to the environm ent.

The effect of these chan ges can easily be obs erved.

Biochemi cal and chemi cal chang es are often revealed

as physica l chan ges: the biotec hnologica l product

loses its solubi lity or water- binding capacity; it also

loses aromatic compound s due to decompo sition or

high volat ility. Decol oratio n of the product is often

observed.

Anothe r set of quality cha nges is shown in Table

39.2, which pre sents exampl es of such chan ges in

particular group s of biotech nologic al pr oducts and

their main componen ts dur ing drying. In general , it

may be stated that the basic de grading mech anism is

the denatura tion of protei n, which is the main com-

ponen t of both live microo rganisms and pro ducts of a

microb iological transform ation.

Rock land and Beuc hat [9] present ed a diagra m

illustrati ng the effe ct of moisture content (exact ly,

water activit y) on the react ions of compo unds and

the preser vatio n of the activit y of a biotech nologic al

substa nce or food stuff (cf. Figu re 39.3) .

The level of water removal from the reaction med-

ium depends on the nature of the substance and on the

applicability of the product, i.e., whether after drying

the substance remains biologically active, is in anabi-

osis, or becomes an inactive organism with determined

structure and biochemical composition. An example

can be baker’s yeast (with a final moisture content of

about 10% by weight—active yeast, after rehydration

being able to grow and undergo biochemical transform-

ations) and fodder yeast (with a final moisture content

of about 5% by weight—dead microorganisms with no

microbiological activity after rehydration). An effect of

moisture content on the percentage of living cells is

presented  in Figure 39.4  [20].

Tem peratur e and the durati on of therm al process -

ing are the other fact ors on which micr obiologic al



TABLE 39.1
Main Changes of Biotechnological Product Properties during Drying

Biochemical

(microbiological)

Enzymatic Chemical Physical

Atrophy of microorganisms (cells) Loss of activity Decrease of nutritive

values and activity

Solubility

Rehydration

Shrinkage

Loss of aroma

Yeast Enzymes Protein Every biotechnological

Bacteria Vitamins Carbohydrates product

Molds Fats

Antibiotics

Amino acids
propert ies of preser ved bio technol ogical pro ducts de-

pend. In general , a lower process tempe rature en ables

a longer process ing tim e. How ever, as follo ws from

drying theory, unde r strictl y control led heat co ndi-

tions it is pos sible to use elevat ed tempe ratures of

the dry ing agent during drying of therm olabile ma-

terials . The effect of tempe rature and time on the

percent age of live micro organis ms is shown in Figu re

39.5 [20] .
TABLE 39.2
Examples of Degradation Processes of Biotechnological

Product Type of Reaction

Live microorganisms Microbiological changes

Lipids Enzymatic reactions

Proteins Enzymatic and chemical

reactions

Polymer carbohydrates Chemical reactions

Vitamins Chemical reactions

Simple sugars Physical changes

� 2006 by Taylor & Francis Group, LLC.
To quantitatively analyze the biotechnological

product resistance and durability, changes of one or

several quality factors considered most important are

assumed. In general, a qualitative change can be de-

termined by the index of quality degradation A; the

indices written as AX or AT refer to quality changes

resulting from the changes in moisture content and

temperature, respectively. They are the function of

time and reflect the number (concentration) of living
Product Components during Thermal Drying

Degradation Processes Result

Destruction of cell

membranes

Denaturation of

protein

Death of cells

Peroxidation of lipids

(discoloration of the

product)

Reaction with other

components (including

proteins and vitamins)

Total destruction of

amino acids

Denaturation of proteins

and enzymes

Derivation of some

individual amino acids

Partial denaturation, loss

of nutritive value

Cross-linking reaction

between amino acids

Change of protein

functionality

Enzyme reaction

Gelatination of starch Improved digestibility and

energy utilizationHydrolysis

Fragmentation of

molecule

Derivation of some amino

acids

Partial inactivation

Caramelization (Maillard-

Browning reaction)

Loss of color and flavor

Melting
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microo rganisms C ( t) or the activit y of a product a( t )

as related to the values characteriz ing the beginn ing

of the process C(0) or a(0):

AX or AT ¼
C ( t)

C (0) 
� 100,% (39 : 1)

or

AX or A T ¼
a( t )

a (0) 
� 100, %

When ch aracterizin g the qua lity of a prod uct of

microb iological trans formati ons (and food prod ucts

as wel l) a large number of propert ies are taken into

accoun t. In Figure 39.4 and Figure 39.5 only one

propert y is given, namel y, the percent age of biologi c-

ally acti ve biomas s cells as a function of moisture

content AX, tempe ratur e AT , and process time t . Lit-

erature on pro duct quality refers to different pro per-

ties and transform ations that affect therm al

preser vation an d storage of biotec hnolog ical and

food produc ts [6–9].

The biotech nologic al produ cts can be class ified as

drying object s using specia l criteri a (e.g., resistance to

elevated tempe ratur e or suscept ibilit y to drying) .

Tutova and Ku ts [20] app lied the above criteri a and

proposed the class ification of biotec hnologica l pro d-

ucts into two groups:
� 20
1. Materials nonr esistant therm ally, microo rgan-

isms of high death rate due to therm al treat -

ment; they are cha racterized by a relative ly
06 by Taylor & Francis Group, LLC.
high va lue of critical , bounda ry mois ture con -

tent. So, these are therm o- and xerola bile sub -

stances. The assum ed bounda ry values are

maximum at tempe rature, abo ut 60 8 C and

moisture co ntent, about 35 to 40% by weight.

In this group, bacterial cultur es, enzymes , vir-

uses, yeast , and fungi are included.

2. Biotechnol ogical produ cts of high therm al re-

sistance, with a therm al inact ivation rate that is

low and crit ical mois ture content reaches sev-

eral pe rcent. So, these are therm o- and xero-

stable substa nces. The assumed bounda ry

values are tempe ratur e, abo ut 150 8 C and mois -

ture con tent, 5 to 7% by weigh t. This group

contain s the products of micr obiologi cal syn-

thesis and spores (e.g., amino acids, antibioti cs,

and selected bacter ial strains) .
Anothe r class ification is prop osed, taking as a

basis the role of wat er present in the biotech nologic al

product [31]. Here, two group s are also dist inguishe d:
1. Biotechnol ogical prod ucts in which water is

one of the decisiv e elem ents for the life and

activity of micr oorganis ms (bact eria, yeast ,

and molds) or products of microbiological

transformation (enzymes). These substances

are characterized by high susceptibility to dry-

ing and their qualitative parameters are sub-

jected to significant changes during drying.

2. Biotechnological products in which water is a

solvent, a medium for microbiological changes,

and not a structural element of biopolymers
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that decides their propert ies (anti biotics, amino

acids, a nd vita mins). Thes e mate rials are char-

acterized by high resistance to drying an d their

qualitativ e pa rameters undergo only sligh t

changes during drying.
One more classificat ion of biotec hnologica l pro d-

ucts can be made, taking as a crit erion the applicab ility

of the dry pro duct. The same biotec hnol ogical prod uct

can be preser ved maint aining its micr obiologi cal

activit y and biological struc ture (e.g., activ e yeast for

promot ing fermen tation process es) or be devo id of the

propert ies of a live micr oorganis m wi th its chemi cal

composi tion maintained (e.g., inactive yeast wi th high

protein content used as fodder yeast).
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FIGURE 39.6 Dependence of constant reaction rate of ther-

mal inactivation kd,T on temperature u: (1) nonsporulating

microorganisms; (2) bacterial spores; (3) antibiotics (baci-

tracin and grisin); and (4) lysine. (From E.G. Tutova and

P.S. Kuts, Drying of Microbiological Products, Agropromiz-

dat, Moscow (1987) (in Russian).)
39.3 DEGRADATION PROCESSES IN THE
SCHEME OF DRYING MODELING

In a general scheme of the mo deling of drying, the

aspect concerning produ ct qua lity is neglect ed. In the

case of mod eling of drying biotec hnologica l prod ucts

it is necessa ry to consider the kineti cs of qua litative

changes of pro ducts an d relat e it to the dry ing kineti cs

[29,31–42] . Thus, for one or severa l selec ted qua litative

parame ters being most impor tant for a product, the

process of qualit ative degradat ion sh ould be de scribed

using mathe matica l express ions. As stated above, in

such an express ion for a given index, three most

impor tant drying parame ters shou ld be co nsidered :

(a) mois ture content ; (b) material temperatur e; and

(c) process durati on.

In major ity of qua litative chan ges it is assum ed

that their kine tics corres ponds to the first-o rder reac-

tion an d c an be de scribed by the followi ng e quation:

dA

d t
¼ rd ¼ �kd A (39 : 2)

where A is the numeri cal value of the charact eristic

index of degradat ion describ ed by this relationshi p

(e.g., the number of living micr oorgan isms, activity

of antibi otics, en zymes). The react ion rate constant

kd, as a function of tempe rature, is determ ined by the

Arrhen ius equ ation:

kd ¼ f ( T ) ¼ k d , T ¼ k1 exp � Ea

R u

� �
(39 : 3)

The frequency coeffici ent k1 (s� 1) and acti vation

energy of Ea (J/mol) are charact eristic values for a

given sub stance and depend on the tempe ratur e,

moisture content , an d reaction time.
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Tut ova and Kuts [20] presen ted a diagra m of

changes in the react ion rate constant for therm al

inactivation kd,T depending on the temperature for sev-

eral types of biotechnology products (Figure 39.6). As

the degradat ion index, the de ath rate of microo rgan-

isms has been assum ed. The first group of lines [1]

refer to vegeta tive forms of microo rganisms drying at

a relative ly low tempe ratur e (45 to 50 8C) . The inact i-

vation temperatur e of these culture s is in the narrow

range (10 to 15K) wi th kd, T chan ging 17 times. Lin es

[2–4] refer to spores an d biosynt hesis products . They

are charact erized by higher thermo stability and a re

resistant to the tempe rature abo ve 1 00 8C. The kinetic

constant kd, T changes 6 to 8 times in a wi der range of

tempe ratures (60 to 80 K).

On the basis of experi menta l data, us ing the cal-

culation method of chemical reaction kinetics, the

kinetic parameters of thermal inactivation of many

substa nces wer e establ ished (Table 39.3) [20] . How -

ever, the authors make reference to a high discrep-

ancy of experimental and calculated data, reaching 20

to 30%. Similar kinetic parameters were determined

as a result of investigations of selected biotechno-

logical products [43–46].

The qualitative changes induced by a decrease

in moisture content in a biotechnological product



TABLE 39.3
Kinet ic Param eters of Therma l Inact ivation

Substance (temperature range) Ea (kJ/mol) k1 (s
�1) Heating Time t (s)

Nonspore bacteria (40–558C)

Beauveria bassiana 227 1034

Rhizobium pisum 248 1038

Azotobacter chroococcum 341 1052.5

Lactobacillus plantarum 428 7 � 1066

Lactobacillus acidophilus 142 1021

Fungi

Penicillium, Trichoderma 299 1048 �60

Enzymes

Transeliminase 111 1015.5

Polygalaturonase 251 1037

Spore bacteria (90–1908C)

Bacillus thuringiensis 33 2.7 � 102

Antibiotics (90–2008C)

Biomycin 64.5 1.6 � 106

58 1.2 � 105 >60

Grisin fodder preparation 45 7.9 � 104 �60

27 1.75 >60

Bacitracin 68 1.5 � 106 �60

62 2 � 105 >60

Lysine (90–2008C) 107 1010 �60

30 1.9 >60

Source: From E.G. Tutova and P.S. Kuts, Drying of Microbiological Products,

Agropromizdat, Moscow, (1987) (in Russian).
(dehydra tion degradat ion) can be descri bed using the

reaction rate constant kd,X depend ing mainly on bio-

mass mois ture co ntent X [20] :

kd ¼ f ( X ) ¼ k d , X ¼ k 
0

1 X � n (39 : 4)

where k1
0 and n are the parame ters ch aracteris tic for

dried mate rial.

Luybe n et al. mad e sim ulation calcul ations of the

drying pro cess assum ing the de gradat ion index to be

the change of acti vity of three enzymes : alkaline phos -

phatase in skim milk , lipas e in rye, and catal ase in

wheat and catal ase from spinach in a buf fer solu-

tion [33]. They trans formed general Equation 39.2

of qualitati ve changes (i. e., the acti vity chan ge) to

the form :

a ¼ a0 exp �
ðt

0

kd dt

0
@

1
A (39 : 5)

The react ion rate constant kd was calcul ated acco rd-

ing to the Arrhen ius equatio n, Equation 39.3. The

activati on energy Ea an d frequency coeffici ent k1
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were made depen dent on moisture con tent X acco rd-

ing to the empirical eq uations :

Ea ¼ E a, 1 þ (E a, 0 � E a, 1  ) exp ( � pX ) (39 : 6)

ln k1 ¼ ln k 1, 1 þ ( ln  k1, 0 � ln k 1, 1  ) �  exp

exp ( � pX ) (39 : 7)

The numeric al va lue of constant p was given for each

enzyme on the basis of exp erimental data: for cata-

lase, p ¼ 3.699; for lipase, p ¼ 4.880; and for alkaline

phosph atase, p ¼ 11.366 . The effect of mois ture con -

tent X on Ea and k1 is illustr ated in Figu re 39.7 and

Figure 39.8. From these graphs the va lues of k1 (s
� 1)

and Ea (J/ mol) can be read out for a bone-dry pro -

duct (subsc ript 0 ) an d for a prod uct with mois ture

content X ¼ 1 and mo re (subsc ript infinit y). Figure

39.9 present s a change of react ion rate co nstant kd

of enzyme inact ivation as a function of moisture co n-

tent X calcul ated from the Arrhenius equati on for

tempe rature 60 8 C.

Zimm ermann an d Bauer [34, 35] invest igated the

drying of baker’s yeast (granulated yeast in a fluidized

bed) and developed a mathematical model in which

thermal inactivation of a product was based on the
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first-order reaction equation and the Arrhenius equa-

tion. Taking into account the form of dried material

(pellets of about 0.8 mm or 0.5 mm diameter) and

the theory of shrinking during drying, the general
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FIGURE 39.8 Frequency coefficient k1 of enzyme inactiva-

tion as a function of material moisture content X. (Adapted

From K.Ch.A.M. Luyben, J.K. Liou, and S. Bruin, Enzyme

Degradation During Drying, Biotechnology and Bioengin-

eering, 24, 533–552 (1982).)
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inactivation of enzymes was considered to be that of

inactivation in the coating layer of pellets at the hygro-

scopic moisture content Xhygr, and medium tempera-

ture Tm, and inactivation of enzymes in a wet core of

material with critical moisture content Xcrit and sur-

face temperature TS. The above-mentioned relations

are described by the following equation:

da

dt
¼ � kd (Xcrit,TS)a

r2

R2
þ kd(Xhygr, Tm)a 1� r2

R2

� �� �

(39:8)

where r is the radius of the wet core (m) and R is the

pellet radius (m).

Kerkhof and Schoeber [36], modeling droplet dry-

ing in spray dryers (SDs), used earlier works by

Labuza (1972), Verhey (1972), and Ball and Olson

(1957). In the case of the first-order reaction of qual-

ity degradation of component i, the following equa-

tion for a determined volume of the reference system

is employed:

@Ci

@t
¼ �kdCi �

1

r2

@2

@r2
(r2wi) (39:9)

where wi is the density of mass stream of compon-

ent i being degraded (kg/m2s) and r is the droplet

radius (m).



The effect of temperature on the reaction rate

constant kd,T can be expressed by the general formula:

kd,T ¼ k1 exp (zT) (39:10)

which, when used in the calculation of phosphatase

inactivation in skim milk, gave better agreement with

experimental data than the Arrhenius equation [36].

In model calculations, Kerkhof and Schoeber used

the following empirical relation valid for phosphatase

inactivation in skim milk and for aqueous maltose

solution:

kd ¼ exp (�34:9� 1:39=Cw þ 0:5183T) (39:11)

where Cw is the water concentration inside the droplet

(kg/m3).

Figure 39.10 presents changes of temperature and

thermal degradation in the droplet of maltose–water

system as a function of reduced time (t/R0
2) calculated

by Kerkhof and Schoeber [36]. It follows from the

graph that at temperature 1008C the complete inacti-

vation takes place in a very short time; at temperature

808C the reaction begins at a slower rate. In both

cases the reaction starts when the droplet temperature

is about 708C.

Karel [37] analyzed several recent works on quali-

tative changes of dehydrated foodstuffs and biotech-

nological materials. He stressed that when optimizing

the process from the point of view of product quality
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FIGURE 39.10 Droplet temperature T and thermal degrad-

ation AT in maltose–water system vs. reduced time t/R0
2 for

two air temperatures: (1) to 1008C, and (2) to 808C. (From

P.J.A.M. Kerkhof, W.J.A.H. Schoeber, Theoretical Model-

ing of the Drying Behavior of Droplets in Spray Dryers, in

Advances in Preconcentration and Dehydration of Foods, A.

Spicer (Ed.), Elsevier Applied Science, London, pp. 349–397

(1974). With permission.)
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usually the interaction of several qualitative param-

eters takes place. Their change in the final product

depends not only on material temperature and

moisture content, but also on changes occurring in

other parameters. He stated that numerous processes

that cause these changes during water removal are

dependent on the ‘‘mobility’’ of components of the

material being dehydrated. He stressed that qualitative

changes and the effect of process parameters must

be analyzed as a function of the time of interaction,

which is often neglected in other studies. This state-

ment can be written in the general form of the function

of a constant reaction rate of qualitative changes:

kd ¼ f (T(t),X (t) ) (39:12)

A synthesis of the mathematical modeling and opti-

mization of the process was presented by Strumiłło

et al. [29,32] and Kamiñski and Strumiłło [39]. A

natural starting point for the analysis is that the rate

constant kd depends on the history of the drying

process, which should be known if the description of

the degradation processes is to be complete. Thus, the

following equations are obtained experimentally:

T ¼ g1(t) (39:13)

X ¼ g2(t) (39:14)

By correcting kd, the constants in Equation 39.15 are

searched for with the use of experimental data:

kd ¼ k1f (T ,X ) � exp (�Ea=Ru) (39:15)

where k1 and Ea are the experimental constants. To

obtain such a relation, a dynamic approximation of

the experimental data is required.

For example, on the basis of experimental data

presented in Ref. [33], the following correlations of

constant kd of the degradation indices of baker’s yeast

Saccharomyces cerevisiae were obtained:

Alcohol dehydrogenase (ADH) enzyme activity:

kd ¼ (1� 0:2555X þ 9:529 � 10�2X 2þ 1:859 � 10�3XT )

� exp �310:4þ 339:8X

T þ 273:15

� �
(39:16)

CO2 production:

kd ¼ [1:0023þ exp (2:269 � 10�4(T � 20)

þ 9:124 � 10�4(T � 20)2)]

� exp � 515:27þ 240:72X

T þ 273:15

� �
(39:17)



O2 deman d:

kd ¼ [1 :0045 þ exp (7: 51 � 10 � 3 ( T � 20)

þ 5:276 � 10 � 4 (T � 20) 2 )]

� exp � 525 : 35 þ 200 :25 X

T þ 273 : 15

� �
(39 : 18)

In Equat ion 39.16 through Equation 39.18 material

tempe rature an d mois ture c ontent are the function s

of tim e.

In gen eral, in model a nd design calculati ons opti-

mum process parame ters of drying are determ ined.

Taking into account the qua lity changes, usually

severa l quality indice s are co nsidered and thus so me

hierarc hy of the index syst em can be assum ed or one

global index Ag co mprising all indices of the syst em

may be creat ed [38] . The global index can be writt en as:

ln (Ag ) ¼
Xn

i ¼ 1

ln
ai

ai0

� �li

¼ �
ðt

0

Xn

i ¼ 1

kdi ( � � � )d t (39 : 19)

where li > 0, i ¼ 1, . . . ,  n is the weight syst em for the

assum ed system of qua lity indices ai [39] .

39.4 EXAMPLES OF DRYING METHODS
AND EQUIPMENT

A wi de choice of biotec hnolo gical produ cts indica tes

that it is possibl e to use various methods to dry them.

Howev er, taking into acco unt therm o- an d xerola bil-

ity an d a risk of many qualit ative chan ges in these

produc ts, some pro cess con ditions should be strictly

observed (e.g., tempe rature and moisture content of a

produc t should be control led, rapid changes of pres-

sure shou ld be eliminat ed, and mechani cal inter -

action s should be avoided as they may damage the

cells of micro organis ms). In addition , many process es

must be c arried out unde r sterile con ditions, using

sterile drying agents . In general, the foll owing solu-

tions, which take into accou nt the propert ies of bio-

technol ogical pro ducts, can be recomm ended:
� 20
1. Low-intens ive condition s

2. Vacuum or freez e drying

3. Applicati on of mult istage systems

4. Special techni ques based on the decreas e of

initial mate rial moisture content
Kn owing general princi ples of particular drying

methods , we shall discus s their adva ntages and disad-

vantage s in app lication to biotec hnol ogical products ,

in particular the one that may end anger high prod uct

quality.
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39.4.1 SPRAY DRYING

The spray- drying method is widely used, in parti cular

for liqui d suspensi ons of sub stances resistant to high

tempe ratures, such as biopolym ers and pro ducts of

microb iological trans form ations. On the other han d,

spray dry ing can also be ap plied to thermolabi le su b-

stance s provided the sprayed mate rial is highly dis-

persed and the drying agent has a high tempe rature

(the drying process takes place immediat ely at a wet

bulb tempe ratur e). Thus , the produ ct qua lity is not

deteriorat ed. The install ation should ope rate fault -

lessly and the con trol and measur ing equipmen t

should be of high qua lity. Disadvan tages of this dry-

ing method are scali ng up of dryers under mil d ther-

mal con ditions (at 150 to 200 8 C), expensi ve devices

for liqui d dispersion and dust remova l from the pro d-

uct are neede d, and inst ability of the process due to

possible dep osition of a product on chamber walls

and dust-removi ng gas pipes. The prod uct can often

be dep osited on the chamb er walls because of chan -

ging propert ies of the mate rial being sprayed ; this is

connected with differen t compo sitions of ferm enta-

tion broth, changing conversi on factors during the

fermentat ion process , and varyi ng amo unts of addi-

tives. The applic ation of specia l spray dryer constr uc-

tions can prevent the disadva ntageous effects.

An exampl e of the specia l spray dryer constru c-

tion to drying of a suspensi on of an tibiotics, fodd er

yeast, amino acids, and enzymes is shown in Figu re

39.11 [20] . Inside the dryer chamber a sweeper rotat es

along the wall. The cleani ng is made by air of prop er

parame ters, such as pressur e and tempe rature, which

is introd uced by noz zles insta lled on the swee per. The

air, or an inert ga s, preven ts the mate rial from stick -

ing to the wall and cools down to a therm olabile

substa nce. A sim ilar resul t can be achieve d in a co cur-

rent spray dryer when a specially designed air dis-

tributor producing an air cushion along the chamber

wall is installed [20]. For example, the dryer presented

in Figure 39.11 for drying of fodder lysine concen-

trate, with evaporation capacity of 1000 kg/h, is char-

acterized by the following parameters:
Diameter of the cylindrical section is 5.4 m.

Height of the drying chamber is 9.0 m.

Cone angle is 508.
Diameter of the spraying disk is 0.25 m.

Frequency of disk rotations is 8,000 to 11,000 rpm.

Drying agent temperature at the inlet is 250 to

2908C and at the outlet is 80 to 1258C.

Fan output is 16,000 m3/h.
For deep drying of a product in spray dryers, it is

required to use high drying temperatures. In the case
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FIGURE 39.11 Scheme of spray dryer with chamber

sweeper: (1) drying chamber; (2) biomass distributor; (3)

rotating sweeper; (4) sweeper drive; and (5) blower. (From

E.G. Tutova and P.S. Kuts, Drying of Microbiological Prod-

ucts, Agropromizdat, Moscow, (1987) (in Russian).)
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FIGURE 39.12 Scheme of jet-spouted bed dryer.

TABLE 39.4
Comparison of Optimal Drying Parameters for
Zn–Bacitracin in a Jet-Spouted Bed Dryer and
Spray Dryer

Parameter JSB Dryer SD (lab) SD (full scale)

TG0, 8C 170 200 248

TGk, 8C 90.5 85 80

X0, % 80.2 83.4 83

Xk, % 2.64 6.55 5.24

Wv, kgH2O/m3�s 4.37 � 10�2 0.26 � 10�2 0.14 � 10�2

k 0.45 0.53 0.58
of biotechnological products, under such conditions

degradation of product quality may take place easily.

Therefore, to preserve the quality of biotechnological

products, it is advisable to apply multistage dryers

[47]. The first stage is a spray dryer in which material

is predried under conditions ensuring a safe tempera-

ture and quick product removal from the drying

chamber. The second and the third stages are fluid-

ized or vibrofluidized bed dryers in which slow drying

or cooling of the product takes place. In such a system

a detailed control of product temperature and mois-

ture content is possible in an appropriate residence

time at the second or the third stage, which makes it

possible to obtain a product of preserved biotechno-

logical properties. Spray drying for drying of biotech-

nological products is a method still most frequently

applied in practice and research [44,48–53].

39.4.2 JET-SPOUTED BED DRYING

For drying of suspensions at a low solid-phase con-

centration, a solution called a jet-spouted bed (JSB) is

applied (Figure 39.12) [54–56]. This is a conical–

cylindrical chamber containing inert material spouted

by a high-velocity airstream. The material being dried

is sprayed by nozzles onto an inert material. Among

many advantages of the presence of inert material,

usually in the form of cubes or spheres of diameter

5�10�3 to 10�10�3 m, two are worth mentioning:

VG, kg air/kgH2O 36.5 25.4 18.9

dp, m 24.7 � 10�6 49.7 � 10�6 30.9 � 10�6

a, units/mg 4.2 4.3 4.4

WH2O, kgH2O/h 8 12 1200

Source: From A.S. Markowski, Drying Technology, 11(2), 369–387

(1993).

� 20
1. A heated material surface causes an intensified

drying.

2. An intensive motion of particles leads to a

mechanical cleaning of the chamber and

ensures high disintegration efficiency of dry

particles.
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This method is useful in drying of thermally re-

sistant products (e.g., amino acids and antibiotics). A

JSB dryer is a competitive construction for a spray

dryer, particularly for technologies of low and med-

ium capacity, due to a higher volumetric evaporation

rate and lower capital costs (a significant reduction of

drying chamber volume). Table 39.4 presents a com-

parison of parameters and results of drying of a fod-

der antibiotic (Zn–bacitracin complex) in both dryer

types [55]. A several times higher volumetric evapor-

ation rate Wv is observed in the JSB dryer and about

20% higher heat utilization coefficient k is reported

for a spray dryer.



39.4.3 IMPINGEMENT STREAM DRYING

One of the latest drying methods for susp ensions and

solution s call ed, in general , impi ngement stream dry-

ing (ISD) is a method specia lly recomm ended for dry-

ing of liquid bio technol ogical pro ducts [57]. The

method consis ts of mult iple mutual co llisions of dry-

ing agent stre ams flowi ng at high velocitie s into which

fermen tation liquid is sprayed by noz zles. Depend ing

on a specific design solut ion, the follo wing dry ers are

distinguis hed: (a) co unterr otating cou ntercurren t; (b)

corotat ing coun tercurrent; an d (c) coax ial wi th a mov-

ing impi ngement zone. An intens ive evapo ration and

the motion of suspen sion and produ ct pa rticles en sure

short reside nce time of the material in the drying zo ne,

which has an effect on high quality of pr oducts. A

schema tic diagra m of ISD in the counterr otating

countercur rent versio n is present ed in Figure 39.13.

39.4.4 DRYING IN A FLUIDIZED AND

V IBROFLUIDIZED B ED

The adv antage of the fluidized and vibroflui dized

system is that it is isothermal due to intens ive mixing

of the solid state, whi ch pr events local overheat ing of

the particles . It is possibl e to build multist age dryers

and ap ply independen t tempe ratur e control in par-

ticular secti ons. Thus , the prod uct can be dried uni-

formly an d changes in mate rial mo isture content can

be controlled precisely in every zone of the dryer. Thi s

is particu larly important for therm o- and xerola bile

produc ts. Advant ageous also are high intens ity of

transfer pro cesses, relat ively sim ple dryer constru c-

tion, and easy control of process parame ters.
Spray nozzle

Tangential    nozzles

Heater Blower

Dry productSupplementary air

Air outlet

FIGURE 39.13 Impingement stream dryer for biotechno-

logical products. (From T. Kudra and A.S. Mujumdar

Impingement Stream Dryers for Particles and Pastes. Drying

Technology, 7(2), 219–266 (1989).
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Dis advantag es of this drying method are the risk

of mecha nical damagi ng of cell s (abras ion) or form a-

tion of mate rial agglom erates a nd de posits on the

walls, which dist urb the unifor m be d fluidiza tion

and ca use local overheat ing of mate rial an d therm al

inactivat ion of the product. A disadva ntage of drying

in a fluidized bed, pa rticular ly of a polydis perse bio-

technol ogical product, is the necessi ty of limiting the

velocity of a fluid izing agent below the velocity of

material particle entrai nment, with a related risk of

overheat ing a thermo labile mate rial near the grid

baffle of the dryer. This, howeve r, can be overcome

if a vibroflu idized bed is app lied. Du ring drying of

granula ted mate rial there is a temperatur e drop in the

granule cross secti on and thus there is a risk of over-

heatin g the surfa ce layer an d inact ivation of this part

of the pro duct. Bec ause process pa rameters must be

control led and, due to pr oduct qua lity chan ges, dry-

ing is carri ed out in batch or con tinuous fluidized bed

multistage dryers with parameters adjusted in particu-

lar sections (heating and cooling) (Figure 39.14).

As already mentioned, before drying the biotech-

nological products are usually liquids or paste-like

suspensions. Despite such a form they can be dried

in fluidized or vibrofluidized beds. Three characteris-

tic variants of process schemes are used: spraying of

liquid onto the bed of inert material (sprayed fluidized

bed) [59], which is similar to the JSB dryer pre-

sented above; use of a bed of recirculating product

(Figur e 39.15) [58] ; and drying of granula ted biotec h-

nological product [34]. However, these methods have

limited applicability.

The application of thermosensitive microbio-

logical materials in product recirculation may influ-

ence a risk of thermal inactivation if part of the

substance being dried stays too long in the heating

zone during recirculation. In the case of spraying the

material onto the bed of inert material, its particles

are covered with a thin layer of wet material. With
Dry product

Wet material

2

3 1

4

5

6

FIGURE 39.14 Scheme of the fluidized bed horizontal mul-

tisectional dryer: (1) drying chambers; (2) threshold; (3) bed;

(4) baffles; (5) grid; and (6) air collectors.
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FIGURE 39.15 Wetted bed fluidized bed dryer: (1) fluidiza-

tion chamber; (2) fluidized bed; (3) air distributor; (4) dis-

integrator; (5) nazzle; (6) screw feeder; (7) rotary feeder; (8)

cyclone; and (9) motor. (From B. Dencs and Z. Ormos,

Recovery of Solid Content from Ferment Liquor Concen-

trates in Fluidized Bed Spray Granulator, Proceedings of

Fifth Conference on Applied Chemistry, Unit Operations and

Processes, 3–7 September, Balatonfured, Hungary, 320–325

(1989). With permission.)
drying in a turbulent bed the dry product is abraded

and possibly damage the microorganism cells or

mechanically disrupt the biopolymer chains. Hence,

vegetative and spore cultures must not be dried. It

should be emphasized that for a correctly chosen inert

material and at a properly conducted drying process

the output expressed as the amount of moisture evap-

orated in unit volume of the drying chamber is 15 to

17 times higher than the output of a spray dryer at the

same temperature.

39.4.5 DRYING IN A FIXED BED

A characteristic feature of drying in a fixed bed is that

the material in the bed is fixed (e.g., in band, chamber,

and tunnel dryers). The advantage of this method is

the application of multisectional or multilevel dryers

that facilitate the control of products and adjustment

of drying conditions in particular drying zones. Also

advantageous are the separate feeding of hot or cold

air at a constant or varying flow rate, multiple appli-

cation of an air portion if it flows through several

sections or several band layers, possibility of cocur-

rent, countercurrent or mixed flow, and recirculation

of a drying agent.

The method has some disadvantages, namely, the

dried product is not homogeneous as far as moisture

content and microbiological quality are concerned,

process control is difficult in the case of a one-section

dryer, the product can agglomerate and get stuck to

trays in drying chambers or onto transporting bands.

Long drying time and low dryer output, large size of
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the drying installation, and bad sanitary conditions

for drying of such products are additional disadvan-

tages of this method.

Drying in a fixed bed is applied when wet material

is formed and concentrated on filters or concentrated

by adding a filling material and when low drying

temperature is required. Chamber and shelf dryers

are often applied in low-output technologies, in

pilot-scale situations, and in drying of highly thermo-

and xerolabile products.

39.4.6 DRYING IN DRUM DRYERS

In drum dryers, material can be dried convectively,

inside the drum. There are also cylindrical dryers with

contact drying of material on the external surface of

the cylinder. The first type of drum dryers are widely

used for bulk products. The material should be in the

form of granules or dense paste. The efficiency of such

drying is not high. The drum dryers of the second

type are more frequently used for drying suspensions.

A thin layer of the material is retained on the hot

cylinder surface, then dried and removed by special

scrapers. Such a drying method is suitable for prod-

ucts that do not require special control of drying or a

specific temperature regime (e.g., fodder concentrates,

waste products).

39.4.7 FREEZE AND VACUUM DRYING

In freeze and vacuum drying, drying takes place at

low temperatures, below 08C. In the case of drying of

biotechnological, food, and pharmaceutical products,

the temperature ranging from �5 to �408C and aver-

age vacuum are applied. The process has the follow-

ing advantages:
Moisture is removed at low temperature, which

in fact excludes thermal inactivation of the

product.

The material structure is maintained (particles and

cells are not damaged).

It is easy to obtain a sterile dried product in com-

mercial unit packages (ampules and bottles).
The main disadvantages of freeze drying include

long process duration, high energy consumption,

and complicated equipment.

In freeze drying, a very important stage is freezing,

which directly precedes sublimation. Depending on

the method of drying and physicochemical properties

of substances, an initial freezing called self-freezing is

applied. The initial freezing takes place in the dryer

chamber as a result of a slow decrease of temperature

and pressure. A very slow cooling unfavorably affects



cells because electro lyte concentra tion increases in the

ambie nt medium an d cells are dehyd rated e xcessively .

At a slow and average co oling rate (10 to 10 08/mi n)

large ice crystals are form ed that can mechani cally

damage cell structures such a s cy toplasmic mem-

branes. The self -freezing takes place at ultr aswift

cooling (e.g., at the rate of 10,000 8 /min) a s a resul t

of rapid pressur e dro p. The pro cess takes place in the

whole volume of the mate rial. Small ice cryst als a re

distribut ed unifor mly, and in favora ble co nditions

amorphou s ice is form ed (tran sformati on into a vit-

reous form , termed vitr ification), which does not

cause mechani cal damage of cells. The self-f reezing

not only facilit ates the technol ogical process , but also

intensifies de hydration . It is estimat ed that the ev ap-

oration rate is 3 to 5 times higher than in the pr ocess

of sublimati on. However, the self-freezi ng is recom-

mended pa rticular ly in drying of mate rials with rela-

tively low mois ture co ntent as sub stances of high

moisture content are easily foamed and requir e initial

freezing.

The opt imum cooling or freez ing rate is diff erent

for various micr oorganis ms and biop olymers. For

instanc e, in bacteria, slow freez ing (l8 /min) to � 35 8 C
at the beginni ng and then rapid coo ling to the desired

low final tempe rature is recomm end ed.

In Tabl e 39.5, init ial freez ing temperatur es and

percent age of frozen mois ture as a functio n of tem-

peratur e of severa l material s are present ed. It follows

that in most sub stances the freez e-dryi ng tempe rature

should be lower than �408C because at this tempera-

ture a significant part of moisture remains unfrozen.

In freeze drying, the sublimation temperature and

the kinetics of changes of the sublimation surface (or
TABLE 39.5
Frozen Moisture as a Function of Temperature, %

Substance Minimum Freezing Temperature (8C

Water

Distilled 0

Tap 0.3

Virus of aphthous fever �2.2

Fowl cholera strains �2.4

Swine erysipelas strains �2.1

Anthrax vaccine �1.0

Strains of comma bacillus �1.0

Lactic acid bacteria �1.4

Skim milk �0.5

Source: From E.G. Tutova and P.S. Kuts, Drying of Microbiological Pr
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a displacement of a wet surface) within the material

layer are very important (Figur e 39.16) [60–62 ]. The

optimal temperature is the one below the eutectic

temperature. In practice, however, it is difficult to

attain because at that temperature the drying time

must be prolonged and so more energy is required.

The presence of protective substances in dried mater-

ial, such as glycerin and sugars (fructose, saccharose,

lactose, or specially prepared compositions known

only under trademarks), has influence on the eutectic

temperature and the applicability of elevated temper-

atures during freeze drying. The substances protect

microorganisms against too high salt concentration

and provide more favorable conditions for ice crys-

tallization during freezing. For example, the role and

mechanism of glycerin interaction are as follows:
)

oduc
In the temperature range from 0 to �208C gly-

cerin decreases the crystallization rate, pro-

motes the formation of small crystals, and

sustains the state of cooling; in the process of

water crystallization, it dissolves salts and,

penetrating the cells, it contributes to the res-

toration of osmotic balance.

In the temperature range from �20 to �808C
glycerin controls the crystallization process

and makes it reversible, thus eliminating eutec-

tic solutions caused by the presence of salt so-

lutions. It also shifts the coordinates of eutectic

borders and contributes to the formation of

vitreous structures.
The effect of various protective substances on the

stability of microbiological preparations during
Mean Ambient Temperature (8C)

Frozen Moisture, %

�5 �10 �20 �30 �40

100 100 100 100 100

94 97 98.5 99 99.2

56 78 89 92.7 94.5

52 76 88 92 94

59 79 89.5 93 94.5

80 90 95 96.7 97.5

80 90 95 96.7 97.5

72 86 93 95.7 96.5

90 95 97.5 98.3 98.8

ts, Agropromizdat, Moscow, (1987) (in Russian).
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FIGURE 39.16 Moisture content distribution in a slab of

freeze-dried material. (From V.G. Popovski, L.A. Bantysh,

N.T. Ivasiuk, N.H. Grinberg, and G.B. Gorshunova, Sub-

limation Drying of Food Products of Vegetable Origin,

Pishchevaya Promyshlennost , Moscow, (1975) (in Russian).)
freeze- and other drying techni ques has be en dis-

cussed in many publ ications [63–66 ] and exempl ary

results are presen ted in Figure 39.17 [65] .
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FIGURE 39.17 Effect of the protective substance’s medium

on the survival rate of Lactobacilli at various drying times:

(1) adonitol; (2) glutamate; (3) PEG 1000; and (4) nonfat

skim milk. (From C.F. De Valdez, G.S. De Giori, and A.P.

De Ruiz Holgado, Effect of Drying Medium on Residual

Moisture Content and Viability of Freeze-Dried Lactic Acid

Bacteria, Applied and Environmental Microbiology, 49, 413–

415 (1985). With permission.)
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W hile analyzing the subli mation kinetics (Figure

39.16), one can observe that initially, while he ating

frozen mate rial, the subli mation of ice crystals star ts

at the mate rial surface and success ively pe netrates the

interior, leaving a solid matr ix an d void pores

through whi ch wat er vapor must be relea sed to the

material surfa ce. In the case of biotec hnologica l pro d-

ucts this matrix is in fact a highly concentra ted liqui d.

So, as sublimatio n pro ceeds, condu ction of heat to

the sub limation front results in furth er dehyd ration

by diff usion. Hence, the consecuti ve zon es of diff erent

moisture content appe ar in a freeze-dri ed mate rial

until all the ice cryst als are sublimed.

Since the su blimatio n rate can be increa sed by a

higher heati ng rate only to a certain e xtent, the rate of

water vapor remova l from the su blimatio n front be -

comes the key point in freeze drying. Adsor ption of

water vapor by sorben ts placed insi de a drying cham-

ber or by direct con tact of the sorbent an d drying

material (as a mixture) is one of the most promi sing

methods in this area. M olecular sieve s, zeolites, or

ceram ics can be recomm end ed here be cause their

sorption acti vity under rarefied conditio ns doe s not

drop with tempe rature rise due to the heat of sorp-

tion. The use of parti culate sorbent s pe rmits subli m-

ation to take place in a fluid ized stat e under

atmosp heric pressur e [67,68].

A typical freeze dryer consists of a drying cham-

ber, vacuu m syst em, and vapor cond enser, which can

either be separat ed or built within the drying cham-

ber. The drying ch amber constru ction and the syste m

of heat su pply for sub limation can be so lved in many

ways. A schema tic diagra m of a continuou s scraper -

type freeze dryer especi ally suit able for biotec hno-

logical mate rials is present ed in Figure 39.18 [69] . A

liquid produ ct of low co ncentra tion of the solid pha se

(up to 40%) is sprayed by nozzles placed on the

rotating central pip e and then freez es on the chamb er

walls. The dryer chamber is a cylinder equipped wi th

a co oling jacket . The heat of subli mation is sup plied

by rad iators also placed on the cen tral pipe. Dry

product is scraped from the chamber walls by adjust -

able bru shes or scraper s.

Figu re 39.19 present s a schema tic diagra m of a

continuous vibrogr avitatio nal freez e dryer for liquid s

and pastes [70] . In the uppe r chamb er, the vacu um-

frozen liqui d is dispersed . The granula ted mate rial is

transp orted to the low er chamb er equ ipped wi th a

system of vibrating screens with hol es of diame ters

that decreas e wi th the direction of mate rial trans fer.

The heat of subli mation is supp lied by radiators in-

stalled above each screen.

The idea of the intens ification of freeze drying by

introd ucing a mois ture-adso rbing substa nce into the

drying chamber is shown schema tica lly in Figure 39.20
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FIGURE 39.18 Continuous scraper-type freeze dryer: (1)

vacuum chamber; (2) spray nozzles; (3) scraper; (4) radi-

ators; (5) cooling jacket; (6) freezant; (7) motor; and (8)

vacuum lock. (From K.P. Shumski, Vacuum Apparatus

and Equipment in Chemical Industry, Mashinostroyenie,

Moscow, (1974) (in Russian).)
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FIGURE 39.19 Continuous vibrogravitational freeze dryer

for liquid and pastes: (1) vacuum granulator; (2) material

feed; (3) condenser; (4) vacuum pump; (5) feeding valve; (6)

drying chamber; (7) radiators; and (8) vibrating trays.

(From P.A. Novikov, I.F. Pikus, and E.G. Tutova, Con-

tinuous Freeze-Dryer for Liquid Materials, Russian Patent

No. 27,3734 (1970).)
and Figure 39.21 [20]. Figure 39.20 presents a multi-

band continuous dryer in which dried material and

sorbent are transferred countercurrently on adjacent

bands. In Figure 39.21 the sorbent is transported along

the grid baffle placed over the connecting pipes to

which containers (bottles or ampules) with dried ma-
Dry productSorbent

SorbentWet material

To vacuum
pump

1 23

FIGURE 39.20 Scheme of the multiband continuous freeze

dryer of countercurrent dislocated material and sorbent

layers: (1) sorbent; (2) transporting band; and (3) dried

material). (From E.G. Tutova and P.S. Kuts, Drying of

Microbiological Products, Agropromizdat, Moscow, (1987)

(in Russian).)
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FIGURE 39.21 Scheme of the device for ampuled material

dehydration by freeze/vacuum drying: (1) sorbent reservoir;

(2) connecting pipes for ampule coupling; (3) ampules con-

taining dried product; (4) sorbent material; and (5) grid for

sorbent charging. (From E.G. Tutova and P.S. Kuts, Dry-

ing of Microbiological Products, Agropromizdat, Moscow,

(1987) (in Russian).)
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terial are attached. In both design solutions the trans-

fer of sorbent layers takes place near the dried sub-

stances, from which the sorbent sublimates moisture,

enhancing the evaporation rate significantly. The costs

of sorbents and the energy consumed during their

recovery justify the application of such solutions be-

cause the process of sublimation is intensified and

product quality is improved as a result of decrease of

the process temperature and duration.

39.4.8 DRYING OF MICROORGANISMS AND

BIOTECHNOLOGICAL PRODUCTS

ON CARRIERS

This is a method of drying suitable for substances

used as mixtures. One of the components of the mix-

ture is a carrier. In the literature, this drying method

is known under various labels: drying on carrier

material, drying with immobilized cells, or contact-

sorption drying. Material that participates in the

process is called a carrier, filling material, or sorbent.

The results of experimental investigations and theor-

etical assumptions concerning this drying method are

discussed elsewhere [20,24,71–77] and in a mono-

graph on microbiological concentrates [19].

Let us analyze the role of material called a carrier

and its properties:
12

11

4

5

� 20
The carrier introduced into the biotechnological

product suspension changes the form of a sub-

stance being dried (from liquid or suspension, a

granulated product is obtained).

Hygroscopicity of the material changes.

A biotechnological product in the mixture

changes its xerolability.
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As a result, the technology and method of drying

the mixture can be changed, and so a product of high

quality is obtained. The carrier is a material that

protects cells or biopolymers against mechanical or

thermal destruction during drying. The carrier as a

sorbent takes over part of moisture from biomass and

thus the amount of water to be evaporated is smaller,

which causes energy savings. Another source of en-

ergy savings is that the process can be carried out at a

medium temperature of the drying agent, which con-

tributes to the diminishing of heat losses. Two basic

features of the carrier include:
FIGURE 39.22 Relative absorptivity K of some sorbents:

(1) Zeolite CaA; (2, 3) activated carbon; (4), wheat bran; (5)

maize meal; (6, 7) peat; (8) kaolin; (9, 10) potato flour; and

(11, 12) silica gel. (From E.G. Tutova and P.S. Kuts, Drying

of Microbiological Products, Agropromizdat, Moscow,

(1987) (in Russian).)
1. Its suitability for application and use in the mix-

ture together with biotechnological products.

2. Neutral interactions with product. (The mater-

ial must not destroy or deteriorate product

quality; also, it cannot be a medium on which
06 by Taylor & Francis Group, LLC.
an uncontrolled growth and development of

product takes place.)
The carrier should have lower hygroscopicity,

which facilitates long-term storage of the product

without the use of specific methods and conditions.

It should also be easily available and cheap. The

carrier is often a by-product of another technology,

and then its application in preserving biotechnology

products contributes to the protection of the environ-

ment against solid wastes.

Tutova and Kuts [20] propose to evaluate the

sorbent suitability from the point of view of its sorp-

tive abilities. They characterize material comparing

sorptive activities (i.e., relative sorptivity K or hygro-

scopicity) that under thermodynamic equilibrium of

the system is written as follows:

K ¼ as

ar

¼ Xs,e

Xr,e
(39:20)

where as and Xs,e are the absorptivity and equilibrium

moisture content of the sorbent, respectively, and ar

and Xr,e are the absorptivity and equilibrium moisture

content of a reference material, respectively. A refer-

ence material, or a matrix, is a filter paper with con-

stant absorptivity for the whole range of relative air

humidities. In calculations and the diagram presented

in Figure 39.22, the authors took the equilibrium
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FIGURE 39.23 Scheme of the cocurrent spray dryer with a

carrier dispersion in the zone of biomass suspension spray-

ing and drying agent feeding: (1) drying chamber; (2) air

duct; (3) spray nozzle; (4) carrier feed; (5) carrier tank; and

(6) cyclone. (From E.G. Tutova and P.S. Kuts, Drying of

Microbiological Products, Agropromizdat, Moscow, (1987)

(in Russian).)
moisture content Xr,e ¼ 0.01 * X e,max , wher e Xe,max is

the maxi mum equilib rium mois ture content of the

matrix at 25 8 C. Fro m the diagra m in Figure 39.22,

material s of mean sorptive activit y ( K ¼ 1 to 1.5, e.g. ,

maize meal , potato flour , an d peat) wi th an ab sorp-

tivity K that does not depend on air humidi ty, w, and

material s of high sorpti ve acti vity (K > 2, e.g., ze olite,

silica gel, an d activated carbo n) wi th absorpt ivity that

depend s to a large extent on the relative air humidi ty,

w, can be selec ted.

The method for drying bio technol ogical prod ucts

on carriers can be us ed in every techniq ue discus sed

above. The most inter esting is spray and fluidized/

vibroflui dized be d drying. Thes e method s differ not

only in the techni que of drying but also in the way of

prepari ng sub strates. In the spray dryer a mate rial

and a carrier get in contact directly in the dryer cham-

ber. Both mate rials are disper sed and at the same time

the pr oduct is adsorbed on the surfa ce of carrier

particles , mois ture transfer betw een the mate rials

takes place, and the pro cess of evap oration pro ceeds.

Durin g fluidized bed drying (and also vibroflu idized

bed, drum, and band drying) , granula ted material

should be supp lied to the dryer chamb er. In this

case the contact of the biotec hnologica l product and

carrier takes place in a separate mixin g ch amber (thi s

also can be in a fluidized bed or in a screw c onveyor) ,

from which the mixture pa sses to a batch feeder or a

granula tor an d next to the dry ing chamb er.

Exa mples of the de sign solut ions are shown sche-

matical ly in Figu re 39.23 through Fi gure 39.26 [20] .

Figure 39.23 present s disper sion of a carrie r in the

zone of drying agent feedi ng and bio mass suspen sion

sprayin g in a coc urrent spray dry er. A mixture that

forms in the contact zone is trans ported with a stre am

of dry ing agent and remove d from the dryer to a

cyclone. Figure 39.24a and Figure 39.24b sh ow sche-

matical ly a ch amber in the spray-fl uidized bed dryer.

It presen ts also a specia l three-chan nel nozzle. Bi o-

mass is sprayed in the dr ying chamber by two nozzles,

the cen tral nozzle (Figure 39.24b) is used to spray and

contact the two material s (i.e., a biomas s suspen sion

and carri er). In the low er pa rt of the ch amber the

mixture is dried in a fluidized be d by means of a

separat e air stream.

Fig ure 39.25 present s a sch ematic diagra m of a

two-st age fluidized bed dryer with a separat e feed for

each stage with a drying agen t, and a gran ulated

biomas s and carri er mixture fed to the dr ying cham-

ber. The mixture of both mate rials is prepared in a

screw co nveyor during the transpo rt of mate rial to

the feeder -granul ator. The drying mate rial is trans -

ported along perfor ated plate s and ge ts in contact

counter- current ly with the drying agen t of variab le

parame ters.
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Figu re 39.26 present s an inter esting tw o-stage

dryer wi th a fluidized bed for granula tion and dry ing

of paste- like biotec hnologica l pro ducts. In the uppe r

chamber, material is prep ared for drying, that is, in

the fluidized bed granule s of biomass are mixe d wi th

carrier parti cles that stick to granule s, a dsorb part of

the mois ture, and pro tect granule s from agglom er-

ation an d sti cking to the chamber walls. The gran u-

lated material prepa red in such a way is transpo rted

to the lower c hamber wher e, in the fluidized bed, the

mixture is dried.

39.4.9 DRYING OF ENCAPSULATED

BIOTECHNOLOGICAL PRODUCTS

Recently, special attention has been paid to the up-

to-date technology of encapsulation of valuable sub-

stances and next drying of these systems so that they

could be stored in a stable state. So far, the technol-

ogy has been most often applied in cosmetic, pharma-

ceutical, and food industries, mainly for the

production of aromatic and coloring substances.

Lately, there are many references to the studies and

applications of this technology in biotechnological

products [78–86].

This technology is related to the immobilization of

biotechnological substances mentioned previously.

It consists in a durable combination and often a
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capsulation of a sensitive component in the stable

structure that protects it against external factors.

Additionally, in the systems characterized by such

properties the protected component is released in a
9 3 4

876
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Biomass
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Dry product

FIGURE 39.25 Scheme of the two-stage fluidized bed dryer wi

chamber II; (3) screw conveyor; (4) feeder-granulator; (5) fluidiz

(From E.G. Tutova and P.S. Kuts, Drying of Microbiological P
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way controlled by external factors and time of expos-

ure. So, complex systems of medicines (antibiotics

and vitamins) are obtained which are slowly released

in the organism. Due to this, the medicine is not
1

5

8

2

7 6

Air

Air
outlet

th carrier-porous material: (1) drying chamber I; (2) drying

ed bed; (6) blower; (7) heater; (8) valve; and (9) carrier tank.

roducts, Agropromizdat, Moscow, (1987) (in Russian).)
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excreted after a short time and its action is prolonged

to many hours. The aim of encapsulation is similar in

the case of enzymes, bacteria, protein structures, and

other biotechnological products.

Drying of such systems is not a widely applied

technique and the results of investigations published

in the literature most often refer to laboratory scale.

As dry product is required in the form of very fine

spheres with the diameter around 10 mm, the process

of drying is usually carried out in spray or freeze

dryers. In the encapsulation process, one of the fun-

damental questions is a proper choice of material that

forms a structure carrying or encapsulating a biotech-

nological substance. Therefore, significant part of

studies and publications are concerned with different

behaviors of such materials as starch with differ-

ent degrees of modification and origin (e.g., potato

and maize), gelling substances (rubber of different

origin), biopolymers (e.g., chitosan and polyglycols).

Frequently, a proper choice of the material for micro-

capsule production is most important for reaching

this aim.

It is worth mentioning that in order to solve cor-

rectly the problems of encapsulation (in other words
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micro- or bioencapsulation) adequate knowledge is

required, and industry and academia people represent-

ing different branches should cooperate. So, very

popular are joint conferences such as the World Con-

gress on Encapsulation and international research

teams and projects (e.g., the Bioencapsulation Re-

search Group in Nantes, France [87,88]). The contri-

bution of drying specialists to this technology is

indispensable. Only a proper selection of drying

methods and the most precise designing of drying and

control systems can guarantee that such a specific final

dry product will have the desired properties.

Summing up the above review of drying tech-

niques and dryer constructions for biotechnological

products, the following factors are worth stressing:
1. Shortening of high temperature interaction of a

product (e.g., cooling of the spray-drying

chamber walls, drying at a lower temperature

in multistage systems).

2. Possibility of a frequent control, adjustment,

and changes of drying parameters in many

points of the dryer connected with the control

of product quality changes.
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3. Possibility of a complet e ch ange of the dr y-

ing techni que by the ap plication of carriers/

sorbent s in mult icomponent bio technol ogical

concentra tes.
39.5 CONCLUSION

The subject of biotech nologic al produ cts covers a

variety of complex pro blems conce rning pro duction,

preser vation, an d storage , maint aining at the same

time high produ ct qualit y. One of the very impor tant

stages in the techno logy of biotec hnol ogical prod ucts

is the drying process , which has the decisi ve influence

on prod uct quality and preservati on. The process of

drying for the purpose of product preser vation shou ld

be strictly ad justed and c ontrolled becau se of high

sensitiv ity of sub stances to ch anges of tempe rature

and mois ture content as well as to the pro cess dur -

ation. The program of design of process parame ters ,

choice of a drying method, an d dryer co nstruction

should cover the foll owing tasks :
1. The influ ence of drying parame ters (e.g ., range

of water remova l, change of temperatur e, tim e)

on changes of pro duct qua lity and marki ng of

the critical values of these pa rameters.

2. A mathe matical descri ption of the kineti cs of

degradi ng change s a nd choice of the most im-

portant qua lity ind ices.

3. Many drying methods can be used wi th respect

to individ ual prop erties of biotech nologic al

products , e.g., ch anges of thermal an d hyd ro-

dynami c conditio ns in multistage drying instal-

lations or change of techni que and ope rating

parame ters in the case of drying with carrier/

sorbent mate rials.
It shou ld be stre ssed that the quality of a biotec hno-

logical produ ct is also decided by inst antaneous fer-

menta tion conditi ons of a unit charge of a pro duct;

thus a produ ct being dr ied can have propert ies that

change in time. Therefor e, preser vatio n of specific

produc t qualit y can be achieve d by adding specia l

protect ive substa nces to the produ ct of fermentation

that preser ve product quality during drying.

39.6 NOMENCLATURE

a activit y, units/mg

a mois ture absorp tivity, % by wei ght

A index of quality degradat ion, %

Ag global index of quality degradation, %

C conce ntration, num ber of cell s/cm 3, kg/m3

dp Sauter mean particle diameter, m

(in Tabl e 39 .4) 
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Ea activati on energy, J/mol

f, g functio n

i successive co mponent or qua lity index

k heat utilization coeffici ent

kd react ion rate constant , s �1

k1 frequency coeffici ent, s� 1

K relative sorptivit y

n number (e.g., function and indice s)

p empir ical constant in Equat ion 39.6 and

Equat ion 39.7

r react ion rate, units/( mg �s) or number of cells/

(cm 3�s)
r variable pelle t (dropl et) radius , m

R pelle t radius , m

R gas constant, J/(mol�K)

t time, s

T tempe rature, 8 C
wi densit y of mass stre am, kg/(m2� s)
WH2O evaporat ive capacity, kg H 2O/ h

W v volumetric evaporation rate, kg H2O/(m3�s)
VG air flow ratio, kg of air/kg of H2O

z empirical constant in Equation 39.10

X material moisture content, % by weight

Greek Symbols

l weight systems

u temperature, K

Subscripts

d degradation

G gas

i component

k final

T temperature

t time

w water

X moisture

0 beginning

1 infinitive
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40.1 INTRODUCTION

The objec tive of this chap ter is to revie w briefly the

drying process , drying equipment , drying strategi es,

and web hand ling avail able for co ated webs . Based

on the substr ate mate rials, coated webs can be divide d

into three types: (1) coated pa per and pa perboard; (2)

coated plastic films (e.g ., photo graphic films) and

tapes (e.g ., ad hesive tapes, magnet ic tapes, pressur e-

sensitiv e tapes, and phot osensitive tapes); and (3)

coated meta llic sheets. Pape r and pape rboard are

coated on machi ne or off machin e, while plast ic

films, tapes, or meta llic sheets are general ly coated

off machi ne. ( On machine indica tes the coati ng ope r-

ation that is done on the web before it is remove d from

the origina l manu facturing machi ne, wher eas off ma-

chine impl ies the coatin g ope rations done on a free-

standin g machi ne remote from the original machi ne.)

During the coating process, some coated webs

require a single coating; other webs require more
, LLC.
than one coating layer either by passing a web of

material through a single coating station more than

one time or by coating a web with a multiple-station

coating machine. In the converting industry, paper,

films, and foils can be combined together to form

multiple-layer structures in a process called laminat-

ing. In the graphic arts industry, the coated papers are

further coated with ink to generate the desired images

through a single printing station or multiple-color-

printing units . Figure 40.1 shows a finished Polaro id

instant color picture containing polyester supports on

the top and bottom with active layers sensitized to the

three primary colors (blue, green, and red), timing

layers, and spacing layers to display the image be-

tween the supports.

Coatings, inks, and adhesives contain more than

one component: (1) a binder that may include par-

ticles to give it a useful function (e.g., pigments for

color and opacity, silver halide particles for photo-

graphic activity, or iron and chromium particles for
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FIGURE 40.1 Makeup of a typical Polaroid film.
magnetic activity); (2) a variety of additives (e.g.,

surfactants that aid the coating process, plasticizers

for flexibility, biocides that prevent bacterial growth,

cross-linking agents for toughness, and other addi-

tives to minimize static buildup); (3) surface particles

to control reflectivity and transport; and (4) a liquid

solvent to dissolve or suspend all particles. These

components can be reduced to two basic elements:

(1) coating liquids and (2) coating solids. The solids

can be concentrated on the web surface, such as in

coating and printing, or can be distributed through-

out a fibrous web, as in saturating or encapsulation,

or can be located at the interface between two webs,

providing adhesion, as in laminating.

Coatings can be applied in three forms: (1a) solv-

ent borne; (2) water based; and (3) 100% solids. Both

solvent and water types must pass through an evap-

oration dryer to remove the diluent (e.g., solvent or

water) so that a dry film remains on the web or sheet.

Organic solvents require use of a closed-cycle oper-

ation and special care in design and operation owing

to the potential fire. A 100% solids coating is a liquid

that does not contain any solvent or water. It changes

into a solid through a chemical action (i.e., exposure
� 2006 by Taylor & Francis Group, LLC.
to a catalyst). The catalysts used in the printing and

converting industries are moisture, heat, and ultravio-

let (UV) and electron beam (EB) energy. The web

coated with solventless liquids usually passes through

a hot-air dryer for heat-active liquids, or a UV or an

EB emitter for UV and EB liquids. The antipollution

regulations have caused the publication, commercial,

and packaging printers to seek a replacement for

solvent types of printing inks. The three most com-

mercially acceptable replacement printing inks are:

(1) aqueous; (2) high-solids (heat-curable); and (3)

solventless (100% solids) inks.

Most coating systems involve drying as well as

curing of the coating. The drying of the coated webs

involves a combined transfer of heat and mass. Dur-

ing the transfer process, water or solvent vapor is

removed from the web, leaving nonvolatile solids

behind. Heat transfer resulting from temperature dif-

ference between a coated web and its surrounding

media can be accomplished by conduction, convec-

tion, radiation such as infrared (IR), or a combin-

ation of these methods. Mass transfer occurs within

the coated web primarily through capillary force and

vapor diffusion, and from coating surface to its sur-

rounding air by diffusion or forced ventilation. While

conductive and radiative heating are useful tech-

niques for some applications, convective heating is

by far the most common means of supplying the

energy needed to evaporate water or solvent, and is

the only form of heating that also provides a means of

enhancing the transport of water or solvent vapor

away from the coating surface. Curing involves the

cross-linking mechanism of UV- or EB-curable ma-

terials, or drying and hardening of any film coating by

chemical reaction, especially polymerization.

Air-knife coating poses a special consideration in

drying system design because of the low solids con-

tents (14 to 20% solids) of the coating applied, e.g., in

carbonless copy coating, in which coating applied is

in the 40 to 50 g/m2 range and the coat weight (dried

product) is in the 2 to 5 g/m2 range. The high water

content causes extension of the web between the

coater and the dryer and contraction during the dry-

ing. In on-machine coating of board substrates, this

problem is not encountered. Air-knife coating sys-

tems operate with web speeds up to 600 m/min; in

most cases 450 m/min is the maximum speed. Other

coating techniques, e.g., blade or roll coating, may

operate at speeds up to 1200 m/min.

40.2 DRYING CURVES

In order to design an efficient drying system for coat-

ings, the individual drying curves showing their dry-

ing mechanism must be taken into consideration.
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Because of the product quality problems associated

with the drying process, the proper quantity of heat

and mass transfer has to be applied to the coating at

the proper time in the drying curve. There are two

basic types of drying curves that can be easily con-

structed from drying data. The first type of drying

curve is shown in Figure 40.2, representing percent

solvent remaining in the coating vs. drying time for a

typical solvent-based coating of about 0.1 mm wet

thickness. Although this curve shows that the dry-

ing rate decreases with drying time, there are no

drying rate values at various points in time for the

effective drying equipment or optimal drying process

control.

More information is given in the second

type of drying curve (Figure 40.3) constructed

from the same drying data. Here, the drying curve

is a plot of drying rate as a function of drying time

and reveals three distinctive drying rate periods:

(1) the adjustment stage or the cooling-down period

as represented by the segment A–B; (2) the con-

stant drying rate period represented by the segment

B–C; and (3) the falling drying rate period by the

segment C–D.

Figure 40.3 also represents many solvent-based

coatings. A rather short duration of cooling down

and constant drying rate period is then followed by

a very long period of falling drying rate. In contrast,

the drying curve of water-based latex coatings has a

longer constant drying rate than solvent-based coat-

ings. Paper has a drying curve with a short warm-up

period and a constant drying rate period even longer

than latex coatings (Figure 40.4). Once the drying

mechanism or drying characteristics of each drying

rate stage are identified for each coated web, the

proper design and control of the drying system can
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be offered to obtain the best quality products as each

drying rate stage has its special drying mechanism to

affect the finished product quality. For instance, Fig-

ure 40.3 shows a large amount of drying solvent

evaporates during the constant drying rate period;

it is desirable to design a drying system to extend

this constant drying rate period for optimal drying

operation.

The success of a drying system for coatings re-

quires not only a means to remove water and solvent

vapor from the coated webs, but also proper drying

operation to accomplish the quality requirements ne-

cessary for further application. For example, most

coated papers are intended for printing, and binder

migration causing printing mottles should be elimin-

ated or minimized during drying operation. Binder

migration can be affected by the rate in the preheating

stage. The time in the constant drying rate zone and

the temperature in the falling drying rate zone

also affect many of the final sheet properties. Over-

drying or rapid drying can cause brittleness, blister-

ing, curl, and wrinkles. Brightness, ink receptivity,
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FIGURE 40.4 Typical drying rate curve for paper.



and varnisha bility can be reduced . Nonunif orm mois -

ture profile, whi ch is normal ly caused by raw stock or

coatin g, can somet imes also be attribut ed to drying

conditi ons.
40.3 DRYING TECHNIQUES
FOR COATED WEBS

The follo wing are the princi pal hardw are available for

drying of coated webs :
FIG

� 20
1. Steam-heat ed cylin ders

2. High-veloc ity air ca p

3. Impinging jet tunne l dryers

4. Air flotation dryers

5. Air turns

6. IR dryers

7. Ultravio let curers /dryers

8. EB curers /drye rs
40.3.1 STEAM -HEATED C YLINDERS

In the pap ermaking process , the steam-heat ed cyli n-

ders have been tradi tionally placed in staggered posi-

tions for drying of pa per web because of their ea se

and econo mics in ope ration . How ever, coated webs

cannot be dried on the same steam-heat ed cylind er

configu ration wi thout special precaut ions becau se of

picking of the coatings. To prevent pick ing, the dry-

ing cyli nder surface need s a specia l finish, pa rticular ly

on the fir st few cylinde rs. The CIS (coat ed one-sid ed)

web is made to wra p arou nd a series of steam -heated

cylind ers (1 to 2.5 m diame ter, steam pressure s of 3 to

5 kg/cm 2), yielding a rather low evaporat ion capacity

of 3 to 6 kg/m 2 � h. One of the new solut ions to this

picking prob lem includes the use of circular flotation

dryers ’ jet foil cyli nder in the locat ion of the first and

second steam cylind ers (F igure 40.5) . This initial co n-
Jet foil cylinders at
machine floor level

URE 40.5 Steam-heated dryer configuration.
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vection air drying woul d allow en ough evap oration to

prevent picking on downst ream cylinders. (The jet foil

cylind er is a uniqu e co ntactless drying syst em designe d

in a circul ar configu ration. Cont actless drying is

achieve d using co mbination of airfoil and pressur e

pad air flotatio n techn iques descri bed in Secti on

40.3.4 and Se ction 40.3.5. High- tempe rature c irculat-

ing air is the he at and mass trans fer med ium, whi le

total circulati on with a control led exh aust ensures

economic operati on.)

M any tim es a steam -heat ed cyli nder ha s a felt on

the oppos ite side of the web from the steam-heat ed

cylind er to insure good co ntact wi th the cylind er at

elevated web sp eeds and low web tensions. Drying

rates woul d range from 2.4 (ass uming full wrap ) to

7.3 kg/m 2 � h, dep ending upon whether the steam -

heated cyli nder is operate d with or witho ut a felt and

whether or not the c oated side is tow ard the cylinder or

away from it. Also, the drying would need to vary for

coatin g quality reasons , depend ing on whi ch poin t in

the drying cu rve is being add ressed. Dryi ng rate en -

hancement can be accompl ished through poc ket ven -

tilation syst ems that evacuat e evap orated co mpound s

between steam -heat ed cylind ers. Also, heat trans fer

rates will be increased through enhanced design of

steam delivery and removal within the cylinder.

40.3.2 HIGH-VELOCITY AIR CAP

Air cap dryers resemble the Yankee dryer, wrapping

around a steam-heat ed cylin der as shown in Figu re

40.6. The Yankee dryer was designe d for drying of

tissue and towel, whereas the air cap was intended for

drying of paper coating when the blade coaters were

introduced. Air caps consist of a series of circular or

slot nozzles with a pressure and exhaust plenum

hood, providing high-velocity hot air for rapid drying

by penetration of the vapor barrier on the coated side

of the web. Both circular and slot nozzle spacing

typically range from 10 to 25 mm and the nozzle

clearance from the steam cylinder surface varies

from 6.5 to 50 mm. The air cap must be retractable

to permit easy threading and broke clearance. One air

cap is generally adequate to immobilize the coating

(75% dryness) if the web speed is no more than 500

m/min. Air cap systems can be used as long as the

drying or curing load can be handled by a 1.5 to 2.4 m

diameter cylinder or air cap assembly.

Air cap drying rates range from 35 to 95 kg/m2 � h
with jet air at 50 to 60 m/s at temperatures from 150

to 3158C. Higher drying rates are attainable with

higher jet velocities (above 60 m/s). However, very

high jet velocities can cause flow of the coating; the

typical operating range is 40 to 60 m/s. Lower veloci-

ties, 20 to 40 m/s, are needed when the solid content
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FIGURE 40.6 Air cap dryer layout.
of the coati ng form ulation is low . For accep table

therma l effici ency, signi ficant recir culation of the air

(70 to 80%) is needed.

Bin der migratio n is a common prob lem that de-

pends on the coati ng form ulation , substrate charac-

teristics, and coatin g rheology . Upper drying rates are

impos ed by the onset of binder migrati on. The use of

natural starch bin ders tends to impos e a lower dr ying
Insulation

Rail for chain
and sticks

Heating coils
and fans

Cross section

Plenum

Web

FIGURE 40.7 Conveyor tunnel dryer schematic.
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rate lim it to avoid binder migrati on, and synthet ic

binders (e.g., latex) permi t drying rates of up to

35 kg/m 2 � h. Little migrati on occurs once the coating

is about 75% dryness . Further, higher drying rates

can be a ccomplished with little migr ation problem if

the therma l en ergy is sup plied from both sides of the

web. How ever, the high -velocit y air impi nging dir-

ectly on the co ating surface tends to dry the surface

coatin g a nd accele rates the binding migrati on in the

coatin g. ‘‘Rail road tracki ng’’ will take place when the

dryer tempe rature exceed s the wet bulb tempe rature

of the constant drying rate period.

40.3.3 IMPINGING JET T UNNEL DRYERS

If the impi ngement length of 4 m is inadequat e in an air

cap dryer, lon ger dwel l tim es (or lengt hs) can be pr o-

vided in a tunnel dryer (Figure 40 .7). In the 20 0 to 250

m/min ran ge, the web is sup ported on bars carried

through a tunnel on conveyor chains whi le hot air is

impinge d on the coated surfa ce. In impro ved version s

of this impingemen t tunnel dryer, the web is suppo rted

on roll s (driven , undriven, or tenden cy driven) . To

avoid sag and flutter , slot noz zle impi ngement is

typicall y applie d above eac h web support roll. For

lightw eight webs run ning at speeds up to 450 m/min,

a fabric supp ort is commonl y employ ed.

Bot h round jet and slot jet arrays are used. In the

early drying period, slots may be preferred to mini m-

ize distu rbance to the web coatin g. Jet veloci ties up to

75 m/s are used. Air-re cyclin g rates up to 92% may be

needed for optim al therm al effici ency. To avoid the

possibili ty of conden sation on the cold web as it

enters the dryer, the web may be prehe ated using IR

lamps. The a ir jet humidi ty is typic ally in the range of

0.016 to 0.25 kg water/ kg dry a ir.

40.3.4 AIR FLOTATION DRYERS

There are two types of air flotation dryers: (1) the

single-slot airfoil dryer and (2) the double-slot air-

bar dryer. Figure 40.8 shows the pressur e dist ribution
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on the fla t face of an air ba r or airfoil . The trip le-slot

air ba r, intende d for higher heat trans fer, has posit ive

pressur e distribut ion sim ilar to that of the double-s lot

air bar.

The single-s lot airfoil s (w hich ha ve both a posit ive

and negati ve pressure on the face of the airfo il) a re

mounted above the web, whi le the double-s lot air

bars, having only pos itive pre ssure, are placed on

both sides of the web in staggered pos itions. The

moving co ated web in the flotation dryer is suppo rted

on a cushion of he ated air issue d from the slot s (Fig-

ure 40.9). The key requir ement s in slot design are high

heat an d mass transfer rates an d web stabili ty. Heated

air emerg es out of the slot s at veloci ties up to 80 m/s
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and impinges on the moving web. The double-s lot air

bars hav e a more stabl e flotati on than the single-s lot

airfoil s partl y be cause the posit ive pressur e pad of the

double-s lot air bars reacts agains t the vertical com-

ponen ts of web tensi on and creat es an eq uilibrium ,

and partl y because the staggered co nfigurati on form s

a sine wave in the web that elim inates ed ge curl and

provides the best possibl e web trans port without co n-

tact. Beside, the doubl e-slot air bars can be ope rated

over a wi der rang e of pressur e and clearan ces.

The standar d size of c onventi onal airfoil s an d air

bars ranges from 6 to 8 cm in wi dth. Typi cal flot ation

clearan ces of a singl e-slot, standar d-size airf oil would

be 2 to 3 mm as co mpared wi th a double-s lot air ba r

having a typical flotati on height of 6 to 7 mm. The

double-s ize air bar would creat e twice the clear ance of

the single-s ize air bar. Air bars are typic ally spaced 25

to 30 cm apart but can be as close as 18 cm for singl e-

size air bars or as far as 1 m for air bars of four tim es the

size, depending on web wei ght, porosit y, tension ,

needed clear ance from the air ba r, and a ir-bar pressur e.

The basic airflow system for flotation dryers is

shown in Figure 40.10. It consists of three basic

components: (1) supply fan; (2) exhaust fan; and (3)

heater. The supply fan is sized for the air volume re-

qu ir ed by t he o p en a re a o f t he dr ye r n oz zl es a nd t he

maximum nozzle outlet velocity. It blows hot air

through the air-bar nozzles onto the coated web sur-

face. The spent air is exhausted by an exhaust fan. The

heater can be a direct-fired gas burner for air temperat-

ures up to 4008C or high-steam coils for air temper-

atures up to 2008C. When drying aqueous coatings,

the exhaust is led to a recirculation system where part

is bled to the atmosphere and the remainder reheated

for recirculation. When solvents are involved, this spent

air may be incinerated or led to a solvent-recovery unit.

Air floaters used in the graphic arts indust ry ope r-

ate at web tension s on the or der of 5 to 6 kg /cm; in the

coatin g application, tensio ns as low as 0.03 kg/cm

may be nee ded. Highe r tension stabili zes the sheet.

Drying rates up to 60 kg/m 2 � h are attained in commer -

cial install ations . Web speed s of up to 1100 m/min can

be handled with web wid ths of up to 8 m.

An important asp ect of any flotation system is the

stabili ty of the web as it passes ov er an air bar.

Airflow instabil ities ne ar the web can indu ce web

flutter and sub sequent web con tact with mechani cal

parts of the dryer, resul ting in coati ng disturban ce.

Web flutter can co me in a multit ude of form s, ranging

from a violent flapping of the web to a high-frequency

drumming. Some designs will allow stable flotation

near the center of the web but cannot accommodate

proper flotation at the web edges.

In order to avoid these types of instabilities, an air

bar should be manufactured to tight tolerances, contain
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FIGURE 40.9 Flotation air-bar/airfoil arrangement.
‘‘Coander’’ radius, and have a cushion pressure sup-

pression plate placed at a higher elevation than the

impingement nozzles. Also, distance between impinge-

ment nozzles and air-bar alignment should be opti-

mized. By following these basic rules and delivering

the supply air evenly to the air bar, web flutter can be

avoided. Also, problems with web shift, such as move-

ment of the web toward the drive or operator side, and

air-bar noise can be eliminated.

No w flotatio n a ir bars come in differen t sizes. The

historical size would place the air bars on approxi-

mately 2 5- or 30-cm center lines, whi le one of the large

sizes would have air-bar ce nter distances in the 50- to

60-cm ran ge. Eve n higher sizes are avail able but a re

mostly used on nonwoven or coil-coati ng operati ons.

When adequate heat trans fer is maint ained by the air-

bar design, the need for a longer dryer is avoided

and the ad vantage s of the large -scale air bars can be
Comb. air
Gas

Makeup air

Exhaust

Dryer
Web

Supply
Burner

chamber

FIGURE 40.10 Flotation dryer airflow system.
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realized. A doubl e-size air bar woul d require only one

half of the number of air bars of a singl e-size air-ba r

dryer. This benefits the user during cleani ng and

mainten ance. Dou ble-size air bars also have wider

slots and are therefore less likely to become plugged

from deb ris or foreign mate rials. The doubl e-size air

bar also pr ovides twice the flotation clear ance whi le

maintaini ng the same air horsepow er as the smal ler

air ba r. Flo tation clear ance and stabili ty of flot ation

are impor tant consider ations when produ cing quality

products that requir e no co ntact an d avoidance of

markin gs on the coati ng during drying. Double- size

air ba rs make lot of sense when consider ing all ope r-

ating co ndition s. Equi pment maintenan ce, flot ation

clearan ce, and cap ital co sts seem to be benefited.

The drying capabil ity of a flotati on dryer is often

measur ed in term s of heat trans fer coeffici ent h (kcal /

h/m 2/ 8 C or Btu/h/ ft2/8 F). Every air ba r or foil ha s an h

value that shou ld ha ve been measur ed as well as

calculated unde r special cond itions. Fi gure 40.11

shows heat transfer values for the single-, doubl e-,

and triple- slot air bars. Air veloci ty, air tempe ratur e,

web temperatur e, orifice coeffici ent, open area, and

spacing play an impor tant role. In some air- bar types,

clearan ce is also a major consider ation. For exampl e,

single-s lot airf oils have a dramat ic de crease in both

heat transfer and flotati on stabili ty as clear ance is

increased. This compares with double- and triple-

slot air bars that have fairly stable heat transfers up

to a clearance of 25 mm on the single-size air bar and

50 mm on the double-size air bar.

When comparing air bars, there should be a logical

basis. Equal power consumption is one such basis for

comparison. Under equal air horsepower, single-,

double-, and triple-slot air bars have very distinctive
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heat trans fer pro files. As seen in Figure 40.11, this

TRI-FLO AT has the highest average heat trans fer

coeffici ent. The air-bar type uses mult iple smal l orifices

to accompl ish the same task as the double-s lot air bar.

Total open area is the same on both.

Heat transfer wi th doubl e- or triple-slot air ba rs

can be co ntrolled by air veloci ty over a very broad

range since these air-bar types are not nearly as sen-

sitive to flotation clearan ce as single-s lotted air bar.

Whene ver air can be tolerated on both sides of the

web, either the double- or triple- slot air bar is by far

the be st choice. W hen flotation must be acc omplished

with air only on one side, the singl e-slot airfo il is most

efficien t.

The impact of spent air on flotatio n an d he at

transfer is often overlook ed. Deli vering the air in a

useful fashi on to the web is of paramount importance

but, if the air afte r impi ngement to the web is not

remove d properl y from the web an d air-bar area, it

can significantl y erod e an otherwis e exc ellent he at

transfer. Drying streak s, flotati on problem s, or diffi-

culty with web tracking also might occur.

Spe nt air shou ld be remove d from the web and

air-bar inter face area quickly , evenly, an d at substa n-

tially reduced veloci ty as compared wi th the air im-

pingem ent veloci ty. Spe nt air veloci ties usually shou ld

not exceed 10% of the air-b ar outlet veloci ties. On

narrow webs , spent air is exhau sted at the web edges.

When deali ng with wid e webs , spent air is remove d at

the web center to avoid overdryi ng the web edges.

Air -bar pe rformance is not only depende nt on the

air-bar de sign but also is signifi cantly affe cted by

aerodynam ical ly correct supply and return air be-

tween air bars an d wi thin a given air bar. Air veloci ty

enterin g the air bar should not exceed 15 to 25% of

the air-b ar outlet velocity. As with spen t air, sup ply

air is often delivered correct ly only in one porti on of

the dryer and incorrectly delivered in another portion.

All successful air bars have a cushion pressure

between the face of the air bar and the web. The
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cushion pressure profile in the web direction often

looks very similar to the heat transfer profile. The

profile of a successful positive-pressure air bar

would have most, if not all, points between the web

and air-bar face at a positive pressure as shown in

Figure 40.8. This sounds simple enough but, too often,

air-bar designs have pressure profiles with negative

pressure just outside the impingement slots. Worse

yet are the differing pressure profiles at the web center-

line vs. the web edges. The profile at the web edge is of

great concern if web flutter is to be avoided at that

point. Swings of positive or negative pressure at the

web edge will cause the web to act like a flag in

heavy wind.

Often overlooked in cushion pressure evaluations

is the angular flow from the air-bar slot. If the air

emanates from the slots at a very uniform angle to-

ward the drive side or operator side of the web, a

steering effect will take place that will hamper good

web transport. Usually, proper internal construction

of the air bar will eliminate this possibility and allow

angularity confined within +58 and in a random

fashion. Finally, the amount of air translated from

supply pressure to cushion pressure is a sign of an

air bar that is efficient. Therefore, the ratio of cushion

pressure to supply pressure Pc/Ps is important

and worth study at the desired flotation clearance.

Figure 40.12 shows a typical curve of this type.

40.3.5 AIR TURNS

Air turns combine the features of a circular web path

with a flotation dryer. They use single-size air bars

and support a web without contact on a cushion of air

while the web follows a circular path and is simultan-

eously heated and dried. When using an air turn to

float and dry, recirculation air is required. Usually,

the jet foil cylinder approach provides this option. Air

turns were initially proposed for retrofitting paper

machines by replacing steam-heated cylinders located
5
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FIGURE 40.13 Air turns in a U shape.

FIGURE 40.14 Air turns in an S shape.
immediately after coating or sizing stations. Quality

problems frequently occur in these applications be-

cause wet coating is sensitive and sometimes subjected

to picking when contacted by a steam dryer surface.

Today, air turns are often combined with straight

path flotation systems allowing web paths that have

a U shape as well as an S shape (Figure 40.13 and

Figure 40.14, respectively).

The web-supporting cushion pressure on an air

turn is proportional to the web tension and inversely

proportional to the turning radius. Assuming a uni-

form cushion pressure, then

Pc(cushion pressure) ¼ T(web tension)=R(radius)

In air turns with double-slot air bars, the cushion

pressure is not uniform, but is made up of two separ-

ate and distinct pressures. The first is developed over

the face of the air bar and is referred to as the pressure

pad, while the second is a back pressure component

that occurs as a function of the spent air condition, if

any, between air bars. The two pressure fractions are

weighted by the area according to the proportion of

wrap area they each represent; the ‘‘weighted’’ pres-

sure, in total, must be equal to the equivalent uniform

cushion pressure required. Pressure combinations as

well as pressure and area combinations suitable for

any given tension are virtually unlimited.
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Air turn configurations are typically available in

0.5 to 2.0 m diameters. Volumetric flow rates, pres-

sure requirements, and physical layouts would be

considered when sizing an air turn for a particular

process. The interrelationship among cushion pres-

sure, web tension, and clearance results in an oper-

ational system that is forgiving and self-adjusting.

Close attention should be given to the design of web

entry and leaving air bars so that touching of the web

can be avoided at these points. Heat transfer of the

selected air bar will not change when utilized in a

circular configuration as compared with a straight

path configuration.

40.3.6 INFRARED DRYERS

Figure 40.15 shows the electromagnetic energy spec-

trum ranging from the gamma ray of short wavelength

to the radio waves of long wavelength. The IR wave-

band falls between the wavelengths of 0.76 and 100 mm,

which can be divided into three regions: (1) short-wave
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IR (0.76 to 2 mm); (2) medium-wave IR (2.1 to 4 mm);

and (3) long-wave IR (4.1 to 100 mm).

Ther e are two basic types of IR heater s: electric IR

and gas-fired IR (Figure 40.16). The most impor tant

elemen t of the IR dr ying system is the IR emitter .

These two types of IR heater s fit into three tempe ra-

ture ran ges: (1) 343 to 538 8 C (e.g., gas and elect ric

IR); (2) 538 to 1100 8 C (e.g ., gas and elect ric IR); and

(3) 1100 to 2200 8 C (e.g., electric IR only). Electrical ly

heated or natural-ga s-heat ed units are used mainl y to

preheat the web, althoug h these can be used in prin-

ciple to carry out the entire drying process . IR tem-

peratur es are typicall y in the 650 to 1200 8 C range.

Improv ed drying rates can be obtaine d by a combined

radiation–co nvectio n syst em.

M ost high -temperat ure units have a coo ldown

time of 1 to 1.5 min. Occur rence of a break means a

signific ant fire risk if the hot surface is below the web.

Since air-k nife an d blade co aters usu ally coat the

surface , this is not a problem .

In gen eral, the ope rating effici ency of an elect ric

IR heater ranges from 40 to 70%, while that of gas-

fired IR hea ter ranges from 30 to 50%. These fig ures

depend upon the de sign of the IR units and mois ture

content in the web, and repres ent conversi on effici en-

cies for drying of thin films , c oatings, and paper.

The penetra tion of IR rad iation into a mate rial is

a function of the wave lengt h. Highe r emitter sou rce
Radiating surface

Glass
wool

Air–gas
mixture

Porous
catalyst

bed

(a)

(b)

FIGURE 40.16 Infrared radiation heaters: (a) electric and

(b) gas fired.
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tempe ratures pro duce a sho rter wave lengt h, which

has the ab ility to pene trate more than lower wave

tempe ratures, whi ch prod uce a longer wave length .

The maxi mum dep th of pe netration is approxim ately

1.5 mm. Good penetra tion into the substrate of coat-

ing, film, or ink heats the substrate rather than skin-

ning and blisterin g it.

Color is sensitive to the IR source temperature. The

darker the color, the more heat absorption there is.

The short- wave IR radiat ion can only be gener-

ated by an electric IR he ater employ ing a tun gsten

heatin g element. A tungst en filame nt has small mass

as wel l as low electrica l resi stance , which allow s heavy

current flow and very rapid heatup and co oldown .

The rate of response of various types of radiant he at

sources can be an important c riterion in the selec tion

of a prop er source for coating drying applic ations.

The useful IR wave lengt hs for indust rial applic a-

tions range from 1 to 10 m m (Figur e 40.17) . For this

reason, the IR radiant heatin g produced by short-

wave or medium -wave IR heater s is often used in

drying thin coati ng, films , an d webs . The primary

criteri on for determ ining whi ch type of IR system

and wave length is most effective for drying of inks,

coatin gs, and webs is the IR abso rptivity charact er-

istics of various materials.

Radiation that strikes a material surface must be

reflected, absorbed, or transmitted. Only the absorbed

radiation raises the temperature of the material. The

absorption of incident radiation into a homogenous

material increases with the thickness of the material,

while the transmission of incident radiation exponen-

tially decreases with the thickness of the material. If the

coating or substrate is very thick or opaque to IR

radiation, then there is no transmission and the inci-

dent radiation is fully absorbed by the coating or

substrate.

Figu re 40.18 shows the IR ab sorption spectru m of

a 4-mil water film, which is a common ingredient of

paper and latex coating. The first peak at 3 mm

matches the radiation of medium-wave IR heaters.

The second peak at 6 mm and the longer wavelength

corresponds to the radiation spectrum of long-wave

IR heaters. In order to be effectively heated, the water

film requires radiation energy concentrated between

2.6 and 3.3 mm and between 6 and 8 mm. Thus, the

selection of an IR unit with properly tuned character-

istics becomes important in order to raise the tem-

perature of the target material quickly and effectively.

The absorption and radiation curves should be

matched as closely as possible, and the absorption

rate of the material must be examined. (The absorp-

tion of a material is a function of the material’s phys-

ical, chemical, and color properties, and its moisture

content.)
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Many times, IR drying is combined with con-

vection or conduction dryers to provide special

surface or product properties. Electric IR drying

has been very successfully employed as a moisture
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profiling system in the paper industry. The IR bulbs

are oriented in the web direction and are cycled on

or off locally to correct moisture profile differences

resulting from the primary drying process and/or
ngth (μm)
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uneven app lication of water. Thes e systems are

almost always conn ected to sophist icated mois -

ture measur ement and elect ronic devices . Some suc-

cess ha s be en found in the drying of coated webs ,

e.g., paper co ating, capsula ted coati ng, and therm al

papers.
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FIGURE 40.19 Elliptical reflector assembly.
40.3.7 ULTRAVIOLET C URERS /DRYERS

UV dryers are intende d for curing of coa tings. UV -

curable coati ngs con sist of a blend of reactive mon o-

mers or oligom ers cap able of free-radi cal-init iated

polyme rization. Phot oinitiat ors are used wi th UV -

curable coati ngs an d they are the source of free

radica ls produ ced on irradiat ion.

UV radiation , whi ch compri ses less than 1% of the

sun’s incide nt energy, can be selec tively generate d to

promot e the elect ronic excit ation of molec ules, resul t-

ing in chemic al changes. UV wave lengt h ranges from

100 to 400 nm (nanome ters) and can be divided into

four regions : (1) UV A (315 to 400 nm); (2) UV B (280

to 315 nm); (3) UVC (200 to 280 nm); an d (4) vacuu m

UV (100 to 200 nm ). The ba sic too l used for cu ring

UV-sens itive mate rials is the mercur y vapor lamp,

which provides the UV flux activati ng the photo -

initiato rs in the cu rable mate rials. Since diff erent

photoini tiators requir e different UV wave lengt hs,

the radiation from the source and the phot oinitiat ors

should be match ed to effe ct polyme rization .

Fiv e basic lamp syst ems are a vailable to produce

UV radiation: (1) medium -pressu re mercur y vapor

lamps; (2) elect rodeles s lamps ; (3) pulsed xenon

lamps; (4) hyb rid xenon /mercury vapor lamps ; and

(5) low-pres sure germi cidal lamps. Medium- pressure

mercur y lamps that emit a wide range of wave length s

are by far the most important radiation sources for

curing of coati ngs.

The UV dryer consis ts of lamp hous ing and

reflect or assem bly. The reflecto r itself may be of eithe r

paraboli c or ellip tical geomet ry. Elliptica l reflect ors

are most often used wi th medium -pressure mercury

lamps. Parab olic reflect ors provide a parallel beam

of radiation, while the elliptical reflect ors produce a

focused be am of radiat ion on the substr ate (Figure

40.19). UV-cura ble coatin gs are 100% solids and

solvent remova l equipment is not require d.

W hile this type of UV-curi ng process doe s indeed

have uniqu e applic ation, there are also hazards intr o-

duced, includi ng biological effects on the skin and

eyes, alon g with the g eneration of ozo ne, oxides of

nitroge n (NOx ), and other by -product s from the UV -

curing process . In order to employ this type of light

energy, all UV equ ipment must be designe d to meet all

safety requir ement s of personnel and environm ent.
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40.3.8 ELECTRON B EAM CURERS /DRYERS

Earlier work in EB curing was done with rela-

tively high-e nergy (150 to 1000 kV) , scann ed-beam -

type equipment . The advent of the modern linea r

cathode unscann ed accelerator has revolutioni zed

the radiation curing/ drying indust ry. This equ ipment

generat es a co ntinuous ‘‘waterfa ll’’ of high-e nergy

electron s. As a result, the greatly simp lified de sign

provides excellen t reli ability. Beam energy gen erated

is in the range of 100 to 300 kV, allow ing com-

pact sh ielding, whi ch is usuall y built integral to the

accele rator itself .

Figu re 40.20 shows a schema tic of an electron

process or. The electron pro cessor is a stai nless steel

vacuum tube in whi ch one or more longitu dinal

heated- filame nt e lectron ‘‘guns ’’ are rais ed to a po-

tential of severa l kilovolts. The electron s are then

accele rated as they move from the filame nts to the

perimeter of the tube. A slot in the tube defining

the wid th of the process ing zon e permi ts the acce-

lerated electrons to reach a metallic foil window that

is thin at ground potential. This foil window is thin

enough to permit efficient electron transmission. The

electrons emerge into a controlled processing envir-

onment, where they are absorbed by the products to

cause curing of the coating. The accelerated or ener-

getic electrons as carriers of energy are somewhat like

bullets. The higher the voltage through which they are

accelerated, the deeper they can penetrate into the

products.

EB curing/drying systems have been successfully

integrated into multicolor web offset printing pre-

sses for printing of liquid packaging and folding

carton stock. Other commercial applications include
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FIGURE 40.20 Schematic of electron processor.
EB-curing intaglio ink s and EB-curing high-g loss

overpri nt varnis hes over heat-set inks in-l ine on roto-

gravure presses.

EB process ing is a v ery practical and wi dely used

commer cial process for carrying out ch emical reac-

tions such as cross- linking and cu ring ster ilizatio n on

web material s. In most cases, it is more energy effici ent

than normal process ing methods such as: (1) high-

tempe rature chemical cro ss-linkin g; (2) hot air dry ing

in the case of laminati ng or print ing; a nd (3) high-

tempe rature or chemi cal steriliz ation. The use of radi-

ation curing for lami nating adhesiv es and printing ink s

eliminat es or minimiz es the costl y solvent s. This in

turn reduces or eliminat es the need for an emission

control system to meet environm ental standar ds set

by governm ent agen cies. In the case of curing or

cross-li nking, it general ly provides a clear-cut reaction

with no resid ual promot ers or cross- linking agents that

might cause degrad ation of the pro duct or pr oblems

with governm en tal agen cy regula tions on toxic res-

idues in products for foo d and drug app lications .

UV an d EB curing may be used as practi cal, effi-

cient, and safe methods to cure coati ngs and print ing

inks in the con verting and graphic arts indust ries. The

most apparen t advantag e is the cu tting of produ ction

time by elim inating steps and the redu ction of labo r

cost, making the end produ ct more co mpetitive. A

second adva ntage is the special curing of unique

produc ts that c annot be made an y other way as effi-

ciently. Typical exampl es include stat ic co ntrol of

electric compone nts, textu red release surfa ce coat-

ings, graphic s on food pa ckaging (becaus e of the

very low extra ctabl es achieva ble), and curing of mag-

netic media binders (process control and durabil ity).
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With the increa sing popul arity of higher-int ensity

(120 W/cm or more) UV lamps and the develop ment

of curing form ulations, espec ially in the high-s peed

wide-web ap plications , UV eq uipment , lower in cost

is much easie r to justify than EB equipment .

40.4 APPLICATION EXAMPLES

This section present s a few typic al cases of flot ation

drying systems app lied to co ated papers and films

because flotati on dryers have been wid ely used in

the convert ing and graphic arts industries . They

have numerous advantag es over other co mpeting

techni ques.

W ithin the last 10 y, the use of IR heaters has been

widely accepte d for the drying of coated pa per and

paperboa rd. For exampl e, when drying coati ng was

applie d to commer cial- or publ ication-g rade pap ers

during the paperma king proc ess, the techni que used

IR, flotati on air, an d steam-heat ed cyli nders. The

degree of dr ying with each mechani sm varie s depen d-

ing on co ating form ulation and use. Figure 40 .21

shows a typic al system that uses elect ric or ga s-fired

IR to heat the web to 66 8 C whi le continui ng the

drying to an 80% soli d level by air flotatio n. The

balance of the drying is conducted through the use

of 4 to 6 steam-heated cylinders with an evaporation

rate restriction of 20 kg/h/m2. There are some differ-

ences in the opinion regarding the amount of IR, air,

and contact drying necessary and whether or not gas-

fired or electric IR is most beneficial. Often, IR is

placed as close as possible to the coating source to

enhance product quality as it relates to solids migra-

tion and adhesion of the coating to the paper web.
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FIGURE 40.21 Paper coating with infrared radiation, flotation, and steam cylinders.
Drying of publication- and commercial-grade

printed products is usually done with a system having

an air velocity between 61 and 76 m/s at web speeds

from 6 to 18 m/s. Web temperatures range from 93 to

1778C with multizone drying systems employed. The

printing process typically includes both evaporation

of hydrocarbon and solidification of a thermal plastic

solid material; therefore, postevaporation conduction

cooling is usually employed. Some special problems in

this drying area include excessive shrinkage and dam-

age to the paper product during the tortuous drying

curve, environmental problems associated with the

evaporated hydrocarbon, and special quality de-

mands imposed by the consumers.

When drying adhesives, including pressure-

sensitive adhesives, a dry coat weight of 20 g/m2/mil

(1 mil ¼ 40 mm) of coat weight thickness usually is

employed. Solid contents range from 20 to 50%. Solv-

ent removal rate limitations are at 18 kg/h/m2. Drying

systems are usually multizone with outlet velocity

ranging from 20 to 40 m/s and air temperatures ran-

ging from 100 to 1608C. Typically, a two- or three-

zone drying system is employed.

Magnetic media webs typically range from 15 to

66 cm in width and employ a multizone (generally

three) drying system. Impingement velocities are usu-

ally limited to 20 m/s in zone 1, 30 m/s in zone 2, and 40

m/s in zone 3, with operating temperatures ranging

from 60 to 1208C. Evaporation rates are generally in

the 64 to 80 kg/h/m2 range. Airstream components in

the dryers should be stainless steel with filters for

maintaining a clean airstream. Varying substrate and

coat weight thicknesses are employed depending on

whether the magnetic media is audio, video, computer,

or floppy disk. Solvents generally are tetrahydrofuran

(THF), methyl ethyl ketone (MEK), toluene, methyl

isobutyl ketone (MIBK), or cyclohexanone.

Carbonless coatings or encapsulated coatings

would typically be used for carbonless carbon paper,

cosmetic or fragrance samples, or other special appli-

cations. Coatings could range from 1.5 to 5 g/m2 dry

at a solid range of 20 to 40%. Solvent removal rates,

assuming no damage to the capsules, would range
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from 30 to 50 kg/h/m2. Outlet velocities typically are

40 to 60 m/s with operating temperatures of 204 to

2608C.

Polyvinylidene chloride (PVDC) is typically used

as a vapor barrier in food packaging. In these applica-

tions, evaporation rates are usually 10 to 15 kg/h/m2

with air velocities of 20 to 40 m/s when utilizing paper

substrates and 20 to 40 m/s when using plastic films.

Dryer construction is usually of stainless steel because

of the high corrosivity of the coatings and airstream.

Other applications include drying of aluminum

printing plates, 100% solid silicone coatings, steel

coils, and publication-grade paper products.

40.5 SAFETY ASPECTS

In the converting and graphic arts industries, the

drying of coated webs involves the evaporation of

solvents, water, and oils from the solvent-based coat-

ings, adhesives, and printing inks into the air. These

evaporated solvent vapors and ink oil mixing with

dryer air will cause a fire and explosion hazard if an

excessive amount of solvent vapors is accumulated in

the dryer without monitoring. In addition, the ex-

haust gases combined with traces of carbon monoxide

from the dryer burner due to incomplete combustion

are toxic to humans, wildlife, and vegetation if emit-

ted to the atmosphere without treatment. Further-

more, odor of the exhaust stream is objectionable.

The role of government agencies and insurance

companies is becoming greater in safety, product for-

mation, raw material selection, and all environmental

affairs of all industries. In the United States, the

federal Environmental Protection Agency (EPA)

will gradually tighten up air pollution control by

enforcing existing and new environmental regulations

under the Clean Air Act, including the regulations of

emissions from all adhesive, coating, and ink pro-

cesses. Also, the Factory Mutual (FM) and Fire In-

surance Association (FIA) will require more safety

plants, equipment, and operations, e.g., all machines

using a solvent-based or a water-based liquid with

approximately 20% alcohol mixed with water must



be built to co nform to exp losion-proo f regula tions .

Therefor e, the design and operation of dryers for the

solvent -based ad hesive, coatin g, and ink print ing pr o-

cesses are confi ned by two facto rs: (1) the explosio n-

proof standar d requ ired by MF and FIA an d (2) the

dryer emis sion con trol e nforced by the EPA . These

two facto rs are briefly discus sed below .

40.5.1 THE EXPLOSION -PROOF S TANDARD

It is of adva ntage to recir culate as much heated air

inside the dryer as possibl e for the purpo se of energy

conserva tion. However, accumul ation of an excess ive

amount of flamma ble solvent vap or will not only

retard the evapo ration rate of solvent but a lso

create a dr yer fir e or explosio n hazard. To avo id the

potenti al fire or e xplosion hazard, the dryers must be

designe d to meet the explosi on-proof standar d that

requir es that the mixtu re of so lvent vapo rs an d air

cannot burn if expo sed to an open fla me.

Solv ent vapors can not burn if the amount of air in

the mixt ure is ab ove or below the correct comb ustion

ratio. If the amount of ox ygen in the mixture is too

small to sup port combust ion due to a surplus of the

fuel vapo rs, it is at the uppe r explosi ve limit (UEL) of

the mixtu re. W hen the volume of the fuel in the

mixture is too low to sup port combust ion due to a

lack of burnable vapors, it is at the low er explosive

limit (LE L) of the mixture. It is necessa ry to ensu re

that these vap or–air mixtures are alw ays below LEL

or above UEL ratio s.

40.5.1 .1 Lo wer Explos ive Limit Reg ulations

Convent ionally, LEL s are alw ays used as the basis for

making a dryer system safe. In the Unit ed State s,

LEL regula tions stipu late an exhaust volume of

10,000 standard c ubic feet (SCF) per U.S. gallon

(gal) are requ ired, while in Eur ope the regula tions

specify 90 standard cubic mete rs (SC M) per kilogr am

(kg) of solvent evap orated, if prop er inst rument ation

such as the combust ible gas analyze r or the IR an a-

lyzer for measur ing pe rcentage of the flamma ble solv-

ent vapors in the dryer or exhaust ing air streams is

used. All agenc ies permit a maxi mum solvent vapo r

concen tration of up to 25% of LEL of the solvent s

being eva porated, providi ng the operator wi th a 30 0%

safety fact or before the mixtu re will reach combust -

ible level s. However, if one specific solvent is used on

a machi ne that does not have the LEL measur ing

system, the legal limit is 25% of LEL for that parti cu-

lar solvent rather than the standar d of 10,000 SFM/

U.S. gal or 90 SCM/kg.

The LEL regula tions also allow the fla mmable

solvent vapor con centration up to 50% LEL when
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the LEL measur ing syst em is provided. This effect-

ively doubl es the amount of solvent that can be eva p-

orated in the same amou nt of air. How ever, the LEL

measur ing syst em must be properl y c alibrated for

each specific solvent or combinat ion of solvent s,

must be fitted with audible and visible alarm s to

warn the operator s when the mixture approaches

50% LEL rati o, and most impor tantly, must automa t-

ically shut down the machi ne if the lim it is exceeded .

40.5.1 .2 Inert Gas Drying Process

Since the LEL regula tions permi t the con vention al

dryers to maintain the maxi mum flamma ble solvent

concentra tion of 25% LEL, or up to 50% LEL if

proper inst rumentati on for monit oring the solvent

vapor co ncentra tion is applie d, the LEL dr yers

allow qui te limite d recir culation, emit a large vo lume

of heated air to the atmos phere, and introd uce an

equall y large volume of makeup air. Alternat ely, if

the oxygen concen tration in the dr ying gases is de -

crease d below 12%, whi ch is too smal l to supp ort

combust ion, then the solvent vapo r con centration

and the recir culation can be large ly increa sed witho ut

maintaini ng LEL for avo iding e xplosion or fires. In-

stead of air, whi ch co ntains ap proxim ately 21% ox y-

gen, the inert gas (e.g., carbo n dioxide or nitr ogen),

contai ning only a small amount of oxygen , can be

used as the drying medium. This inert gas drying

process allows an increa se in recir culation beca use a

flamma ble mixture cannot be developed in a low -

oxygen atmos phere regardless of how high the solvent

concentra tion is. Table 40.1 sho ws maximu m permi s-

sible oxygen percentage to prevent ignition of flam-

mable gases and vapors using nitrogen and carbon

dioxide for inerting.

Figu re 40.22 shows an example of a low-oxyge n

dryer with a solvent-recovery system, meeting Na-

tional Fire Protection Association (NFPA) standards.

As in the conventional case, the coated web enters and

leaves the dryer chamber through the web openings.

The dryer atmosphere consists of an inert carrier gas

that is simultaneously recirculated through the dryer

enclosure (line 1). A gas seal is provided around web

openings to restrict air from entering the drying cham-

ber and to prevent the inert gas from escaping. In

actual operation, oxygen levels are monitored and

controlled within the dryer to maintain <5% oxygen.

This allows a higher solvent vapor concentration in the

dryer environment without risking explosion and fires.

A bleed stream (line 2) is processed by a solvent-

recovery system. A coolant (line 3) acts to condense

the solvent, which is discharged to storage (line 4).

With solvent removed, the gas stream is returned to the

dryer instead of being discharged to the atmosphere.



TABLE 40.1
Oxygen Percentages Relating to Ignition

N2–Air CO2–Air

O2 Percent above

Which Ignition Can

Take Place

Maximum

Recommended O2

Percent

O2 Percent above

Which Ignition Can

Take Place

Maximum

Recommended O2

Percent

Acetone 13.5 11 15.5 12.5

Benzene (Benzol) 11 9 14 11

Butadiene 10 8 13 10.5

Butane 12 9.5 14.5 11.5

Butene-1 11.5 9 14 11

Carbon disulfide 5 4 8 6.5

Carbon monoxide 5.5 4.5 6 5

Cyclopropane 11.5 9 14 11

Dimethylbutane 12 9.5 14.5 11.5

Ethane 11 9 13.5 11.0

Ether — — 13 10.5

Ether (diethyl) 10.5 8.5 13 10.5

Ethyl alcohol 10.5 8.5 13 10.5

Ethylene 10 8 11.5 9

Gasoline 11.5 9 14 11

Gasoline

73–100 Octane 12 9.5 15 12

100–130 Octane 12 9.5 15 12

115–145 Octane 12 9.5 14.5 11.5

Hexane 12 9.5 14.5 11.5

Hydrogen 5 4 6 5

Hydrogen sulfide 7.5 6 11.5 9

Isobutane 12 9.5 15 12

Isopentane 12 9.5 14.5 11.5

JP-1 fuel 10.5 8.5 14 11

JP-3 fuel 12 9.5 14 11

JP-4 fuel 11.5 9 14 11

Kerosene 11 9 14 11

Methane 12 9 14.5 11.5

Methyl alcohol 10 8 13.5 11

Natural gas (Pittsburgh) 12 9.5 14 11

Neopentane 12.5 10 15 12

n-Heptane 11.5 9 14 11

Pentane 11.5 9 14.5 11.5

Propane 11.5 9 14 11

Propylene 11.5 9 14 11
40.5.2 THE DRYER EMISSION CONTROL

The evaporated solvents, ink oils, and toxic gases

such as carbon monoxide in the dryer exhaust are

mixtures of hydrocarbons, i.e., carbon bonded to

each other and/or to hydrogen in various lengths

and configurations. The general term for these mater-

ials is volatile organic compounds (VOCs). Re-

gulations for the total reduction of VOC emissions

is a combination of destruction efficiency and capture

efficiency. The United States is the only country
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following a path to cleaner air. Most often, 90, 95,

or 99% destruction efficiency will be seen, depending

on whether it is the local, state, or federal level.

Germany and the Scandinavian countries already

have regulations limiting emissions from a source to

50 mg/Nm3 (normal cubic meter) in many areas.

Some require as low as 20 mg/Nm3 depending on

the type of VOCs. Many other industrialized coun-

tries are following this lead.

Basically, there are two methods of solvent re-

moval from the dryer exhaust: (1) solvent recovery



Coolant

Oven

Web Web

Bleed stream
without solvent

Solvent-
recovery
system

Recovered
solvent

Bleed
with Stream

solvent

Inert
gas

4

2

1

3

5

FIGURE 40.22 Inert gas dryer layout.
and (2) solvent incineration. Solvent recovery requires

a high solvent concentration operation or the use of a

very expensive solvent to be economically worth-

while, while solvent incineration is mostly used for

the dryer effluent around or below 25% LEL.

40.5.2.1 Solvent Recovery

Solvent vapor can be recovered by adsorption on

activated carbon. The exhaust stream is passed

through an activated carbon bed and the hydrocar-

bon vapors are adsorbed. When the carbon bed be-

comes saturated with vapor, the exhaust stream is

directed to another fresh bed and the saturated bed

is recovered by stripping the solvent by either steam

or vacuum. Steam stripping is the often-used method

for most coating operations. The solvent is removed

along with the condensate and it is separated by

decantation if the solvent is water insoluble or by

distillation if it is soluble.

The efficiency of activated carbon adsorption

units is 90 to 99%, depending on the specific solvent

vapor used and the design of the carbon bed. If the

gas adsorption system is equipped with an IR ana-

lyzer for monitoring the solvent vapor concentration,

the discharge effluent can be automatically switched

from one saturated bed to another fresh bed by the IR

sensing device, and the recovery process is started.

Solvent vapor can also be recovered by using an

inert gas (e.g., nitrogen) dryer atmosphere and gas

condensation. Essentially, the recovery unit attached

to an inert gas dryer (Figure 40.22) contains a heat

exchanger, a condenser, and a separator. The dryer

exhaust stream is passed through a heat exchanger
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and a condenser that cools the exhaust, causing the

solvent vapors to condense. The liquid solvents flow

to a solvent separator and are pumped into solvent

collection tanks. The cleaned nitrogen then returns to

the dryer to pick up more solvent vapors. Heat re-

moved from the exhaust stream by the heat exchanger

preheats the cleaned nitrogen before it returns to the

dryer.

40.5.2.2 Incineration

Incinerators are designed to heat the dryer exhaust

for proper time and temperature required to decom-

pose hydrocarbons into carbon dioxide and water

through the process of oxidation. Temperature,

time, and turbulence are the three factors contribut-

ing to the conversion efficiency. Thermal and catalytic

incinerators are the two major incinerators in use.

Thermal incinerations are used for the solvent vapor

concentration around or below 25% LEL, while cata-

lytic incinerators should be considered for applica-

tions in which there is a low concentration (below

15% LEL).

Thermal incinerators process dryer discharges by

burning them at high temperatures (between 760 and

8008C). They are designed with 0.5 s or greater total

residence time, although hydrocarbons generally oxi-

dize in 0.3 s. Residence time that the exhaust stream is

maintained at the oxidation temperature is critical not

only for proper oxidation but also for proper mixing.

Turbulence assures proper mixing of the airstream.

Improper or unsatisfactory mixing will require higher

temperatures and/or longer residence time to achieve

proper oxidation.



Fig ure 40 .23 shows a schema tic diagra m of a ther-

mal incine rator contai ning two basic elements, a heat

exchanger and a burner (combu stion chamber) . A

heat ex changer is designe d to trans fer therm al en ergy

from one airstrea m to the other for the purpo se of

reducing the bur ner input ne eded for reachi ng oxida-

tion tempe ratur e. Typi cal VOC reduction of therm al

incine rators is in the ran ge of 99 %, but the cleanup

rates can be greater than 99%, depen ding on the

design and the ope rating condition s (e.g., ope rating

tempe rature, residence time, and turbulen ce) to ob-

tain goo d mixing.

Car bon monoxide can be eithe r created by par-

tial incine ratio n of ink oils or destro yed by complete

incine ration of carbo n mon oxide to carbon di-

oxide in a thermal incinerator , de pending on the ope -

rating temperatur e. Carb on mono xide produc tion

tends to rise wi th increa sing temperatur e until it

reaches a maxi mum at abo ut 650 8 C. Then, the carbon

monoxide content tends to decreas e wi th increa s-

ing tempe rature until it reaches a negli gible level at

about 760 8 C.

Bur ners creat e NOx (e.g ., NO and NO 2) at high

tempe ratures. As the tempe rature of the incine rator

rises, NOx concentra tion in its exhaust will increa se.

Unfor tunate ly, VOCs and NOx in the atmosp here, in

the presence of sunligh t, en ter into a chemi cal reac-

tion that prod uces ozone (O3). Ozone is the sub stance

measur ed as the criterion for ‘‘smog alerts’ ’ in cities.

Even extre mely low levels of ozon e in the air can

cause signifi cant respirator y difficul ties in a sizable

portio n of the populati on.
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fan

Process

Burner

FIGURE 40.23 Thermal incinerator schematic.
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Ther mal incine rators typic ally use two major

types of he at exchangers : (1) envelope type and (2)

shell an d tube exchan gers (Figure 40.24). A regener a-

tive system is a special type of therm al incine rator

that utilizes a ceram ic stonew are as the heat excha n-

ger med ium and ope rates at ve ry high tempe ratur es

(above 800 8 C). The ceram ic stonew are is mou nted in

at least three columns for better automa tic control

purposes. Figu re 40.25 sho ws a two-col umn regener a-

tive system for discus sion purpo ses.

The process airs tream is passed through the stone-

ware as it enters an d exits the cen tral incine ration

chamber. By con stantly cyclin g the airstrea m between

two columns , the incomin g airs tream is heated by

stoneware, which in the previous cycle was absorbi ng

heat from the airstrea m exiting the centra l c hamber.

As this co lumn loses heat to the incoming airstrea m,

it cycles and beco mes the recep tor of he at, repeating

the cycle. The cleanup rates are great er than 90%.

Regene rative syste ms requir e high capit al/install ation

costs, but their operati ng c ost is low if ru n c ontinu-

ously due to large stoneware mass.

Cat alytic incine rator s are an alternati ve to ther-

mal incine rator s as a mean s of oxidiz ing exhau st

hydrocarbo ns into carbon dioxide and water at

lower tempe ratur es (315 to 480 8 C). The contact time

with the catalyst bed is about 0.3 s. Cat alytic inci-

nerator s typicall y destr oy 90 to 95% of VO C, depen -

ding on the design of the unit and catalyst activity.

Figure 40.26 shows a schema tic diagra m of a cata-

lytic unit. The basic elements of the catalytic units

are a preheating/mixing section, designed to achieve

a uniformly preheated and distributed exhaust stream

flow, and the catalyst bed and catalytic matrix,

where the major portion of the oxidation reactions

take place.

Two types of catalyst systems are commonly used:

(1) packed beds and (2) monolith blocks. The first type

is a perforated container containing spherical beads

coated with catalytic ingredients; it allows the react-

ants to flow through the catalytic beds. It has high

external surface area and high mass transfer efficiency

between reactants and catalyst. The second type has

the walls of monolithic honeycomb wash coated with

the catalyst ingredients and allows the reactants to

flow through the channels in the monolith.

Catalytic systems are limited to applications in

which the exhaust stream has the lower particulate

loading and/or the exhaust stream has negligible ‘‘poi-

sons.’’ The poisons are primarily silicon and phos-

phorus that coat the catalyst. Halogens such as

chlorine and sulfur can decrease the effectiveness of

the catalyst.
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40.6 CONCLUSION

Various commercially employed drying systems for

coated webs are summarized. The reader is referred

to the cited references in the bibliography for further

details.
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41.1 INTRODUCTION

Spurred by continually escalating energy costs, along

with the advent of new competitive polymers accom-

panied by new and extended applications of polymers

and plastics, interest in the energy-intensive operation

of drying of polymers has been on the rise in recent

years.

Drying is one of the prime polymer recovery op-

erations performed before transfer to the compound-

ing plant or packaging for direct use. It is the part of

the process in which the polymer is handled essen-

tially as a solid and liquid and gas streams become

relatively minor. In polymer production, other recov-

ery operations include salvation of the unreacted

monomer and solvent, coagulation and precipitation,

concentration and devolatilization, and liquid–solid

separation [1].

Although drying is the oldest and most commonly

encountered of all unit operations of chemical engin-

eering, it is one of the most complex and least under-

stood operations. One of the prime reasons for this

state of affairs is the enormous diversity of drying

equipment; over 100 clearly identifiable different

types of dryers are in commercial use around the

world. Depending upon the nature of the processing

mode, physical state of the feed, mode of heat and

mass transport, operating temperature and pressure,

and other factors, one can classify existing dryers into

so many different types that it is impossible to de-

velop or hope to develop generalized procedures for

analysis of all types of dryers [2].

This chapter provides a few guidelines for the

selection of polymer dryers and discusses the alterna-

tives available. Picking the best dryer for a specific

polymer application is beyond the scope of this chap-

ter because of many variables involved in such selec-

tion. Since most of the work in this area is proprietory

in nature with very little information available in the

open literature, it is therefore believed that this chap-

ter will help to overcome the initial agonies of a

polymer engineer in selecting dryers for water- or

solvent-wet granular polymer particles.

For better understanding of the subject for a

nonspecialist in polymer technology, a brief survey
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is given about the various polymerization techniques

employed commercially before discussion of the dry-

ing equipment.
41.2 COMMON POLYMERIZATION
PROCESSES

The selection of dryers for polymer drying depends to

a large extent on the upstream operations, e.g., poly-

merization, since the behavior of a polymerization

reaction and the properties of the resulting polymer

can vary greatly according to the nature of the physical

system in which the polymerization reaction is carried

out. Several processes are used commercially to pre-

pare polymers. Each process has its advantages, usu-

ally depending on the type and final use of the polymer.

The following types of polymerization processes based

on physical systems are considered briefly in this sec-

tion: (1) bulk; (2) solution; (3) suspension; (4) emul-

sion; and (5) gas-phase polymerization [3].
41.2.1 BULK POLYMERIZATION

The polymerization of the pure monomer without

diluent is called bulk polymerization or mass polymer-

ization. The monomer (e.g., styrene, vinyl chloride

(VC), vinyl acetate (VA), acrylic esters, butadiene,

or acrylonitrile) is first purified to remove oxygen or

other inhibitors (by bubbling nitrogen through it, by

distillation, or by evacuation) and then the polymer-

ization is started through heating, ultraviolet (UV)

radiation, or the addition of an initiator (e.g., perox-

ides, azo compounds, and others). Usually, after a

short period of heating, the reaction mixture con-

tinues to heat by itself, and therefore it is necessary

to remove the heat by cooling. With increasing con-

version, because of the rapidly increasing viscosity of

the polymer–monomer mixture, this becomes more

and more difficult. With large amounts of monomer,

bulk polymerization often takes very turbulent and

even explosive form as a result of the rapidly increas-

ing temperature. The violence of the reaction is even

further increased by the increase in the radical con-

centration that occurs with increasing viscosity.



Because of the difficulty in heat removal, bulk poly-

merization is only carried out in a few cases. However,

in the cases in which it is used, it is done on a very large-

scale, e.g., the bulk polymerization of styrene or

ethylene (high-pressure process). Since in this type of

polymerization the possibility of chain transfer is rela-

tively small and because of self-acceleration, other poly-

mers with high molecular weights are found. One of the

characteristics of this process that is always a technical

advantage is the great purity of the polymer resulting

from the lack of additives during polymerization.

41.2.2 SOLUTION POLYMERIZATION

For solution polymerization, a solvent inert to the

monomer is used to control the polymerization. High

exothermicity is limited by dilution, causing the reac-

tion rate to be slowed owing to solvent addition. The

solvent is recycled after cooling and is sent back to the

polymerization reactor. The concentration of the solv-

ent is chosen in such a way that the polymerization

mixture can still be stirred after complete conversion.

Solution polymerization has been employed almost

exclusively in cases in which the polymer is then used in

the form of solutions (50 to 60%) for lacquers, adhe-

sives, impregnation materials, and other products.

Obtaining the pure polymer by distilling off the solvent

is complicated because the hard polymer cannot be

taken out of the vessel after evaporation of the solvent.

Through construction of extruders with vacuum distil-

lation zones and by using other special evaporators, it is

possible to separate the polymer from the solvent.

In this process the choice of the solvent’s chain

transfer constant is very important because this influ-

ences the molecular weight to a considerable extent.

Because of chain transfer with the solvent and be-

cause of the lower monomer concentration, the mo-

lecular weight of polymers prepared by solution

polymerization is usually lower than that of the cor-

responding bulk polymers.

Commercially, solution polymerizations are not

carried out to high conversions (near 100%) but

continuously at a constant monomer concentration.

The unreacted and evaporated monomer is recycled

together with the solvent. This type of production

process has two advantages. The reactor always

works in a range of high polymerization rates, and

the molecular weight distribution curve is not so

broad as it is with polymers produced in a discontinu-

ous process with high conversions.

41.2.3 SUSPENSION POLYMERIZATION

In the suspension polymerization process, water is

used to control heat generation. A catalyst is dis-
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solved in the monomer, which is dispersed in water.

A dispersing agent is incorporated to stabilize the

suspension formed. For any nonpolar monomers,

this method offers a method of eliminating many of

the problems encountered in bulk and in solution

polymerization, especially the heat dissipation prob-

lem in the former and solvent reactivity and removal

of the latter.

Another attractive feature of large batch prepar-

ations is that the polymeric products obtained from a

suspension polymerization, if correctly carried out,

are in the form of finely granulated beads that are

easily filtered and dried.

On a technical scale, suspension polymerization is

used in the production of polyvinylchloride, polystyr-

ene, polymethyl methacrylate, and others. For the

production of rubbery, sticky, polymers (e.g., the

polyacrylates), this is less suitable.

41.2.4 EMULSION POLYMERIZATION

The emulsion polymerization process is similar to

suspension polymerization. This process is also car-

ried out in a water medium. An emulsifier, either

anionic soap or cationic soap, is added to break the

monomer into very small particles. The initiator is in

solution in the water. After polymerization, the poly-

mer can be precipitated, washed, and dried, or the

mixture can be used directly (e.g., latex paint).

Emulsion polymerization is superficially related

to suspension polymerization, but the kinetic rela-

tionships are entirely different. The major causes of

the differences are: first, the monomer droplets in the

latter system are approximately 0.1 to 1 mm in size

and the particles in the former are approximately

10�7 to 10�6 mm in size; and second, the catalyst

is dissolved in the aqueous phase in the latter but is

incorporated directly into the droplets in the former.

In all cases in which the presence of an emulsifier

is not disturbing, emulsion polymerization is advan-

tageous. In comparison with other polymerization

techniques, it has the following advantages: (1) the

polymerization heat can be removed very easily and

(2) the viscosity of the lattices, even with high con-

centration (up to 60%), is low in comparison with

corresponding solutions.

One large-scale use of this process is in the

production of synthetic rubber and, on a small-scale,

in the production of polyvinyl chloride (PVC) and

polystyrene. The other large-scale use is in the pro-

duction of plastics dispersions used as such (without

first coagulating them) for the production of paints,

pigments, inks, coatings, and adhesive paste (e.g.,

polyvinyl acetate, polyvinyl propionate, and poly-

acrylic ester dispersions).



41.2.5 GAS-PHASE POLYMERIZATION

The term gas-phase polymerization is a misnomer in

that it refers only to a polymerization reaction initi-

ated on monomer vapors, generally by photochemical

means. High-molecular weight polymer particles are

not volatile, so a fog of polymer particles containing

growing chains quickly form and the major portion of

the polymerization reaction occurs in the condensed

state.

High-uniformity polyethylene (PE) can be

manufactured by passing gaseous ethylene through

an active chromium-containing catalyst bed. Other

monomers that have been polymerized successfully

in the gas phase include methyl methacrylate, VA,

and methyl vinyl ketone [4].
41.3 DRYER CLASSIFICATION [5–7]

41.3.1 CLASSIFICATION BY MODE OF HEAT TRANSFER

41.3.1.1 Indirect Dryers

Indirect dryers, also called nonadiabatic units, separ-

ate the heat transfer medium from the product to be

dried by a metal wall. These dryers are subdivided on

the basis of heat applied by radiation or through heat

transfer surface and also by the method in which

volatile vapors are removed.

Heat transfer fluids may be of either the condens-

ing type (e.g., steam and diphenyl fluids, such as

Dowtherm A) or the liquid type (e.g., hot water and

glycol solutions). Because of low film coefficients of

the noncondensing gaseous system, it is seldom used

as the heating medium.

Indirect dryers have several distinctive operating

features: (1) the risk of cross-contamination is

avoided since the product does not contact the heat-

ing medium; (2) since a limited amount of gas is

encountered, solvent recovery is easier than with an

adiabatic dryer; (3) dusting is minimized because of

the small volume of vapors involved in indirect dry-

ing; (4) dryers allow operation under vacuum or in

closely controlled atmospheres that can avoid prod-

uct degradation; and (5) explosion hazards are easier

to control.

Typically, indirect dryers are used for small- or

medium-size production. The product from such a

unit has a higher bulk density than the same material

processed in direct dryers. Particle size degradation

usually can be minimized by proper selection of agi-

tator speed or design. The common indirect heated

dryers are tubular dryers (with or without vacuum),

drum dryers (atmospheric, vacuum, horizontal or ro-

tary vacuum, and others), hollow disk dryers, paddle
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dryers, mechanically fluidized bed dryers, pneu-

matically conveyed dyers, cone or twin-shell dryers,

and others.

41.3.1.2 Direct Dryers

Direct dryers or adiabatic or convective dryers trans-

fer heat by direct contact of the product with the hot

gases. The gases transfer sensible heat to provide the

heat of vaporization of the liquid present in the solid.

Direct dryers may use air, inert gas, superheated

vapor, or products of combustion as the heating

medium. Combustion gases are seldom used in poly-

mer drying because of possible product contamin-

ation. Inert gas eliminates the explosion and fire

hazard and may be desirable to prevent oxidation of

polymers prior to the introduction of stabilizers. Use

of superheated vapor as a heat carrier is highly desir-

able when solvent is vaporized in the dryer and has to

be recovered.

Commonly used direct dryers in polymer plants

are rotary warm air, fluidized bed, flash, spray, tun-

nel, and various vibrating and spouted bed (SB)

types. All these have a common disadvantage. The

amount of air or hot gas required is fairly large, which

causes the auxiliary equipment needed (e.g., air heat-

ers, blowers, and dust collectors) to be sized accord-

ingly; the thermal efficiency is also lower than that of

indirect dryers.

Although this classification of dryers has some

importance, it is quite difficult to apply it in more

than a general way. Both types of dryers are commonly

used in polymer-drying processes. Often a combin-

ation of direct and indirect drying is economically

the most efficient solution to some polymer-drying

problems.

41.3.2 CLASSIFICATION BY RESIDENCE TIME

The pressing need of product quality in the plastics

industry also forces one to consider residence time

distribution of the product when comparing dryers.

41.3.2.1 Short Residence Time

The short residence time category comprises spray

dryers, pneumatic dryers, and thin-film dryers in

which the residence time may be of the order of

several seconds.

41.3.2.2 Medium Residence Time

Continuous fluid-bed dryers, steam tube rotary

dryers, and rotary dryers can be designed to provide

medium residence time (of the order of minutes).



41.3.2.3 Long Residence Time

Rotary dryers, batch fluid dryers, continuous or

batch tray dryers, hopper dryers, multispouted bed,

and vacuum tumble dryers are typical long-residence

units used in polymer drying.
41.3.3 OTHER CONSIDERATIONS

On the basis of the polymerization alone, it is difficult

to specify definite dryer selection rules since typically

polymer properties differ over a wide range. The choice

of dryer is also limited by the physical properties of the

polymers, e.g., polymer-handling characteristics, indi-

vidual or closely related drying curves, properties of the

emitted volatiles, limitations on temperature, and par-

ticle size and distribution requirements. Other factors

include equipment space limitations, production rates,

pollution control requirements, solvent recovery,

thermal sensitivity, and product quality specifications.

The primary step in specifying a dryer is to define

the physical, thermal, and chemical properties of the

product and the volatiles present. Often the consist-

ency of the feed reduces the choice of dryer. A few

guidelines are always helpful in selecting polymer

dryers. For example, if a solvent must be evaporated

and then recovered, it is usually not desirable to choose

a convection dryer. Since solvent must be condensed

from a large carrier gas flow, the condenser and other

equipment become rather large. If the maximum prod-

uct temperature is lower than about 308C, it is possible

to specify a vacuum dryer. If the average particle size is

about 0.1 mm or larger, a fluidized bed dryer may be

considered, or if the feed is a slurry or paste a spray

dryer may be a judicious choice. Scaling is another

important factor that can dictate dryer selection. For

example, if the requirements are to produce high ton-

nage of a polymer in one line, it probably would be

advantageous to consider a fluid-bed dryer rather than

a mechanical rotating type.

The reader is referred to other chapters of this

handbook for details concerning specific dryers

discussed.

41.3.4 COMMON POLYMER DRYERS

41.3.4.1 Rotary Dryers

Historically, rotary dryers (RDs) have been the most

popular in polymer-drying operations. A rotary dryer

consists of a slowly revolving drum (often fitted with

internal flights or lifters) through which both the

material and the gas pass. Gas, cocurrent or counter-

current with the granular polymer, can be introduced

at either end of the cylindrical shell.
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Solids move through the dryer by the effect of grav-

ity, the rotation of the cylinder, and gas flow (in the case

of cocurrent units). Internal scoops, blades, and lifters,

which give the solids a showering pattern, are provided

for better gas–solid contact. Baffles and dam rings are

also available to retard the forward motion of the solids

and to increase residence time (5 to 20 min is common;

much larger times are also found in drying of certain

polymer pellets).

An improvement over the standard rotary dryer is

the steam tube rotary dryer. Here, two or three rows

of steam tubes are located in concentric circles within

the shell, which extend the full length of the cylinder.

The tubes together with a series of small radial flights

serve to agitate the material for uniform drying.

These types of dryers were used in the polymer indus-

tries for heat-sensitive polymers requiring indirect

heating.

With the advent of the new and energy-efficient

dryers, rotary dryers nowadays are seldom used in

polymer drying in new polymer plants. Modified

fluid-bed dryers as well as novel spouted bed dryers

can replace rotary dryers in many applications.

41.3.4.2 Flash Dryers

The flash dryer (FD) is a direct-type, cocurrent unit

that is essentially a long vertical tube with no moving

parts. In polymer drying this is mostly used as a

predryer to remove surface moisture.

In FD units, hot inlet gases contact the wet prod-

uct, which may be powdery, granular, crystalline, or

pasty material, as discharged from a centrifuge or

filter press. Providing a short residence time of several

seconds, FD is well suited for high evaporative loads.

Drying is nearly adiabatic, an advantage with heat-

sensitive polymers. High mass and heat transfer rates

are obtained because of the high relative velocity

between feed and inlet gas and a large exposed prod-

uct surface area.

The method of feeding wet polymer to FD is very

important. Granular products are relatively free flow-

ing when wet polymers are fed with devices such

as screw and rotary star feeders; sticky polymers

may be best handled with a table feeder. Lumpy or

pasty polymer must be broken up or mixed with dry

product recycle to produce a more uniform and

free-flowing feedstock.

Among the developments in flash drying, the first

and the simplest is the ‘‘thermo venturi’’ drying con-

cept in which a vertical drying column expands so

that coarse particles remain suspended while drying

and finer particles travel straight through with the

drying air. This is quite effective as long as the par-

ticles are relatively spherical and the size spread is not



too great. Similar designs feature ‘‘bicones’’ in which

the drying column expands and contracts, possibly

with the addition of supplementary hot air, often

injected tangentially.

Recent improvements in flash drying include the

ring dryer. The heart of this dryer is a centrifugal

separator. It combines renewal of the drying air with

centrifugal classification. The lightest and finest frac-

tions of the product are passed with the spent drying

medium into the product collection system; oversize,

partially dried material is held in circulation. The split

is varied by adjusting the positions of suitable deflec-

tors, introduced in the flow loop. This type of FD is

available in both multistage and closed-circuit designs

with both direct and indirect heating options for re-

moving both surface and bound moistures, as well as

solvent removal and recovery.

41.3.4.3 Spray Dryers

In spray dryers, the feed material, in the form of a

solution, suspension, slurry, or paste, is sprayed in a

high-temperature gas zone by centrifugal disks or

pressure nozzles. Such dryers are used in polymer

industries in which the polymers cannot be separated

mechanically from the carrier liquid, e.g., emulsion-

polymerized PVC.

In polymer industries, wherever spray dryers are

used they are primarily used as predryers of a multi-

stage system. Final drying is normally done in a fluid

bed, which is either stationary or vibrated type. Sta-

tionary fluid beds are used when spray-dried powder

leaving the drying chamber is directly fluidizable. The

vibrated type of fluid bed is used for products that, on

leaving the spray dryer, are not readily in a fluidizable

state owing to their particle form, size distribution, or

wetness.

In such a multistage system, the higher moisture

content powder leaving the spray-drying chamber is

transferred to the second stage, which is a fluid bed

for completion of drying. The higher inlet temp-

erature and lower outlet temperature operation in

such a system give improved dryer thermal efficiency

and increased dryer capacity without product quality

degradation.

41.3.4.4 Fluidized Bed Dryers

Fluidized bed dryers (FBDs) involve the suspension

of solid particles in an upwardly moving stream of

gas, which is introduced through a distribution plate

that may be cooled for heat-sensitive polymers. Such

a dryer may operate batchwise.

The advantages offered by FBDs are: (1) the

even flow of fluidized particles permits continuous,
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automatically controlled, large-scale operation with

easy handling of feed and product; (2) no mechanical

moving parts, i.e., low maintenance; (3) high heat

and mass transfer rates between gas and particles—

this is well mixed, which also avoids overheating of

the particles; (4) heat transfer rates between fluidized

bed and immersed objects, e.g., heating panels, are

high; and (5) mixing of solids is rapid and causes

nearly isothermal conditions throughout the bed,

thereby facilitating easy and reliable control of the

drying process.

Using the solvent being removed as the heat car-

rier and fluidizing medium (i.e., a superheated vapor)

has proved a feasible and beneficial design. Its advan-

tages include: (1) reduction in size of condensing and

recovery equipment; (2) increase in drying rate due to

the elimination of the gas-film resistance of the for-

eign vapor; (3) volumetric heat capacity of various

vapors is usually greater than that of air; and (4)

space velocity for fluidization is lower than with air,

which reduces the volumetric vapor flow and conse-

quently the size of the dust collector, air moving

equipment, and other parts.

Drying of polystyrene beads is a typical example

for industrial use of these dryers because of the close

range of bead particle size. Also, the size of the beads

permits high fluidizing velocities and therefore eco-

nomic dryer sizes.

In recent years, indirect-heated fluidized beds have

made inroads in almost all industries. Some of their

advantages over the direct-heated FBD are: (1) the

indirect heat transfer rate significantly reduces gas

flow requirements; (2) there is tremendous leverage

gained by the multiple of the heat transfer coefficient,

LMTD, and heat transfer surface density permits

very high heat inputs into low-temperature, heat-

sensitive applications; (3) when a plug-flow, rectan-

gular indirect fluid bed or low bed height is used, the

solids flow counter to the thermal fluid, behaving like

a countercurrent heat exchanger with all its attendant

benefits; and (4) since the heat source is decoupled

from the fluidizing gas source, vessel diameters and

pollution-control equipment are much smaller.

Indirect fluid beds have already proved efficient

in drying very heat-sensitive polymers with large

constant-rate drying periods, as in drying PVC,

polyethylene, acrylonitrile–butadiene–styrene (ABS)

copolymers, and polycarbonates (PC).

41.3.4.5 Vibrated Fluidized Beds

A vibrated fluidized bed (VFB) is basically a long

rectangular trough vibrated at a frequency of 5 to

25 Hz with a half amplitude of a few millimeters

(2 to 5 mm). This kind of dryer can be used for drying



wet, sticky , an d granula r media an d has be en used

success fully for drying pol ymers. It is often use d as a

second-s tage dryer afte r a flash or spray dryer in

many polyme r-drying applic ations .

Bene fits achieve d from such dryers are: (1)

unifor m resid ence tim e distribut ion regardless of

particle size; (2) a bility to han dle pol ydisperse soli ds;

(3) ability to operate at low aeration rates and hence

lower pressure drops; (4) gen tle ha ndling of pro duct;

(5) higher heat trans fer and drying rates, and others .

Since the equipment is mo unted on resonan ce spring s,

the power co nsumpt ion for vibrat ion is mini mal for

well-d esigne d VFB [6].

The vibration vector is typicall y a pplied at a smal l

angle to the vertical to permit conveying of the solid s

in the long direction at the desir ed rate. This permi ts

control of resi dence times an d also be tter con trol of

the drying or heati ng rates as the material progres ses

downst ream.

41.3.4 .6 Cont act Flui d-Bed Dryers

Conta ct FB units are ch aracterize d by the residence

time distribut ion of the individ ual pa rticles insi de the

unit. A broad resi dence time dist ribution is obtaine d

in a back -mixed FB in which the lengt h/width rati o of

the be d is relat ively small. The na rrow residen ce time

distribut ion is obtaine d in a plug-flow FB in which

the lengt h/widt h ratio of FB is very large . This cor-

responds to a long, narrow FB. Alternat ively, this can

be obt ained by compart menta lizing FB and is the

usual practice followe d in the indust ry.

Compared with the plug-flow FB, a back-mixed FB

has a significant advantage inasmuch as the back-mixed

FB can accept a feed material that is not readily fluidiz-

able. This is possible owing to the vigorous mixing

inside FB and that the material inside the bed acts as a

large reservoir in which incoming feed material will be

dispersed and the surface moisture will be flashed off,

making the product fluidizable. This characteristic

makes the back-mixed FB concept well suited as the

predrying stage in many polymer-drying systems.

The plug-flow FB drying con cept is parti cularly

suitable for drying bound mois ture from heat-sensi tive

material s since the resi dence time is control led wi thin

narrow lim its. In the typical polyme r applic ation, this

means that the bound mois ture can be remove d from

the polyme r product at the low est possible produ ct

tempe rature.

Thes e two concepts, along with heating of the bed

indirec tly by imm ersed heat exchange surfa ces, are

jointly util ized in co ntact FBD. In FB applic ations

for polymers with indirect heating, the temperature of

the heating panels is typically limited by the softening

point of the polymer.
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41.3.4.7 Paddle Dryers

The paddle type of dryer, marketed by Nara Machin-

ery Company of Japan, is an indirect dryer for granu-

lar or powdery material that dries such materials by

bringing them into contact with revolving, cuneiform

hollow heaters (paddles) without using gas as a heat-

ing medium. The paddles revolve at a low speed (10 to

40 rpm) inside the grooved trough fitted with a jacket

(Figur e 41.1) .

The heating medium passes inside the hollow pad-

dle so that the entire surface of the paddles and shafts

acts as the heat transfer surface. The cuneiform blade

enhances agitation of the material and at the same

time prevents the powder from adhering to the heat

transfer surface. For greatest heating efficiency the

dryer is tilted slightly in the direction of product

flow and is designed so that the material contacts all

heated surfaces, both front and back. The wet prod-

uct is fed continuously at the top of the dryer at one

end. As the powder is agitated slowly by the heated

rotating paddles, the moisture generated is conveyed

out by a flow of hot air or other gas.

The main features of the paddle dryer are: (1) it is

compact; (2) has high heat transfer coefficient and

good thermal efficiency; (3) the paddles have an inter-

play for self-cleaning; (4) it is easy to control; and

(5) a small amount of gas is required that minimizes

dusting and other problems.

Paddle dryers have been successfully used in dry-

ing such polymers as VC resin, nylon pellets, and

polypropylene (PP), as well as polyethylene. Operated

in a closed-cycle mode they can recover organics from

such solvent-laden products as polyethylene or PP

and can reduce the air volume requirement to only

5 to 10% of that used in direct dryers.

Energy requirements for such dryers are also

lower. It is seen that 1300 to 1500 Btu is required to

dry 1 lb of moisture with the paddle dryer compared

with 3000 Btu/lb for a suspended air unit. Because of

the smaller air volume needed, the sizes of down-

stream condensers and refrigeration system units are

reduced.

41.3.4.8 Plate Dryer

The plate dryer (PD) is an indirect dryer in which heat

transfer is accomplished by conduction between the

heated plate surface and the product. It comes under

three major variations, e.g., atmospheric, gas tight,

and vacuum.

In these dryers, the product to be dried is metered

and continuously fed onto the top plate. A vertical

rotating shaft provided with radial arms and self-

aligning plows conveys the product in a spiral pattern



FIGURE 41.1 Paddle dryer.
across stationar y plate s. The plates are heated by a

liquid medium or steam. Small plate s with intern al

rims an d large plate s with exter nal rim s are arrange d

in an alte rnating sequ ence (Figure 41.2) .

Thi s arrange ment makes the product drop from

the outsi de edge of the small plate down to the large

plate, on which it is co nveyed to the insid e ed ge, and

then drops to the foll owing smaller plate, where it is

conveyed again toward the ex ternal edge. This de sign

of the conveying system en sures plug flow of the

produc t throu ghout the entir e dryer. Each plate or
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FIGURE 41.2 Plate dryer.
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group of plate s may be heated or cooled indivi dually ,

thus offer ing precis e con trol of the prod uct tempe ra-

ture an d the possibili ty of adjust ing a tempe rature

profile dur ing the drying process . Thermal deg rad-

ation of sensitiv e mate rials can thus be avoided, and

cooling subsequent to drying can be achieve d.

In the plate dryer, the produ ct layer is kept shal-

low (approxi mate ly 10 mm). The entir e plate surface

is utilized for heat trans fer. The product su rface ex-

posed to the surround ing atmos phere is even large r

than the actual ‘‘wetted’’ heat exchange surfa ce. The

design of the pro duct-c onveying syst em ensures pro d-

uct turnover numbers in the range of 200 to 1500.

A thin prod uct layer on a large heat exchan ge surface

coupled wi th high product turnover impr oves both

heat an d mass transfer rates. Fr om va cuum plate

dryers , the evaporat ed volatile s are remove d by

evacuat ion. Solvent s ca n be recover ed economic ally

by simple conden sation [8].

Plate dryers are typicall y fabri cated in a mod ular

design; this yiel ds a wide range of dryer sizes with a

heat exc hange surface betw een 3.8 and 175 m 2.

41.3.4.9 DRT Spiral Dryers

DRT is a recent innovation among the nonadiabatic

contact dryers. It utilizes heat from a jacketed wall

and transmits it to a thin, fast-moving product film

rising in a spiral path along the inner wall surface

(Figur e 41.3). A very small qua ntity of the conveying

medium is required to move the vapor from the dryer
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since the heat trans fer rate is ve ry high and the cross-

section al gas flow area is smal l.

The jacketed outer cylinde r rests on a ba se, which

also embo dies the produc t inlet. Product film mo ves

spirally up the inner wal l, and dry powder is dis-

charged at the top.

A steam -heated concentri c displacement body is

placed within this cyli nder, which rotates slow ly by an

extern al-geared motor. M any segme nted air guides

are pro vided on the outer surfa ce of the cylind er

and are arrange d at a suitab le an gle. The dist ance

between these plate s and the inner wall must be

greater than the product film thickne ss.

Convey ing gas is blown tangent ially by means of a

blower into the tube base enteri ng oppos ite a wet-feed

metering screw. As a resul t, the gas disper ses the wet

feed by intens e mixing. Pro duct film is creat ed by the

inertial force, which threads its way upwar d in a spira l

path until it reaches the exh aust port.

Du ring this flight through the dry er, the con vey-

ing gas an d the product are heated by the jacketed

tube wall and the inner displacemen t body surfa ce.

Therefor e, both gas and pro duct tempe rature increa se

in the cyli nder with a concomit ant increa se in the gas

absolut e humidi ty. This ensures that product mois -

ture is low ered up to the dischar ge poi nt, despite

increa sing mois ture pa rtial pr essure. This increa sing

driving force gu arante es low er final mois ture content s

when compared with a co nvection al flash dryer.
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DRT is suitable for wat er-wet and solvent-w et

chemi cals, polyme rs, flour, and other products that

are in a powder y form. For removing low-boiling

solvents from polyme ric produ cts, it acts be st as a

predryer to a fluid-bed postdry er [9].

Among the advantag es claimed are: (1) increa sed

thermal effici ency; (2) low er power consumpt ion; (3)

compact ness; (4) gentl e dr ying; (5) reduced produ ct

holdup; (6) quick turnaro und; (7) capabil ity of using

low-pres sure was te steam for drying; (8) low produ ct

moisture content; (9) simple operation; and (10) min-

imum dust explosion potential. The unit also features

low gas flow rates, short residence times (3 to 10 s),

and high throughput (up to 20 t/h).

41.3.4.10 Miscellaneous Dryers

A number of proprietory dryers suitable for various

polymer-drying operations are available in the mar-

ket. Among them are the Solidaire, Continuator, Tor-

usdisc , and Ther mascrew (Figure 41.4) [10] .

Solidaire is a continuous dryer consisting of a

mechanical agitator rotating with a cylindrical hous-

ing, usually jacketed for indirect heating. The agitator

is equipped with a large number of narrow, flat,

adjustable-pitch paddles that sweep close to the

inner surface of the housing. Residence time can be

varied from seconds to 10 min by changing either the

pitch of the paddles or the speed of the rotor. High

paddle speed breaks up agglomerates and continually

exposes new surface to the heat. It has been success-

fully used for drying ABS, PC, polyvinyl alcohol,

polyolefins, and other polymers.

The Continuator is used primarily for removing

tightly entrapped volatiles and for process applica-

tions requiring a long residence time. The mild agita-

tion employed in this device provides gentle product

mixing that minimizes ‘‘short-circuiting’’ while redu-

cing particle breakup. This type of dryer can process

polyethylene, PP, PVC, and other polymers.

The Torusdisc is another proprietory design par-

ticularly useful in processes that require high-capacity

heating or cooling. Its chief advantage is its versatil-

ity. A single unit can be varied over a wide range of

heat transfer coefficients, residence times, and tem-

perature profiles. It consists of a stationary horizontal

vessel with a tubular rotor on which are mounted the

doubled-walled disks. These hollow disks provide ap-

proximately 85% of the total heating surface. It has

been used commercially for drying ABS, PCs, poly-

olefins, and other polymers.

Thermascrew is a hollow screw, jacketed trough

dryer that provides three to four times more heat

transfer surface than simple jacketed screw conveyors

and six times more than water-cooled drums. In either



(a) Solidaire (b) Continuator

(c) Torusdisc (d) Thermascrew

FIGURE 41.4 Some recent proprietary polymer dryers. (From Bepex Corporation, CEP, 79(4):5 (1983). With permission.)
continuous or batch operation, it provides efficient

and uniform heating, cooling, evaporating, or other

processing. It can operate in either a pressure or a

vacuum environment. Polyester and polyolefins are

among the materials dried with good thermal effi-

ciency in such devices.

Among recent developments in dryers is the

Yamato band FBD [11]. This is a modified FBD

having all the components of a standard FBD with

an additional carriage means with multiple blades

mounted thereon and projecting there from for

effective fluidization and transportation of materials

(Figure 41.5).

The carriage includes a crank mechanism for

effecting a circular or linear movement of the blades.

It is driven in such a manner that the blades scratch
2c
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X

FIGURE 41.5 Yamato band fluidized bed dryer.
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and fluidize the material being treated in cooperation

with a heated gas. The fluidized bed is thus carried or

conveyed toward the outlet port. The blades on the

carriage extend in close proximity to the surface of the

gas distributor plate. The blades may be straight,

curved, or T-shaped. Such dryers can be used to

process a variety of difficult-to-treat materials, e.g.,

slurries and materials containing solidified portions,

as well as those having a high degree of cohesion or

adhesion and/or containing lumps.

The spouted beds (SBs) can also be used to dry

polymer beads. It is an efficient solid–gas contactor.

In the conventional SB there is dilute-phase pneu-

matic transport of particles entrained by the spouting

jet in the central core region and dense-phase down-

ward motion of the particles along the annular region
XI



bounded by the cylindrical wall. Thus, the particle–

gas contact is cocurrent in the core (or spout) and

countercurrent in the downcomer or annulus. This

characteristic recirculatory motion of the particles

enables one to control the residence time of particles

within wide limits by letting the particles go through a

desired number of cycles prior to their withdrawal.

With both batch and continuous operations possible

along with the various modifications available, these

beds have a strong potential as postdryers in polymer

drying [12].

41.4 TYPICAL DRYING SYSTEMS
FOR SELECTED POLYMERS

This section discusses briefly the drying of selected

large-scale polymers. It is important to note the data

in Table 41.1, which gives permissible moisture levels

in various commodity resins [13].

41.4.1 DRYING OF POLYOLEFINS

41.4.1.1 Polypropylene

PP is produced by a variety of processes, most of them

by a diluent phase propylene polymerization utilizing

a Ziegler–Natta-activated titanium trichloride catalyst

in the presence of low- to high-boiling hydrocarbons.

Residual catalyst removal followed by hydrocarbon

slurry centrifugation is the immediate upstream oper-

ation prior to thermal drying. Hexane is the solvent

used in the major PP processes in operation today. As

a result these polymers are solvent wet.

Many plants operate with two resin varieties,

e.g., homopolymers and copolymers. Each requires
TABLE 41.1
Percentage by Weight of Permissible Moistur

Material Permissible Moist

Injection (%) E

ABS resin 0.10–0.20

Acrylic 0.02–0.10

Cellulosics Max. 40

Ethyl cellulose 0.10

Nylon 0.04–0.08

Polycarbonate Max. 0.02

Polyethylene —

Low density 0.05–0.10

High density 0.05–0.10

Polypropylene 0.05

Polystyrene 0.10

Vinyl 0.08
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a different drying approach owing to different centri-

fuge cake-handling characteristics. Homopolymer

cakes, although somewhat tacky, are much less than

high-ethylene-content copolymer cakes, which tend to

agglomerate, form lumps, adhere to surfaces, and so

on. Considering capital cost, it is desirable to have a

single dryer line for both resins. Consequently, initial

dryer selection becomes a critical issue because of the

feed flexibility required [14].

Both polymer centrifuge cakes are discharged hot

(50 to 608C), with diluent contents as high as 35 (wb)

or 53.2% (db). Between 35 (wb) and 5% (wb), most

homopolymers and copolymers exhibit constant-rate

drying characteristics; i.e., all moisture evaporation is

from the particle surface. Drying is rapid, and resi-

dence time is heat transfer-dependent. Since the prod-

uct temperature limit for these polymers is 100 to

1108C, the solvent boiling point has a definite effect

on dryer selection. Historically, again, rotary dryers

are used. During the 1960s and early 1970s, a two-

stage system of paddle-type dryers was used success-

fully. This consisted of a first stage or surface solvent

dryer, with the characteristics of very high agitation,

high heat transfer, and short residence time. The sec-

ond stage, or bound moisture dryer, consisted of a

device with low agitation, low heat transfer, and long

resistance. Each dryer is provided with a recycle purge

gas system to aid in controlling dew points and in-

crease dryer efficiency. The gas flow is minimized; the

amount used is that required to give a partial pressure

necessary to achieve required product moistures.

With the emergence of very high capacity PP

polymer lines and high-boiling point solvents, various

types of dryers and drying systems have evolved. One

reason for the advent of the new technologies in PP
e (db) in Some Selected Polymer Resins

ure Drying Temperature (8C)

xtrusion (%)

0.03–0.05 77–88

0.02–0.04 71–82

Max. 30 66–88

0.04 77–88

0.02–0.06 71

0.02 121

— —

0.03–0.05 71–79

0.03–0.05 71–104

0.03–0.10 71–93

0.04 71–82

0.08 60–88



drying is the economic recovery of the flammable

hydrocarbon solvents. Another reason is that PP

has to be dried to a very low volatiles level and

the final drying requires the drying gas to have an

extremely low dew point. Usually nitrogen gas is

used as a drying gas in a closed-cycle drying system.

Figure 41.6 shows this by low and high gas dew point

product moisture points indicating relative drying

times. Reduction in recycle gas dew point is required

to remove evaporated solvent first and, especially in

mass transfer limited drying, reduce solvent partial

pressure to increase the overall drying rate.

Accordingly, the low dew point case normally uses

�208C hexane dew point recycle nitrogen gas yielding

the lowest residence time but at a higher energy ex-

pense than the higher dew point case. Since this is an

expensive part of the flow sheet, refrigeration costs

become a factor and recycled gas should be minim-

ized. It is in this region that residence times vary from

30 min to over 1 h, depending on recycle gas dew

point and polymer-drying characteristics; conse-

quently, a controlled residence time dryer is desired.

It is also desirable that this postdryer has an inde-

pendent recycling loop to minimize energy consump-

tion and maximize process control.
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FIGURE 41.6 Typical polymer-drying curve of polypropylene.
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Based on these fundamentals, a two-stage flash or

fluid-bed drying system has been developed for PP

drying. The flash dryer disperses the feed cake in a

venturi throat, with hot recycled gas breaking the

cake and drying it to about 5% (wb) level. Final

drying is carried out in the fluid bed in a nitrogen

atmosphere. The solvent is recovered by a scrubber–

condenser system. The PP, after being dried in the

fluid bed, contains an extremely low level of solvent

(e.g., hexane or heptane), typically 500 ppm.

A very recent development in terms of heat econ-

omy and corrosion control is the use of a spiral DRT

dryer (Drallrohr Trocking) as a predryer in place of

the flash predryer [9] in flash–plug-flow FBD systems.

The gas/solid ratio is approximately 0.2 in these types

of dryers, compared with 1.0 in the flash dryers.

Another important advantage of DRT dryer as a

predryer in PP drying is its suitability in a corrosive

environment. A persistent problem often seen in PP

and high-density polyethylene (HDPE) manufactur-

ing plants is the deterioration of the equipment due to

free chlorides. The chlorides result from the deactiva-

tion of the activated catalysts with alcohol. Stress

corrosion cracking is the most common corrosion

phenomenon that results from the catalyst’s chloride
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remnants. The corrosion rate becomes remarkable

when the product contains a very small amount of

water. To prevent such corrosion, a neutralization

liquid is condensed. Also, part of the equipment is

sometimes coated with an acid-proof resin. Despite

the best neutralization techniques, chlorides are al-

ways present and cause significant equipment deteri-

oration unless precautionary measures are taken prior

to the drying system design. Therefore, it is essential

that the constant-rate drying period be run in an

atmosphere that precludes potential hexane vapor

condensation. DRT has advantages in such a corro-

sive environment since it operates with low gross heat

input and product inventory [15].

41.4.1.2 High-Density Polyethylene

HDPE is usually presented to the drying system from

a decanter centrifuge, either water wet or wet with

solvent (e.g., hexane or heptane). The product tem-

perature limit for this polymer is in the range of 1008
to 1108C. This influences dryer selection. Similar to

PP drying, HDPE drying technology progressed

along the same route because of similarity in the

upstream physical operations prior to drying, as well

as similar physical characteristics. Similar to PP, dry-

ing of HDPE is best done in a multistage system,

especially on FD/CFBD centrifugal FBD system

(Figure 41.7).
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FIGURE 41.7 Drying system for polypropylene and polyethyle
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41.4.2 DRYING OF POLYVINYL CHLORIDE

41.4.2.1 Emulsion Polyvinyl Chloride

Historically, spray dryers were used because of their

ability to produce a constant quality product

under full operational control. Normally, emulsion

PVC (E-PVC) is water wet in a slurry and dried to a

powder in one single-pass operation with high cap-

acities. The slurry is atomized using a rotary wheel or

nozzle. Evaporation takes place under constant and

falling rate conditions. Rapid evaporation maintains

a low temperature of the spray droplets so that high

dry gas temperature can be applied without affecting

polymer quality. Conical spray-dryer chambers are

commonly employed.

An improvement over the conventional open-

cycle adiabatic spray dyers for E-PVC is the recycle

exhaust spray dryer. In this type, up to 50% of the

exhaust stream is recycled to preheat the supply air

makeup from the atmosphere.

An improvement with respect to thermal effi-

ciency is the two-stage dryer. This involves operating

a spray dryer with a fluid-bed afterdryer. By adopting

a two-stage layout with a fluid bed, powder is taken

out of the spray dryer at a lower outlet temperature

with higher moisture content. The cooler but higher

moisture content powder is transferred to the fluid-

ized bed, where the drying is completed to the desired
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extent by controlling the residence time. The overall

heat consumption of the two-stage process is reported

to be about 20% lower than the corresponding single-

stage dryer.

A recent improvement over the above-mentioned

two-stage drying system for drying E-PVC is a spray

dryer with an integrated fluid bed. The basic concept

in this type of dryer is to avoid contact of the wet

powder with any metal surface in the primary drying

stage by transferring wet powder directly into a fluid-

ized powder layer (second drying stage). To achieve

this requirement, the fluid bed is integrated at the base

of the spray-drying chamber.

Another improvement in the design of dryers

for drying E-PVC and polyethylene is a dispersion

dryer that operates on what is known as the jet-drying

principle and is offered by Fluid Engineer-

ing International (London) under the name Jet-O-

Dryers. It is a pneumatic dryer of toroidal design

developed from jet-milling principles. It has no moving

parts. It is claimed to offer the following advantages

over conventional flash drying: (1) much shorter dry-

ing times and (2) combination of drying and fine grind-

ing in a single operation to deagglomerate the

materials.
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FIGURE 41.8 Flash fluid-bed dryer for suspension-grade polyv
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41.4.2.2 Suspension Polyvinyl Chloride

Suspension-grade PVC (S-PVC) and its copolymers

have many possible drying options. Since polymeriza-

tion of this polymer is done by using water as the

dispersion liquid, water and some monomers are pre-

sent in the wet cake. Usually, wet cake with 20 to 25%

water (wb) is obtained after centrifuging slurries. Most

of the water contained in the centrifuge cakes is typic-

ally free moisture, with only a minor part bound mois-

ture. Moreover, the bound moisture in typical S-PVC

is held relatively loosely and is fairly easy to dry off.

Traditionally, a rotary dryer system was applied to

achieve a final moisture content of 0.2%. Rotary dryers

for the purpose are typically 1 to 2 m diameter and

15 to 30 m long, rotating at 4 to 8 rpm. Centrifuged

S-PVC is introduced at the upper and cocurrent with

the hot gas flow. Gas flow contact is enhanced by the

use of longitudinal lifting flights attached inside

the drum wall, the purpose of which is to shower the

material through the hot gas stream.

Recently, a two-stage flash fluid-bed system has

appeared in the market that is preferable to a rotary

drying system (Figure 41.8). Most of the surface

water is removed in the flash dryer stage within
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seconds; some surface and all of the bound moisture

are removed in the fluid-bed stage by holding the

product at suitable drying temperatures for about 30

min.

Usually, wet cake with 22 to 25% water (wb) is fed

to the dryer by a screw conveyor and enters by a

special mill that deagglomerates the feed material,

disperses it into the drying airstream, and accelerates

it to duct velocity. The mill should handle the feed

gently, as PVC is sensitive to high shear.

The flash dryer stage discharges the product to the

fluid bed between 2 and 8% water, with the intermedi-

ate moisture chosen according to the basis of opti-

mization used. Flash dryer air temperature may be

typically 1808C at the inlet and 608C at the outlet,

depending on moisture content and the drying char-

acteristics of the particular resin. As already men-

tioned, S-PVC is sensitive to shear; for this reason,

dry duct velocities are kept low (around 15 m/s) and

care is exercised in handling the dried product.

It is possible to arrive at the required product final

moisture content by flash drying alone but, because of

the residence time available in the flash dryer, the high

temperatures required give an unsatisfactory product.

Moreover, there is a very wide range of S-PVC homo-

polymers, varying in molecular weight, particle size,

and other properties, and all have different dewater-

ing and drying characteristics.

The benefits achieved in a two-stage system are its

ability to handle upsets in inlet moisture in the flash

dryer, a lower energy cost, and a relatively simple

scale-up.
Contact fluid bed
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FIGURE 41.9 Contact fluidizer for suspension-grade polyvinyl
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Modest improvements with respect to the most

economical drying of S-PVC are a continuous, sin-

gle-stage, contact fluidized bed dryer, as shown in

Figure 41.9. In this type of dryer, the concepts of

back-mixed fluidization and plug-flow fluidization

are advantageously combined in a single unit. A

broad residence time distribution is obtained in a

back-mixed fluid bed in which the bed itself has a

relatively small length/width ratio. In performance it

can be compared with an agitated tank provided

with overflow, inasmuch as the vigorous mixing in-

side the fluid bed will result in a uniform temperature

and constant average moisture content of the par-

ticles throughout the entire bed. The product dis-

charged from this back-mixed fluid bed has the

same temperature and moisture content as the bulk

material inside the fluid bed. Further, because of the

excellent heat and mass transfer between the fluid-

ized particles and the drying air, equilibrium is

reached between the exhaust air and the product

inside the bed. This type of fluid-bed drying concept

is found to be very suitable for drying surface mois-

ture when residence time has no impact on the dry-

ing performance.

After the mixed-bed section, a plug-flow section is

provided in which the final drying of PVC takes place.

This section is fairly small compared with the back-

mixed section and is usually obtained by dividing the

fluid bed into compartments. This concept is particu-

larly advantageous for drying bound moisture from

heat-sensitive materials since the residence time is

controlled within the narrow limits and a distinct
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moisture profile can be obtained along the length of

the unit because of a very low degree of back-mixing.

In this type of drying system for S-PVC, wet PVC

cake is usually transported from the decanter centri-

fuge by a screw feeder to the product distributor of the

back-mixed fluid-bed section. It then flows through an

overflow weir into the plug-flow section where the final

drying takes place. Finally, the product is discharged

through the discharge weir arrangement.

The back-mixed section of the unit is provided

with heating panels; no heating panels are provided

in the plug-flow section, partly because the cost can-

not be justified and partly because of the tendency for

electrostatic deposits on the heating panel encoun-

tered with PVC at low moisture content to decrease

the heat transfer coefficient.

The contact fluidized bed provided with heating

panels appears to have proven to be superior to the

flash fluid-bed drying system from the point of view

of heat economy and overall savings. The contact

fluidizer does have a few limitations. First, it is man-

datory that the polymer material be readily fluidizable

at a moisture level well above the moisture level in the

back-mixed section to avoid defluidization of the bed

during upset conditions. Second, the centrifuge cake

should not be too sticky and have too much tendency

to form agglomerates of the individual polymer par-

ticles. In such a case, a flash dryer is better suited as

the predrying stage as better disintegration takes

place in the venturi section of a flash dryer than in a

back-mixed fluid bed.

Although a fluid bed as a second-stage dryer gives

accurate product temperature control while providing

adequate residence time, depending on the predryer

load, evaporative load in this stage may be small.

This results in a low airflow requirement and makes

fluidization more difficult. In such cases, a vibrat-

ing fluid-bed design is a better alternative. Here,

PVC is conveyed by vibration, permitting varying

gas speeds without affecting the conveying rate or

residence time. Also, with the low airflow rates of

the vibrating fluid bed, the fines pickup problem (nor-

mally associated with high gas flow rates) is minim-

ized and, as the vibration is at a low frequency, the

overall effect of the gas and vibration is to transport

the product gently, minimizing damage. The vibrat-

ing FBD must be among the most important but

underutilized dryer of all granular products.

During fluidization of PVC, electrostatic charges

arise of such magnitude that they affect the hydro-

dynamics of the system. This is disadvantageous for

transfer processes in the bed, e.g., for heat transfer

between the heating surface and the bed. This is a

difficult problem in a fluidized bed because of inten-

sive movement of particles and frequent interparticle
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and particle–wall contact. Although charge gener-

ation cannot be prevented, one can limit its magni-

tude (and try to increase its dissipation) by changing

process conditions. One method is the addition of a

small portion of fines to the bulk; this results in the

splitting of agglomerates and disappearance of the

particulate layer at the walls. As a result, the bed

regains its original parameters, which assure intensive

running of processes in the bed.

41.4.2.3 Vinyl Chloride–Vinyl Acetate Copolymer

There is a wide difference in the difficulty of drying

vinyl chloride–vinyl acetate (VC–VA) copolymers

according to the degree of VA content in polymer

and extent of polymerization. If the heat-resisting

property of polymer is too low to use the hot air at

a high temperature (even if the hydroextracting de-

gree in the former stage is generally good, e.g., 13 to

17% wb), then it is difficult to remove VA monomer.

As a result, the necessary retention time becomes

longer compared with that of PVC-homo.

The equipment recommended for this application

is single-stage batch fluidized bed dryer (B-FBD) or a

flash B-FBD system. For proper selection it is neces-

sary to make a detailed study on the basis of specified

conditions.

An important factor that should be taken into

account while drying PVC is the corrosion of the

equipment due to the monomer chloride. Monomer

chloride, which is always present in the wet cake,

induces pitting corrosion and stress corrosion crack-

ing in parts where the powdery materials are pro-

cessed. Those parts, therefore, are made of AISI-

316L and are partially coated with an acid-resistant

coating. It is indispensable to make periodic inspec-

tion of the corrosion condition and to make timely

replacement of the necessary spare parts. Preventive

maintenance is imperative to successful operation.

Another important consideration in drying PVC

is the emission of VC. U.S. EPA emission limitations

of <5 ppm on VC must be strictly maintained. This

criterion on VC sometimes dictates the selection of

the drying equipment for PVC. In other countries the

discharge limit on VC emission may be less stringent.

41.4.3 DRYING OF ACRYLONITRILE–
BUTADIENE–STYRENE

In general, emulsion processes are used to make ABS

of higher impact strength and bulk or suspension

processes are preferred for materials with less impact

strength. This three-monomer system can be tailored

to end-product needs by varying the ratios in which

they are combined. Acrylonitrile contributes heat



stability and chemical aging resistance; butadiene im-

parts low-temperature property retention, toughness,

and impact strength; and styrene adds luster (gloss)

rigidity, and processing ease.

The drying characteristics of ABS polymers

change with changes in composition. Generally, a

centrifuge cake containing 50% moisture (wb) must

be dried to a final product containing less than 0.1%

moisture. The critical moisture composition is around

5%. The allowable product temperature is approxi-

mately 1008C. ABS plastics are mildly hygroscopic; if

dried, ABS is left in storage for some time and it must

be dried again to reduce the moisture to a level

(<0.1%) adequate for most applications. On the

basis of these physical properties, single-stage, cocur-

rent, and direct heat transfer rotary dryers and flash

dryers are commonly used. Rotary dryers have the

advantage of a longer residence time, making them

suitable for drying ABS polymers with a larger par-

ticle size. The flash drying system is suitable only for

small particle sizes but is more economical with re-

gard to thermal efficiency.

In case ABS forms lumps in the course of the

coagulation and/or dehydration process, it is neces-

sary to add another process to crush the lumps, i.e., to

install an FD with a cage mill or use a ring dryer in

the first stage of the dryer. Since drying in the falling

rate has the main objective of removing the mono-

mers, it is necessary for the material to have a long

retention time. To satisfy such a requirement, a batch

FBD is widely adopted.
Fired
heatFuel

Rec

N2 blower

F

Combustion air
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Stack

FIGURE 41.10 Contact closed-cycle fluidized bed dryer for acr
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Drying of ABS has been commercially successful

in a two-stage drying system with the combination of

direct and indirect heat transfer. Since ABS requires

both surface and bound moisture removal, a two-

stage drying system is recommended.

The two-stage flash FBD system is advantageous

in terms of thermal efficiency and product quality.

The first-stage flash dryer does most of the evapor-

ation. FBD, characterized by longer residence times,

is used in the second stage. In the second stage, FBD

can be replaced by a direct or indirect rotary dryer. If

a fluid bed is used as the second stage, it is advanta-

geous to use the plug-flow model since in such a bed

residence time can be controlled within narrow limits.

Among the developments for drying ABS are

the indirect-heated closed-loop, inert gas-heated, or

liquid-heated dryers. These dryers minimize the emis-

sion of styrene monomer and oxidation of the poly-

mer is prevented by the inert purge gas. The overall

efficiency is also high. A particular type of this class

of dryers is the indirect-heated FBD depicted in Fig-

ure 41.10. This type of dryer uses a rectangular bed to

optimize the solids flow and heat transfer fluid

LMTD effect. Also, the plenum-side inlet gas is at a

low temperature, precluding any mechanical con-

straints. In this process, an external direct-fired hater

operating at low excess combustion air heats a heat

transfer fluid (e.g., molten salt, thermal fluids, steam,

and others) to a temperature above that of the bed,

but below the ABS degradation temperature. Since

the heat source is decoupled from the fluidizing gas
ycled N2

luide bed

Circulating fluid

Product

Scrubber

Cyclone

ylonitrile–butadiene–styrene.



source, large vessel diame ters are not ne eded. Fur -

ther, the smaller amou nt of fluidizi ng gas requir es

much smaller pollution con trol equipment .

W hen it is possible to obtain such wet raw mate r-

ial that is properl y coagulat ed and dehydrat ed but

with no form ation of lumps an d yet has a low level

of moisture, the singl e C-FBD as sho wn in Figure

41.9 ha s been wi dely used in recent years.

ABS group resins are highly inflammable and self-

combustible and liable to cause dust explosion. It is

absolutely necessary to be very alert not only in set-

ting and controlling the hot air temperature but also

in eliminating any possible kindling causes, e.g.,

introduction of metallic foreign substances in the

raw material and overcharged static electricity. Care-

ful maintenance is further required. Periodical clean-

ing to remove the resin adhering to the equipment is

essential for safety.

ABS, while drying, emits styrene, a highly toxic

substance. Very recently the U.S. National Institute

for Occupational Safety and Health (NIOSH) has

set a limit for workplace exposure of styrene.

NIOSH suggests that workers should not be exposed

to >50 ppm of styrene over a time-weighted average

of 19 h/day, 40 h/week. Further, a ceiling concentra-

tion of 100 ppm during any 15-min sampling period is

enforced in the United States.

Owing to this recent regulation, there are indeed

very few optional routes left for drying ABS other

than indirect-heated drying with an inert closed-loop

gas system.

41.4.4 DRYING OF SYNTHETIC FIBERS

Polymers that demand special precautions during

drying are common in the synthetic fiber industry.

Of these, nylon and polyester chips are the two most

common examples. These resins are hygroscopic and

have to be dried before a spinning or molding process.

Generally, these polymers are introduced to the dryer

in the form of 3- to 4-mm cubic pellets.

41.4.4.1 Nylon

Nylon is the generic term for any long-chain, syn-

thetic, polymeric amide in which recurring amide

groups are integral to the main polymer chain [3].

There is a wide choice of starting materials from

which polyamides can be synthesized. The two pri-

mary mechanisms for polymer manufacture are con-

densation of a diamine and a dibasic acid or their

equivalents or polymerization of monomeric sub-

stances. Nylons are identified by a simple numerical

system. The words polyamide and nylon are followed

by one or more numbers. One number indicates that
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the product was prepared from a single monomeric

substance and also indicates the number of carbon

atoms in the linear chain of the recurring polymer

unit. For example, nylon-6 is manufactured by the

polymerization of caprolactam and nylon-11, from

11-aminoundecanoic acid. When two numbers are

used, they are separated by a comma and refer to

the reactants used in the polymer’s manufacture.

The first number refers to the number of carbon

atoms in the diabasic acid. Thus, nylon-6,6 is

prepared from the reaction of hexamethylenediamine

and adipic acid. The difference in numbers of carbon

atoms between the amide groups results in a signifi-

cant difference in mechanical and physical properties.

Although the theoretical number of nylon types is

very large, a few are commercially available. Of

these, nylon-6 and nylon-6,6 comprise about 75 to

80% of the nylon fiber and nylon-molding compound

market.

Nylon chips are normally dried form 4 to 10%

inlet moisture (wb) to <0.1% outlet moisture. If they

are allowed to absorb moisture, they must be dried

prior to processing. Some nylon may hold as much

as 2% moisture under normal storage conditions but

must still be processed satisfactorily with less than

0.1% moisture remaining in the material for reuse.

Because of the low temperature limits (70 to 808C)

allowable for drying nylon, very low dew points and

longer times are required to achieve even this much

dryness. The common dryer for nylon is the batch

vacuum tumble dryer. The drying temperature is

kept controlled within 70 to 808C, and drying time

ranges from 10 to 24 h. If vacuum drying is not

possible, use of recirculating dyers at 808C and

dehumidified air is the next best solution. During

hot, humid weather, attention must be paid to

guarantee that the recirculating air is indeed dry

or moisture will be added to nylon rather than

removed. Prolonged exposure to this drying condi-

tion can result in discoloration and possible prop-

erty deterioration.

Nylon has a poor polymerization effect, and the

chips have a high moisture content at the beginning

with a propensity for holding rather low levels of

moisture very tenaciously. As a result, a long time is

required for drying. For these reasons, it is advanta-

geous to use FBD and/or PDD for this process. In

fact these dryers can perform drying down to 0.002%

moisture content in 4 to 6 h.

Another characteristic of the nylon is that, if it is

at low moisture content, it is subjected to oxidative

deterioration and discoloration at high temperatures.

Because of this problem, it is usual to dry it with air

when the moisture content is high and then to dry in

an inert atmosphere.



41.4.4.2 Polyester

A polyester fiber is any long-chain synthetic polymer

composed of at least 85 wt% of an ester of a dihydric

alcohol (HOROH) and terephthalic acid (TA) ( p-

HOOCC6H4COOH). The most widely used polyester

fiber is made from linear polyethylene terephthalate

(PET).

PET is a linear homopolymer, i.e., a condensa-

tion polymer of TA or its dimethyl ester, dimethyl

terephthalate (DMT), and ethylene glycol. The poly-

mer is melted and extruded or spun through a

spinneret, forming filaments that are solidified by

cooling in a current of air. The spun fiber is drawn

by heating and stretching the filaments to several

times their original length to form a somewhat

oriented crystalline structure with desired physical

properties.

During early stages of processing of PET, drying

was carried out in batch vacuum tumblers. The pro-

cessing time was 10 to 12 h. As the demand for larger

capacity gradually increased, the multistage, batch-

type fluidized bed drying system replaced the older

vacuum tumbler dryers.

A characteristic of a PET chip is that, if the raw

material is heated at 90 to 1008C, its composition is

rearranged from a vitreous to a crystalline form. The

chips stick to each other owing to surface melting

when they are heated at a high temperature. In

order to avoid this problem, the drying system is

divided into two stages. In the first stage crystalliza-

tion and preheating are accomplished; in the second

stage drying is completed. In the first stage, the

heating is gradual. Agitation is required to prevent

sintering or sticking of the product at this stage.

Usually, a fluidized bed or agitated vessel is used for

this purpose.

After surface crystallization is performed, the

chips do not show adhesiveness before the tempera-

ture rises to the melting point. Advantage is taken of

this property of the chips, which are then discharged

into a continuously moving bed dryer. Usually nitro-

gen, with a dew point temperature of �408C, or de-

humidified air is passed countercurrent to the product

flow. In continuous operation, a 2-h gain in residence

time could be achieved.

In recent years, with the diversification of the

applications of PET, there is a demand to miniaturize

the equipment and to save energy. This has motivated

various special dryer designs exclusively for PET. One

is PDD. A combination of B-FBD and PDD has a

chip retention time close to that of an ideal piston

flow, thus enabling considerable savings in the energy

cost for drying.
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41.4.5 MISCELLANEOUS

Polystyrene (PS) and acrylonitrile–styrene (AS) are

two other polymers produced in bulk quantities. Pre-

viously, these polymers were dried with FD. Later,

C-FBD replaced all previous FD dryers because of

their energy savings advantage. In recent years, pad-

dle dryers have made rapid gains. The heat-resisting

power of these materials is comparatively low. Melted

material will adhere to the walls of the equipment if

the processing temperature is not properly regulated.

PC is another commodity resin that demands

careful drying. When the polymer was first commer-

cialized, it was common to use FD plus B-FBD with

the steam-stripping process. In recent years this has

been gradually switched to PD with the idea of energy

saving and of the direct process of chloride solvent

without steam stripping. The Solidaire dryer is an-

other possible choice. Since PC has comparatively

high heat resistance, the drying process is not difficult.

Polypropylene oxide (PPO) is a recently developed

resin with an application that is rapidly expanding. It

requires a comparatively long drying time since it

contains superfine particles and has high affinity for

water. Of various kinds of polymers, this is the one

that requires the most difficult processing techniques.

The paddle dryer is found to process this material

economically.

41.5 DRYING OF POLYMER RESINS

In order to avoid surface defects in molded parts and

sheets made from resins, it is usually necessary to dry

the pellets before processing. Residual moisture above

some critical level can cause a finished product with

unsatisfactory surface finish and properties. Drying is

required to reduce the moisture content of the pellet

below some critical value. The degree of dryness de-

pends on the specific nature of each converting oper-

ation; some require more critical moisture control than

others. For example, PET and nylons are very hygro-

scopic but for different reasons. PET in normal storage

conditions contains about 0.15% moisture (db). It must

be dried to a level of 0.005% (db) or better for process-

ing. Although PET is not difficult to dry because of the

high temperature that can be used, it can have abso-

lutely no exposure to atmosphere between drying and

processing operations. On the other hand, some nylons

may hold 2%moisture under normal storage conditions

but can be processed satisfactorily with 0.1 to 0.15%

moisture in the material. Because of the low tempera-

ture limits (70 to 808C) allowable when drying nylon,

very low dew points and longer drying times are re-

quired to achieve even this much dryness.



41.5.1 GENERAL OBSERVATIONS

Depending on the degree of affinity for moisture, plas-

tic resin s can be divide d into tw o c lasses: (1) hy gro-

scopic and (2) nonhy groscopi c. Moistu re ad sorption

and/or absorpt ion capab ility de pends on the type of

resins as well as the ambie nt tempe ratur e in whi ch it is

placed. In some insta nces, expo sure of only few min-

utes can be detriment al. If the material is expo sed to a

certain tempe ratur e and relative humidi ty for a period

of time, it wi ll reach the equilibrium point, referred to

as the equilibr ium moi sture conten t (EMC ). Prior to

drying it is impor tant to know the permea bility (prod-

uct of the diffusion constant of water vapo r–polym er

system and the solubi lity coeffici ent) of polyme r to

water vap or since this dictates the conditio n for rela-

tive humidi ty for the safe storage of the polyme r [16].

41.5.1 .1 Nonh ygroscopi c Re sins

Polyethy lene, polystyrene, and PP fall unde r the clas-

sification of nonhy droscopic resins. These types of

polyme r resins collec t mois ture on the surfa ce of the

pellet only. The moisture can or iginate from severa l

potenti al sources . Such mois ture in some cases can be

remove d very easil y by moderat e preh eating imm edi-

ately prior to feedin g the mate rial into the mold. In

some cases it is suffici ent to provide vents at the

transiti on from the hopper to the mold cavity. In

some sit uations the mois ture can be remove d by pass-

ing war m air ov er the mate rial. The equipment util -

ized to heat air and dry resi ns is usually very sim ple,

e.g., an inlet air filter, a blow er, and a controlled

electric heater, as sho wn in Figure 41.11.
Waste air filter

Hopper

Heater blower

Fresh air
filter

FIGURE 41.11 Resin dryer (open cycle).
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41.5.1 .2 Hygr oscopic Resins

PET, ny lon, ABS , and PC come unde r the class ifica-

tion of hygro scopic resi ns. Thes e types of polyme r

resin collect mois ture inside the pellet its elf. Remo val

of this moisture requir es dry air as well as he at. These

resins therefo re demand prop er design and carefu l

machi ne selection for each ap plication. Desiccant

dryers are the dominant techn ology for these resi ns.

41.5.2 DRYING METHODS

41.5.2 .1 Dry ing with Heat as Transfer Med ium

In these types of dryer, air is us ed exclus ivel y as a he at

transfer medium . A dist inction is made be tween
1. Dryers with fresh air only (open syst em)

2. Air circul ation dryers with pa rtial supply of

fresh air (sem iopen system)

3. Desiccant dryers
Figu re 41.11 shows the simplest type of dryer wi th

fresh air operati on. Heated air flows through the bed

of granu les, nor mally from bottom to top, unifor mly

heat the bed of granule s and at the same time carry off

the mois ture. The a ir tempe ratur e at the inlet is kep t

approxim ately 20 8 C ab ove the de sired tempe ratur e of

the gran ule bed . Its advan tages are: (1) these units a re

inexpensi ve; (2) easy to handle a nd clean; (3) readily

attachable to molding machines; and (4) have a high

degree of efficiency (30 to 80%). Among its disadvan-

tages are: (1) drying depends on dew point temperature

(i.e., weather and climate); (2) it has only a moderate

efficiency for hygroscopic resins (20 to 30%); (3) there

is possible contamination of environment and gran-

ules (pollution); and (4) the exhaust air is at a high

temperature (40 to 608C). Usually these types of hop-

pers or dryers are suitable for nonhygroscopic plastics,

e.g., polyolefins and polystyrene.

In dryers with partial recir culation (Figur e 41.12) ,

all the exhaust is not vented into the atmosphere since

it still contains energy. Instead, 70 to 90% of the

exhaust air is recirculated. The fresh air makeup usu-

ally ranges from 10 to 30% of the total flow, which

increases the drying capacity of the recirculated air.

These dryers are more energy efficient than the open

type but have the same relative advantages and dis-

advantages and are particularly suitable for nonhy-

groscopic and mildly hygroscopic resins, e.g., ABS,

PC, PMMA, PPO, and SAN.

In desiccant dryers, the heat transfer medium

(generally air) is given an additional treatment to

lower the dew point in a desiccant chamber, where

the moisture is removed. This dried air passes through

a heating chamber and the fixed bed of granules from
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FIGURE 41.12 Resin dryer (semiopen cycle).
bottom to top. Two most commonly used desiccants

are silica gel and molecular sieve. New polymeric

desiccants have recently been developed. When the

inlet concentration of moisture in the airstream is

high, silica gel removes more moisture by weight.

For lower inlet moisture conditions, the molecular

sieve works best. The incoming airstream to the des-

iccant bed in a plastic dryer is warm, generally above

408C. This makes use of a molecular sieve necessary

to remove moisture. Another advantage of the mo-

lecular sieve is that it produces 1000 kcal/kg of mois-

ture absorbed. As a result, a bed with a molecular
Feed

Fresh air

Air heater

FIGURE 41.13 Resin dryer with desiccant batteries.
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sieve is not only capable of achieving lower moisture

dew points, but also requires less energy input (as

heat) to achieve drying rates.

Figure 41.13 shows a desiccant bed system in the

semiopen design. In this unit the smaller stream,

heated to approximately 2008C, passes through a

desiccant chamber where moisture is removed from

the adsorbent and is then vented. After this regener-

ation of the adsorbent, the chambers are rotated.

Commercial units are also available in which the

circulating air is not exchanged. This design features

redrying in one chamber at a time by preheating fresh

air. Since in such units the entire desiccant battery is

removable, the adsorbent is redried outside the gran-

ule-drying circuit. This ensures almost constant dry-

ing capacity. By cooling the returning airflow with an

additional cooler, it is possible to lower the dew point

far below the ambient temperature.

Generally, hygroscopic resins, e.g., nylon-6,

nylon-6,6, PET, PBT, and ABS, are dried in desiccant

dryers. The dew point of the drying medium has a

significant impact on drying hygroscopic resins. For

example, PET absolutely requires dew points in the

�40 to�508C range to be adequately dried. For other

hygroscopic resins, dew points in the range of �15 to

�258C are adequate.

41.5.2.2 Drying without a Heat Transfer Medium

An alternative to drying polymer resins is the use

of vented barrels for drying without a transfer med-

ium. This technology for drying resins is gaining

ground. In one of the proprietory designs, an annular
Air heaters
(reversible)

Desiccant batteries

Control valve (reversible)



chamber forme d by a tubing made of mesh in the

center of the dryer an d a perfor ated exter nal shell or

barrel surroun ding the flowin g mate rials are used .

The mate rial enters the feed port on the top of the

dryer and then flows by gravi ty. The perfor ated shell

is covered with bands to heat the mate rial, an d the air

is drawn through it. This assem bly is furt her enclosed

in an exter nal protective jacket . As the mate rial flows

through the ann ular chamber, air en tering between

the protect ive jacket and the inner perforated barrel is

heated and draw n up the mesh tub ing or ch imney in

the center of the dryer. Air travel is control led by a

compres sed-air venturi. As he ated air passes through

the plastic granu les, it drives off su rface mois ture and

preheat s the mate rial before it enters the feed throat

of the screw. Any inter nal mois ture remai ning in the

hot pelle ts is flashed off almos t inst antaneous ly by

shearin g acti on. Water vap or flashed off in the barrel

is dr awn out by the mesh tubing ch imney, pro viding

an unobstruct ed escape path for the mois ture, which

is exhau sted into the atmos phere.

Advan tages of ve nting are: (1) littl e risk of co n-

taminati on; (2) ope ration indep endent of mois ture

content ; (3) reliabil ity; (4) consis tency of qua lity;

and (5) remova l of resi dual mon omers unde r favor-

able co ndition s.

41.6 DRYING OF SELECTED POLYMERS

From the discus sion above, it is obv ious that there is

an application for severa l dryer types for drying of

polyme rs and resi ns. For instan ce, suspensi on PVC is

usually dried eithe r in two-st age systems involv ing a

flash predryer followe d by a fluid -bed second-s tage

dryer (w ith or wi thout tubes) , or by a singl e drying

stage such as a rotar y drum dryer or , more com-

monly, an FBD wi th inter nal he at trans fer surfa ces

(e.g., tubes, coils, or plate s). Em ulsion PVCs, on the

other ha nd, are mainly process ed in spray dryers. PP

is dr ied in similar syst ems to those used for suspe n-

sion PVC , and the various form s of polyst yrene a re

process ed in eithe r flash or FBD s. Polyacry lonitril e,

which is frequent ly produced as a filter cak e, is dr ied

either on a ba nd dryer after being preformed into a

suitable shape, or dried in a single- or two-st age flash

dryer. Some form s of polyet hylene requir e drying and

here again systems are either flash dryers or FBD s

with in-bed heat trans fer tubes. For polyam ides, col-

umn dryers are mainly used unde r a nitrog en blan ket

in order to avo id oxidat ion. Some app lications em-

ploy low-temp erature fluid beds to dry the granule s.

Polyester granules (e.g., PET) are used for the pro-

duction of bottle polymer, film (either video or wrap-

ping), and fiber or filament. These types of polyester

require quite a different system as the product first
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undergoes a crystallization stage before reducing the

moisture to very low levels, below 50 ppm. Due to the

very special requirements for this type of polymer, spe-

cial processing systems have been developed. The fol-

lowing presents an application for the economic drying

of polyester chips to very low moisture for the produc-

tion of microfilaments. The same drying systems can be

used for any of the other polyester products, as well as

for the drying of PBT and some PC granules.

In recent years, the trend in the produ ction of

polyester yarn is to produce ultrafin e micro filamen t

at 5 to 7 mm diame ter that requir es drying to 20 ppm .

Tradit ional filamen t yarn and staple fibe r having a

diame ter of 18 to 22 m m typic ally requir e 50-ppm

final moisture.

The first continuous PET drying syst em, origin -

ally develope d by Rosin Engi neering (Londo n), was a

combinat ion of horizont al pa ddle crystall izer with a

vertical column dryer. This syst em was used exten-

sively for the prod uction of all types of fibers, e.g. ,

indust rial yarn, bottl e polyme r, and film. Alt hough

quite versat ile in that it can be used wi th diff erent

types of granules having completely different sizes, it

has the disadvantage that there is a slight formation

of dust due to the mechanical action of the paddles,

and also that space has to be left at one end of the

crystallizer for the withdrawal of the rotor shaft.

However, at the same time, fluidized bed units for

solid-phase polymerization (SPP) of PET and poly-

amide were being developed. It was observed that

there were several advantages in using a fluidized

bed for the initial heating and precrystallizing phase

as compared with the rotary paddle type of other

existing systems. Rosin manufactured its first com-

bined fluidized bed crystallizer and column dryer for

PET drying in 1970 (Figur e 41.14) .

The system consists of a fluidized bed heater/pre-

crystallizer and a column dryer for PET. The fluid-

bed section has five main functions:
1. Evaporation of surface and some internal

moisture from PET

2. Transformation of PET from the amorphous

to the crystalline condition

3. Heating of the chips to the temperature re-

quired for drying in the column

4. Provide sufficient turbulence to avoid sintering

or chips sticking together

5. Removal of dust from the incoming granules
PET chips are fed into the fluid bed by a variable-

speed vibro feeder and a fixed-speed rotary valve that

acts as a gas seal. They meet an oncoming stream of

heated gas (e.g., nitrogen or air) and become partially

suspended in the flow. As more chips are fed in, the
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FIGURE 41.14 Continuous fluid-bed crystallizer/column dryer for polyester. (Courtesy of Rosin Engineering/Rosin

Americas Ltd.)
fluid bed becomes established as a deep agitated mass

of material exhibiting many properties of a fluid.

When a wet chip (typically 0.5% moisture) falls

into the fluid bed, the surface moisture is rapidly

evaporated. As the chip is then further heated, crys-

tallization occurs. This amorphous-to-crystalline

transformation of PET is an exothermic reaction

and the heat given off is quite sufficient to raise the

surface temperature of PET to above the softening

point. If the chips are not moving as they do in the

fully developed fluidized state, this will produce large

solid lumps of agglomerated chips.
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It is important to prevent agglomeration of chips

so that the subsequent drying stage may proceed

uniformly. Agglomerates may not dry completely,

which gives rise to subsequent processing problems,

particularly with microfilament production. In add-

ition, agglomerates can lead to material flow prob-

lems if left unchecked and can shut down entire

operations. Plug flow in the fluid bed is achieved

through a system of internal baffles (which can be

adjusted if necessary to alter the residence time) so

that each chip is given a very similar thermal treat-

ment and therefore achieves uniform crystallization.



W hen the c hips reach the last section of the fluid

bed in the cryst allized a nd he ated cond ition, they pa ss

over a weir an d descend into the column dryer. Thi s

unit was origi nally developed by Rosin in con junction

with ICI over a pe riod of 2 y to arrive at a design that

gives true piston or plug flow.

A constant , gentl e flow of heated, dehumidi fied air

or nitro gen is pr ovided upwar d through the column.

The de w poin t of this gas is caref ully co ntrolled by

either a molec ular sieve ab sorption system when us ing

compres sed air, or a combinat ion of two -stage re-

frigerat ion/drying system for low-pres sure gas sup -

plied by a fan. The compres sed air syst ems are

more cost effective for plants wi th capacit ies up to

1000 kg /h. Above this rate, the ambien t air system

is usuall y preferred. When nitr ogen is involv ed, it

becomes more cost effecti ve to us e a closed-loop ,

low-pres sure de humidifyi ng system for all but the

smallest of plant cap acities.

The pro duction of ch ips with a fina l mois ture

content of 50 ppm typic ally require s a resid ence time

of 2 h using heated gas with a de w point of �40 8 C.

Whereas this mois ture level is sati sfactory for normal

yarns and staple fibers, micr ofilame nt quality requir es

a mois ture level of 20 ppm , which is achieve d by

corres ponding adjustment s to the retention tim e and

gas de w point.

In Figure 41.14, the gas supply to the column

dryer is heated after de humidifi cation using a simila r

heat exchanger as in the fluid bed. This relative ly

small amou nt of gas mixes wi th the gas above the

fluid bed and the same quan tity is then vented off to

atmosp here (air) or to a return line (nitrogen) afte r

the supply fan, such that the whol e syst em is ke pt in

pressur e balance. This small air loss is in fact the only

energy loss in the syst em. Sin ce the gas for the fluid

bed is recycled , the heat inpu t closely matche s that

requir ed to he at the chips, whi ch in any case are

heated for the subsequ ent extrusion pr ocess. In

many inst ances, the column dryer is posit ioned dir-

ectly above the extrude r.
41.7 CONCLUSION

It is clear from the discus sion in this ch apter that

numerous dr yer types can be used for drying of poly-

mers. Rotating doubl e-cone vacuum dryers, e.g., can

be used up to 300 8C and 0.1 torr a bsolute pressure for

process ing PET, PBT, and liquid-cry stal polyme rs.

The combinat ion of high tempe rature and low pres-

sure assists semicryst alline an d nonc rystalline poly-

mers to cryst allize and align to increa se the streng th

of the polyme r. Polyest er, nylon, fluorop lastics, and

polyuret hane can also be dried in rotating- cone
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vacuum dryers . Suc h dry ers can hand le flakes, chips,

pellets, and crystals . The slow tumbl ing actio n doe s

not cause changes in the shapes of particles . Units a re

commer cially available in v olume from 0.2 to 350 ft 3.

For solvent -wet mate rials, closed- syst em ope ration

includin g solvent recove ry is possibl e. Highe r main-

tenance costs are the lim itations of such dryers .

Among the new types of dryers suited for poly-

mers, one may cite the centri fugal pellet dr yer mar-

keted by Gala Industr ies (Eagle Rock, VA), which

can be used to dry polyet hylene, PP, polyester, rub -

ber, and so on in three distinct phases: (1) predew a-

tering; (2) impac t dewateri ng; and (3) air drying. Up

to 95% of the water is remove d by impac t and gravi ty

through vertical perfor ated plates in the first stage .

The prede watered pellets are fed into a turbin elike

rotor encased in stationar y cy lindrical screens . As

the pellets move spira lly (in the second stage ) from

the bottom to the top of the rotor, the wat er co ntent

is reduced to a value between 0.5 and 1%. Finally , air

drying reduces the mois ture to below 0.05% in the

upper part of the rotor as air is forced through the

moving pellets.

Numer ous pa pers ha ve appeared in recent years

on drying of polyme rs and resi ns. Shah and Aroara

[17] have reviewed the stat e of the art of drying sus-

pension- PVC. They compare, in depth, continuous

FBDs, rotary dryers , and cyclone dryers. The impac t

on en ergy consumpt ion, maint enance co sts, and

product qualit y is assessed an d compared. They

show that FBD wi th immersed heat exch anger ha s

some limitations when severa l grades of polyme rs a re

to be dried with frequent g rade ch anges.

Reader s inter ested in mathe mati cal mo deling of

polyme r drying may refer to Vergnau d [18] .

Fol lowing is an exampl e of how selec tion of the

dryer is affected by qua lity of the dried product that

may be used as raw mate rial to prod uce differen t

consumer prod ucts. Sha h and Arora [19] ha ve sur-

veyed the various possible drye rs used for cryst alliza-

tion/dryi ng of polyest er chips from initial moisture

content of about 0.3 to 0.5% (wb) to under 50 ppm .

Aside from low average moisture con tent it is also

necessa ry to ensure uniform distribut ion of mois ture,

especi ally for certa in prod ucts, e.g. , producti on of

thin films . The unifor mity con straint is less severe if

the chips are to be used to make PET bottles. Figure

41.15 shows schema tics of the cryst allizat ion/drying

steps involv ed. Genera lly, it is a two -step process . The

material is heat- sensi tive. The init ial cryst allizat ion/

drying is fast er than the drying step at low mois ture

levels. A two-stage dryer is indicated and is com-

monly used. It is possible to use different dryer types

for each stage as shown in Figure 41.16. A single

dryer type (e.g., column or packed bed dryer with
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FIGURE 41.15 Schematic diagram of crystallization/drying steps in the production of polyester chips.
the chips moving downw ard slowly unde r gravity) is

cheaper a nd hen ce recomm ended for the lowe r qual-

ity grade but a more exp ensive fluid bed followe d by

another fluid bed or co lumn dryer may be ne eded for

the higher quality g rade. Note that numerou s a lter-

natives are possibl e in each case. It is also impor tant

to ope rate the dryers at the correct con ditions of gas

flow rate, tempe ratur e, and hum idity. Dehu midified

air is needed to achieve low final moisture content s in

accordance with the equili brium moisture isot herms

of the prod uct.

Ano ther example of dryer selec tion is related to

the choice of a suitab le atomizer for a spray dryer.

A spray dryer is indica ted when a pumpab le slurr y,

solution , or suspensi on is to be reduced to a free-
e.g., for magnetic tape e.g., for specia
      film

Polymers c
quality para

High Mediu

A. Crystallizer: fluid bed

B. Finish dryer:
    multistage fluid  bed
    with dehumidified air

A. Crystallizer:
     or pulse flui
     paddle crys

B. Finish dryer
    column drye
    central tube 
    smooth dow
    flow of chips

FIGURE 41.16 Possible dryer types for drying of polyester chip
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flowin g powder . With pr oper choice of atomi zer,

spray chamber de sign, gas tempe ratur e, and flow

rate it is possibl e to ‘‘eng ineer’’ powder s of desired

particle size and size dist ribution. Tabl e 41.2 shows

how the ch oice of the atomizer affe cts chamber

design, size, as well as energy con sumption of atom-

ization and particle size dist ribution . The newly devel-

oped tw o-fluid sonic nozzles appear to be especi ally

attractiv e choices when ne arly mon odisper se powder s

need to be produ ced from relative ly moderat e viscos -

ity feeds (e.g., under 2 50 cp) at capacit ies up to 80 t/h

by using mult iple nozzles. M ore exampl es may be

found in Kudra and Mujumdar [21].

New drye rs are be ing developed con tinuous ly as a

result of industrial demand s. Over 2 50 U.S. patent s
lity fiber, e.g., for PET bottles,
       staple fiber, etc.

hips:
meter

m Average

 fluid bed
d bed or
tallizer

:
r with a
for
nward

Single column
crystallizer/dryer with
a mixer in the top
crystallizer section
to avoid agglomeration

Low capital/operating
cost, smaller space
requirements

s.



TABLE 41.2
Spray Drying of Emulsion-PVC. Effect of Selection of Atomizer on Spray Dryer Performance: A Comparison
between Different Atomizers

Parameter Rotary Disk Two-Fluid (Sonic) Two-Fluid (Standard)

Dryer geometry Conical/cylindrical

H/D � 1.2–1.5

Tall-form cylindrical

H/D � 4

Tall-form

Cylindrical H/D � 5

Evaporation capacity (water) (kg/h) 1600 1600 1600

Chamber (D � H) (m) 6.5 � 8 3.5 � 15 3 � 18

Number of nozzles 1,175-mm disk 16 nozzles 18 nozzles

15,000 rpm 4 bar pressure 4 bar pressure

Power for atomizer (W/kg slurry) 25 20 80

Capital cost High Medium Medium

Operating cost Medium Low High
are grante d each year related to dryers (equipm ent)

and drying (proces s); in the Eur opean Com munity

about 8 0 patent s are issue d a nnually on dryers .

Kudra and Mujumdar [21] have discus sed a wide

assortment of novel drying techn ologies, whi ch are

beyond the scope of this chapter . Suffice it to note

that many of the ne w technol ogies (e.g., superhea ted

steam, pulse comb ustion— new gas-pa rticle co ntac-

tors as dryers ) will eventual ly rep lace conv entiona l

dryers in the next de cade or two. Among the mo re

popular new dryers for polyme rs is the pulsed bed

dryer. This dryer uses pulsat ing motion imparted to

the bed of parti cles by periodicall y reloca ting the

fluidized region of the vessel. This type of dryer ha s

been claimed to ha ve a higher e fficiency and lower air

consumpt ion for fluidiza tion and for dry ing. It is

discus sed in detai l by Kudra and Mujumdar [21] .

New techno logies are inherent ly mo re risky and

more difficult to scale -up. Hen ce, there is natural

reluctan ce to their adop tion. Reader s are encouraged

to revie w the ne w de velopm ents in order to be su re

that their selec tion is the most appro priate one for the

applic ation at hand.

It is well known that most polyme rs leaving the

polyme rization react or con tain various but smal l

amounts of unreact ed monomer , solvents, wat er,

and/or va rious react ion by -product s. The presence

of these volat iles in the polyme r is undesir able. Thei r

concen trations may range from severa l pa rts per mil -

lion to severa l tens of percen tage. Their separation

from bulk polyme r is necessa ry to impr ove pol ymer

propert ies, to recover monomer an d solvent s, to meet

health an d e nvironm ental regula tions, to elim inate

odors, and /or to increa se the extent of polyme riza-

tion. This pro cess of devo latilizati on is us ually per-

formed abo ve the glass transition tempe ratur e of the

polyme r. The read er is refer red to Alba lak [20] for
� 2006 by Taylor & Francis Group, LLC.
detailed discussion of the theory of devolatilization

and various devolatilizing equipments.
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42.1 INTRODUCTION

Enzymes are protein ca talysts of high molec ular

weight, which are produ ced not only by plants and

anima ls but also mainly by micr oorganis ms as a resul t

of fermen tation pro cesses. Enzy mes fall into tw o cat-

egorie s: (1) bulk indust rial enzymes , whi ch mainly

include pro teases for deterg ents, amylases for textile

desizing and starch hydrolysis, pectinases for fruit-juice

clarificati on, and proteas es for the leather industry

(Table 42.1); an d (2) analytical enzymes .

In general, enzymes have a disadvantage in that

they ar e deactivated due t o heat-induced structural

changes or, in the c as e of proteolytic enzymes, due

to decom position by t hemselves. It is therefore de-

sirable to distribute and use e nzyme preparations in

the f orm of s olids , such as powders and granules,

instead of l iquids. A lthough drying itself is a valu-

able tool in the improvement of the e nzyme s torage

st ability, the process step itself often causes a sub-

stantial loss of activity and the final product is still

susceptible to inactivation.

Suc h solid enzyme pr eparations are co nventio n-

ally produce d by means of freez e drying or spray

drying. As freeze-dryi ng process is unsuit able for

large-sca le produ ctions, spray drying is used a s the

most fitted process for the indust rial mass produ ction

of soli d enzyme pr eparations. Especial ly in the case of

solid enzyme preparat ions to be used in deterg ents,

spray- drying pro cess is most frequent ly used.
, LLC.
Anal ytical enzymes are invari ably dr ied in smal l

quantities by freez e drying or by spray drying using

low tempe ratures. The spray drying of pa ncreat in, for

exampl e, must not have inlet drying tempe ratures

above 95 8 C [1].

The design of a proper drying process should guar-

antee a high level of acti ve en zyme. Genera lly, enzyme

activit y after drying is a functi on of the composi tion of

the initial liquid to be dehydrated, the process param-

eters, and the physicochemical characteristics of the

enzyme [2], so that drying of each enzyme product

should be considered on an individual basis.

Relevant properties of dried enzymes are listed in

Table 42.2. By modif ying the spray- drying process , it

is possible to alter and control the properties that are

mentioned earlier for spray-dried enzymes.

A major concern in spray drying of enzymes is the

retention of their activities, whereas this complication

is not seen in the case of purely chemical systems.

Therefore, the enzyme activity retention must be

close to 100% in the spray-drying operation; and

moreover, the shelf life of the dried enzyme products

must be excellent, i.e., enzyme activity must be

retained for long-time storage.

The formation of dust during handling of enzyme

preparations in finely divided solid forms is also a

problem. The dust of enzyme preparations incorpor-

ated in detergents and washing compositions could be

dangerous to the health of the workers in detergent

factories and for the end users.



TABLE 42.1
Major Indust rial Applicati ons of Industria l Enzyme s

Application Enzyme Source

Detergents Protease Bacillus

Amylase Bacillus

Lipase Humicola,

Pseudomonas

Cellulase Bacillus, Humicola

Starch industry Amylase Bacillus

Glucoamylase Aspergillus

Glucose isomerase Bacillus, Streptomyces

Dairy Protease Rhizomucor

Lipase Aspergillus

Lactase Klyveromyces,

Aspergillus

Sulfhydryloxidase Aspergillus

Wine and Juice Pectinase Calf Stomach

Cellulase Aspergillus

Cellobiase Aspergillus,

Trichoderma

Glucose oxidase Aspergillus

Polyphenol oxidase Aspergillus

Distilling industry Amylase Trametes

Glucoamylase Aspergillus

Brewery b-glucanase Aspergillus

Acetoacetate

decarboxylase

Aspergillus, Bacillus

Bakery Amylase Bacillus

Protease Aspergillus, Bacillus

Glucose oxidase Aspergillus

Textiles Amylase Aspergillus

Cellulase Bacillus

Catalase Trichoderma,

Humicola

Animal feed Phytase Aspergillus

Cellulase Aspergillus

Plant cell

wall–degrading

enzyme

Trichoderma,

Humicola,

Aspergillus

Pulp and paper Xylanase Aspergillus

Leather Protease Trichoderma, Bacillus

Tea Tannase Aspergillus

Source: From Oxenboll, K., Aspergillus enzymes and industrial

uses, in The Genus Aspergillus, Powell, K. ed., Plenum Press, New

York, 1994, 147–153.

TABLE 42.2
Quality Parameters for Dried Enzyme Products

Retention of activity

Dust properties

Solubility and dispersibility

Enzyme stability per se

Enzyme stability in detergent

Flow properties

Enzymes protein purity

Mean particle size and particle size distribution

Homogeneity

Bulk density

Color

Odor
Ther e a re relative ly few studi es on the drying of

enzymes in the c hemical an d biologi cal literatu re.

This could partly be due to the indust rial nature of

the subject with the concomitan t proprie tary know-

ledge an d confiden tiality agreem ents abo ut prod ucts

and specific process parame ters . However, a large

number of patent s exist in this field. Selected patent s

where drying plays the dominan t role in the manufa c-

ture of enzyme produ cts are lis ted in Table 42.3.
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42.2 SPRAY DRYING

Spray drying is a co nvective drying techni que that

uses hot air to trans fer the heat an d remove the

evaporat ed water. It is a short-ti me pro cess in the

range of few seconds; and if proce ssing co nditions

are optim ized and stabili zers are added, it is suitab le

even for heat-sensi tive enzymes . The pro cess may

be su mmarized in three pha ses: (1) spray form ation,

(2) drying, an d (3) air–powder separat ion.

A wi de range of feed and drying propert ies are

success fully han dled to pro duce the powder with de -

sired qualities . The wi de ap plication of spray drying

has been due to the flex ibility of the system and the

developm ent of different drying- chamber designs that

combine with rotar y or nozzle atomizers to hand le

particular products in co ntinuous operation s.

If the desired powder specifica tion cann ot be

achieve d in the single-s tage process , multistage ope r-

ations are necessa ry. By combini ng atomizat ion, flui d-

ization, and agglom eration technol ogies in advanced

spray-d ryer designs , it is possible to meet the quality

specifica tions of the end pro duct, enzyme, within a

safe, hygieni c, and environm ental ly fri endly process .

W hen the spray- drying operati on is cocurrent , i.e.,

hot air intr oduced into the dryer close to the atomi z-

ing de vice, there is less danger of overh eating as the

evaporat ion rates are high (34 to 160 kg/h/m 2 of

particle area) [3]. Thus, co current drying ch ambers are

preferred to minimiz e heat deactivati on of en zymes

during the pro cess.

In the case of enzymes that are particu larly sensi -

tive to oxidation , it is preferable to use inert gas, such

as nitr ogen, during spraying and drying [4].

42.2.1 DRYING-CHAMBER L AYOUTS

Several drying- chamber designs may be used to atta in

the desired powd er specifica tions. Standard co current



TABLE 42.3
Applications of Enzyme Drying

Issue Patent No. Patentee Date

Process for freeze-drying enzymes US 4 180 917 Rohm and Haas Co., Philadelphia, PA January 1, 1980

Spray drying with additives US 4 233 405 Rohm and Haas Co., Philadelphia, PA November 11, 1980

Enzyme spraying onto a heated

fluidized bed of inert particles

US 4 617 272 Economics Laboratory Inc., St. Paul, MN October 14, 1986

Disaccharide-stabilized enzyme preparation EP 0 501 375 A1 KAO Corporation, Tokyo, Japan July 2, 1992

Spray auxiliary composed of

hydrophobic silicas

US 5 318 903 BASF, Aktiengesellschaft, Germany June 7, 1994

Process for storage of materials US 5 928 469 Inhale Therapeutic Systems, San Carlos, CA July 27, 1999

Enzyme preparation for leather RU 2 127 311 Sergeevna et al. March 10, 1999

Salt-stabilized enzyme preparations US 5 972 669 Gist-brocades, B.V., The Netherlands October 26, 1999

Microgranular enzyme composition US 6 120 811 Genencor International Inc., Palo Alto, CA September 19, 2000
conical chambers (Figur e 42.1a) with eithe r rotary

atomizer or noz zles enable both fine - and coarse-

particled powder s to be pro duced. This layout is

used for therm ostable enzyme pr oducts wher e fair ly

high outlet air tempe ratures may be used. For a sin-

gle-stag e spray drying, enzy me activ ity losses may be
Drying air

(a)

air

Product

(b)

Annular fluid bed Product

air

(c)

Drying air

Drying air

Drying air

Drying air

Fluid bed Product

air

FIGURE 42.1 Drying-chamber designs.
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significa nt. Tabl e 42.4 shows the effect of some spray-

drying parame ters on the loss of acti vity of severa l

enzymes . Enzy me activit y decreas es wi th increa sing

outlet air temperatures. Low outlet temperatures were

also found to be important for the preservation of

tyrosinase, glucose oxidase, b-galactosidase, alkaline

phosphatase, and lact ate dehydroge nase (LDH ) [5–7] .

Enzy me activit y also decreas es with increa sing

inlet tempe ratur es. Signific ant enzyme inact ivation

occurs when mois ture decreas es below 15 to 20%.

The loss of enzymat ic acti vity ca n be reduced and

even almost co mpletely av oided when a co ntrolled

combinat ion of spray drying and fluid ized-bed dry ing

is used.

Spr ay drier s with integ rated fluid bed represen t

the latest in the spray- dryer design wher eby the com-

pletion of drying is accompl ished in a fluid bed lo-

cated in the lower con e of the chamber. The ope ration

of the fluid bed enables low er outlet tempe ratures to

accompl ish complet ion of drying, leadi ng to lower

powder tempe ratur es an d higher dryer thermal effi-

ciencies. The integ ration of flui d beds into drying

chambers allow s to pro duce, unde r low pro duct tem-

peratur e co nditions, nondus ty, free-flow ing, coa rse

powder s of indivi dual pa rticles or agglom erates.

Cham ber designs are shown in Figure 42.1b and

Figure 42.1c. Figure 42.1b shows a modificat ion of

the standar d layout wher e the fluid bed locat ed in the

base of the drying chamber is of an an nular de sign

enabli ng the exhaust air to be ducted out through the

center of the chamber base.

T he c ha m be r i n Fi gu re 4 2 .3 c ha s c y c l on e -l ik e

dimensions, i.e., a short cylindrical side in relation

to an extended cone section, and has a mixed flow

concept with air entering and leaving the top of the

chamber. This chamber is ideal for heat-sensitive,

sticky products and has enabled many products to



TABLE 42.4
Effect of Some Spray-Drying Parameters on the Loss of Enzyme Activity

Enzyme Spray Dryer Temperature (˚C)
Moisture Spray-Dried

Product (%)

Loss of

Activity (%)
Reference

Inlet Outlet

Bacillus alkaline protease Conventional spray-drying tower 131.0 73.0 10.2 2.7 British patent 1 360 969

(Alcalase, Novozymes) with spinning disk as atomizer 131.0 70.0 7.6 13.6

145.0 40.0 26.8 1.5

146.0 57.0 15.3 7.8

Fungal a-amylase prepared Conventional spray-drying tower 150+ 5 63.0 5.2 19.0 British patent 1 360 969

by reverse osmosis with spinning disk as atomizer 150+ 5 66.0 8.3 10.0

150+ 5 78.0 4.4 26.0

150+ 5 80.0 2.1 38.0

Fungal amyloglucosidase Conventional spray-drying tower 150+ 5 90.0 14.0 34.0 British patent 1 360 969

with spinning disk as atomizer 150+ 5 80.0 17.0 20.0

150+ 5 70.0 20.0 10.0

Aspergillus oryzae protease Small-scale spray drier 160.0 75.0 14.1 72.7 US patent 4 233 405

120–130 70.0 9.4–10.1 28–49

Neutral fungal protease

prepared by ultrafiltration

Small-scale spray drier 154.5 79.5 6.5 21.0 US patent 4 233 405

Bacillus subtilis neutral bacterial

protease prepared by

ultrafiltration

Small-scale spray drier 154.5 76.6 5.07 22.3 US patent 4 233 405
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be s pr a y dr ie d su c c e s s fu l ly fo r t he fir s t ti m e . A l -

th o ug h it ha s be e n de v e lo pe d fo r f oo d a nd da i ry

pr od uc ts , i t is a ls o us e d fo r dy e st uf f s , a g ro c he m i c al s ,

po lymers, and detergents [8].

Thi s system feat ures a rotar y atomi zer or noz zle

located in an air-d ispersed roof. Pr imary drying takes

place in the conven tional man ner, but the partially

dried product, sti ll having significan t mois ture co n-

tent, passes directly into an e stablished flui dized layer .

As it has been found that gen erally the loss in

enzymat ic activit y increa ses when the water co ntent

in the spray- dried enzyme conce ntrate is lowered

(Table 42.4), it is desirable that the pr oduct leaving

the spray dr yer has a moisture co ntent of not less than

8 to 10%, prefer ably ab out 20%. This resul ts in ex-

tremely low outlet tempe ratur es from the drying sys-

tem combined with controlled second-s tage drying

that takes place wi thin the stat ic flui d bed at a low er

tempe rature (40 to 50 8 C) to ac hieve the desir ed mois -

ture co ntent. The product from the dryer can be

postcool ed or postdried in a vibrating fluid bed.

A novel featu re of the design is the remova l of the

exhaust air from the roof of the drying chamber [8].

Fine mate rials elutriat ed from the fluidized bed are

carried wi thin the airflow and act to powd er the sur-

face of the drying chamber thereby limit ing deposit

formati on. A pro portion of the elutr iated fines co mes

into con tact with the cloud of atomi zed droplets

resulting in agglom eration prior to their entry into

the fluidized layer. The fine mate rials sep arated from

the exhaust air are recycle d to the chamb er for furth er

agglom eration. The process produ ces a dustl ess free-

flowin g powder with a mean particle size ranging

from app roximatel y 100 to 700 mm depe nding upon

the pr oduct characteris tics.

42.2.2 SOLUTE -I NDUCED P ROTECTION

IN SPRAY DRYING

Several methods have been applied in the fie ld of

stabili zing en zymes agains t losse s dur ing drying and

subsequen t storage and hand ling. The bul k of these

applic ations a re concerned wi th the addition of car-

bohyd rates and, mo re specifica lly, sugars , polyols ,

and salt compon ents to the en zyme co ncentra te [9].

Als o known is the inclus ion of compone nts into

the form ulatio n wi th the aim to produce a glassy

produc t at storage temperatur e, thus impr oving en-

zyme stability. It will general ly be prefer red to emp loy

a carrier substa nce, which must be hy drophil ic (eith er

water- solubl e or water- swellab le), that mu st exist in a

glassy amo rphous state wi th a glass-t ransition tem-

peratur e (Tg) above 20 8 C (a de sirable range is there-

fore between 60 an d 200 8 C) and should be suffici ently

chemi cally inert [10]. How ever, signi ficant enzyme
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inactivat ion oc curs also in form ulation s kept wel l

below their glass -transit ion tempe ratur es [9].

Duri ng the final stage s of air drying, the major

stress that must be ov ercome is the remova l of the

enzyme’ s hy dration shell, which, for at least some

labile enzymes , can result in irreversib le inact ivation

upon rehydrat ion [11]. The mechani sm of this level of

protection is different from that occu rring in solution

[12]. It has been suggest ed that sugars can continue to

protect the dried protei n by hy drogen bonding to the

protein at some critical point during dehyd ration

[13,14], thus servi ng as water substitut es when the

hydratio n shell of the enzyme is remove d.

M oreover, most research ers agree that protection

by compoun ds such as lact ose and trehalose depend s

on the form ation of an amorpho us phase with the

protein [15] . The pro teins are mechan ically imm obil-

ized in the glassy, soli d matrix during de hydratio n.

The restriction of trans lational and relaxati on pro -

cesses is thought to prevent pro tein unfoldi ng, and

spatial separat ion be tween the protein molec ules (i.e.,

dilution of protein molec ules within the glassy matrix)

is prop osed to prevent aggrega tion [12] .

Take n toget her, these studi es support the co nclu-

sion that the impor tance of amorpho us be havior of

the pro tein and the ad ditive is that it allows for ef-

fective hyd rogen bondi ng betw een the add itive and

the protein . A glass y additive that doe s not have

the inter action will not protect the pro tein agains t

dehydrat ion damages [12].

Sug ars are an impor tant grou p of glass-f orming

substa nces, whi ch are also good stabilizers during

drying. Among them malto se- an d trehal ose-type

disacc harides are prefer red. Example s of the mal-

tose-type disacc ha rides include maltose, cello biose,

gentio biose, meli biose, an d lacto se, and exampl es of

the trehal ose-type disacc harides include trehal ose,

isotrehalos e, sucrose , isosuc rose, etc. The amount of

the disacc haride to be included in a solid enzyme

preparat ion may vary de pending on the type of the

enzyme used, but generally it is more prefer ably from

10 to 100% by weight of the enzyme [16].

An addition of 0.5% lact ose in a Bacillu s alkaline

proteas e sp ray-drying process is eno ugh to impr ove

the reco very of active enzyme after drying and ther-

mal treat ment at 90 8 C (Table 42.5). In the same way,

the exhaust air temperature could be increased by

108C reaching severe drying conditions without sig-

nificant loss of proteas e activit y (Table 42.6). The solid

enzyme preparation obtained in this process was also

excellent in resistance to mechanical pressure [16].

In addition to plain carbohydrates, other polyhy-

droxy compounds can be used, e.g., carbohydrate de-

rivatives and chemically modified carbohydrates (i.e.,

carbohydrates that have undergone chemical reaction



TABLE 42.5
Effect of Lactose Addition on Production
of Stabilized Enzyme Powders

Lactose

Addition (%)
Residual Activity (%)

after Drying

Residual Activity (%)

after Heating 1 h

at 90˚C

0.0 83 84

0.5 90 95

1.0 96 96

2.5 96 96

5.0 95 97

Patent reference: EP 0 501 375 A1.

Enzyme: Bacillus alkaline protease K 16 5% þ calcium chloride

0.2% þ sodium sulfate 2.5%.

Drying technology: Atomizer-type spray dryer T in: 1508C; T out:

608C.
to alte r sub stituent s on the carbon back bone of the

molec ule but withou t alterati on of the back bone).

Protein s are also suitab le. T hus albumin can be used

and also hydrolysis products of ge latin, like Byco

A (Croda Colloids Ltd.) that allowed an excellent en-

zyme storage stab ility afte r hard spray-drying co ndition s

of LD H type XI (ex rabbit muscl e) (Tab le 42.7).

Sug ar copolyme rs may be employ ed as glass -

forming su bstance s. Fico ll (Pharm acia 1 ) includes co-

polyme rs with molec ular weigh ts between 5000 and

1,000,000, contain ing sucrose resi dues linked through

ether bridges to bifunct ional groups. Suc h group s

may be alkyl ene of two or more carbon atoms but

not normally more than ten carbon atoms . The bi-

functio nal groups serve to conn ect su gar residues

togeth er. Thes e polyme rs may, for exampl e, be made

by reaction of the sugar with a halohyd rin or a bis-
TABLE 42.6
Effect of Lactose Addition on Production of
Stabilized Enzyme Powders by Spray Drying with an
Exhaust Air Temperature Variation from 60 to 70˚C

Lactose

Addition (%)

Residual Activity (%) after Drying

60˚C 65˚C 70˚C

0 83 79 70

0.5 96 99 96

1.0 94 95 95

Patent reference: EP 0 501 375 A1.

Enzyme: Bacillus alkaline protease K 16 5% þ calcium chloride

0.2% þ sodium sulfate 2.5%.

Drying technology: Atomizer-type Spray Dryer T in: 1508C.
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epoxy compoun d [10] . Ficoll 400 DL (Ph armacia) is a

water- soluble cop olymer of sucrose and ep ichloroh y-

drin that has a Tg of 97 8C. A mixture of Ficoll 400

DL 4% and LDH type XI (ex rabbit muscle) shows

that enzyme activ ity was effecti vely preser ved

through the spray-d rying proc edure and subsequen t

long-term storage. Good stabilization was also reached

for alcohol oxidase: after 30 d, the spray-dried material

retained 90% of its activit y whi le the freez e-dried

material lost all activit y in 20 d (Table 42.7) .

Anothe r approach is the add ition to the form ula-

tion of one or severa l compo nents that are able to

bind mo isture. This will reduce the water acti vity of

the final preparat ion or temporaril y prevent the inter -

action of water penetra ting from the surround ings

with the enz yme itself .

The use of organic and inorganic salts as a pro -

cessing aid (e.g., to impro ve flowi ng behavior of the

product) or a s a bulking/ standar dizing agen t is wel l

known. Solid enzyme formulat ions wi th impr oved

drying yiel d a nd stora ge are achieve d by prepari ng a

solution co mprising an enzyme an d a water-so luble

inorgani c salt . The presence of salt prior to drying,

while the enzyme is still in so lution, resul ts not only in

a higher yield dur ing dr ying but a lso in an impr oved

storage stabili ty as well as proce ssing stabi lity of the

obtaine d dry enzy me pr eparation s. Addit ion of mag-

nesium sulf ate to different ind ustrial en zymes allowed

a reco very of more than 100% active enzyme after

drying a nd after long-term storage [17] .

Pr eferably, an inorgani c salt of a dival ent cation ,

like z inc or magnes ium sulfate, can be added to the

enzyme so lution. Als o, a combination of salt s as wel l

as a combinat ion of enzymes can be used. The add -

ition of dival ent cati ons is prefer red be cause they

provide the best storage and process ing stabili ty. Sul-

fate is preferred as anion beca use it provides the best

drying y ield (Table 42.8).

Dryi ng of a so lution co ntaining the enzyme and the

salt will result in a soli d composi tion that is homo ge-

neous with respect to the distribution of the enzyme

and the salt. The stabilizing effect of the salt increases

with increasing dosage of the salt to the enzyme solu-

tion, until at a certain point further increases in salt

dosage no longer produce further improvement of the

enzyme stability. For this reason, between 5 and 90%

of salt is added to the enzyme solution based on the

weight of the enzyme in solution.
42.3 POWDERED DETERGENT ENZYMES

Enzymes today are key strategic ingredients for wash-

ing and cleaning formulations. Enzymes not only

remove stains but also improve textile fiber properties.



TABLE 42.7
Solute-Induced Protection of Enzymes during Spray Drying and Storage

Enzyme (w/w %) Brand Name Additive

(w/w %)

Drying Technology Temperature (˚C)

Inlet–Outlet

Residual

Activity after

Drying (%)

Storage Residual

Activity

after

Storage (%)

Time

Temperature

(Weeks)

(˚C)

1. Fungal phytase (11) Gist-brocades MgSO4�7 H2O (24) Buchi lab-scale spray drier 130–85 — 8 30

146

2. Bacillus alkaline

protease (12)

Genencor

International Inc.

MgSO4�0 H2O (8.5) Niro STREA-1 lab-scale

fluid-bed coater

80–50 119 6 35 121

3. Trichoderma

b-glucanase þ
endoxylanase (25)

Gist-brocades MgSO4�7 H2O (24) Glatt WSG-60 fluid-bed coater 80–50 105 þ 120 12 30 111 þ 120

4. Lactate dehydrogenase

type XI (0.005)

Sigma Chemical Co. Ficoll 400DLa (4) Drytec pilot-scale spray drier 210–70 82 20 10–35 100

5. Lactate dehydrogenase

type XI (0.005)

Sigma Chemical Co. Ficoll 400DLa (10) Lab-Plant SD-04 spray drier 170–75 91 9 10–35 103

6. Lactate dehydrogenase

type XI (0.005)

Sigma Chemical Co. Byco Ab (4) Drytec pilot-scale spray drier 210–70 88 15 25 113

7. Alcohol oxidase (0.00005) Provesta Enzymes Ficoll 400DLa (4) Drytec pilot-scale spray drier 150–70 52 4 35 90

aCopolymer of sucrose and epichlorohydrin (Pharmacia Reg. Trade Mark).
bCold water–soluble protein obtained from gelatin by enzymatic hydrolysis (Croda Colloids Ltd.).

Patent references 1–3: US 5 972 669.

4–7: US 5 928 469.
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TABLE 42.8
Effect of Salts Addition on Spray Drying and Storage
Losses of Fungal Phytase

Salt Type Spray Drying

Losses (%)

Storage

Losses (%) after

8 Weeks at 358C

None 6 52

Magnesium sulfate 7 15

Magnesium chloride 26 43

Magnesium nitrate 32 27

Zinc sulfate 5 9

Zinc chloride 48 5

Calcium chloride 40 18

Calcium nitrate 44 13

Sodium sulfate 11 51

Potassium sulfate 17 36

Ammonium sulfate 6 46

Patent reference: US 5 972 669.

Enzyme: Fungal phytase concentrate (Gist-brocades) 17 w/w % þ
800mM salt.

Drying technology: Lab-scale Buchi 190mini spray dryer T in:

1408C; T out: 808C.
Pr ior to the introd uction of co mpacts, the use of

enzymes in detergen ts was limited prim arily to one

class of en zymes— the proteas es. Pro teases catalyze

the hydrolys is of protei n-based soils like bloo d and

grass. Mo st powder and liquid laund ry de tergen ts on

the market today, both low density and compact s,

employ a proteas e [18]. Recently, protein en gineer ing

has been us ed to constr uct deterge nt pr oteases wi th

impro ved stability and perfor mance charact eristic s.

In add ition to protease s, a limited num ber of

brands employ amyl ases. Dete rgent amylases catalyze

hydrolys is of the a -1,4-gl ycosidic linkag es in star ch.

As such they show be nefits on a number of common

food sols like gravies, sauces, pastas , an d baby foods.

Advan ces in genetic and protei n engineer ing have

led to ne w classes of enzymes with novel ben efits for

use in co mpact pro ducts. In 1988, lipase app eared in

one of the first compact powder s to hit the Japane se

market . Sin ce then lipas e has foun d broad applic ation

in the global de tergen t market . Second -generati on lip-

ases with impr oved cleanin g effici ency were developed

in the compact deterg ent market [19].

Pr oducts contai ning up to four different en zymes

—prote ase, amyl ase, lipase, and cell ulase— are now

on the market . The patent literat ure suggests that

even more novel de tergent enzymes are on the way.

As deterg ent enzymes hav e now become co mmod-

ities and are rather low -priced products , full atten tion
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is pa id to the produc tion pr ocess that, despit e all the

techni cal demand s, has to be very econo mical.

The very first enzyme products that were intro -

duced on the market in the 1960s wer e powder s, and

using tod ay’s termino logy they contai ned 100% dust.

Today the powd ers ha ve been replac ed by various

types of granula tes. Ho wever, certa in kind s of a g-

glome rates, e.g. , fluidized- bed agglom erates, are still

available. Thes e agglom erate s have an accep table

particle size dist ribut ion but the physica l stre ngth is

normal ly poor .

To protect both deterg ent plant ope rator s and end

users, the enzyme pa rticles have to be coated in such a

way that no ac tive enzyme dust is presen t or released

during hand ling. Besides avoidance of dust, the coat-

ing has to stabi lize the particles agains t abrasive

forces an d protect the gran ule ag ainst chemi cal agents

such as water, hydroperoxi de, and pe racetic acid (the

bleach that migrates in deterg ent formu lations) . On

the other han d, the coati ng shou ld not be sticky be -

cause this woul d result in oversi zed particles during

the coatin g process and would deteriorat e the free-

flowin g prop erties of the particles in the dos ing sys-

tems of deterg ent manufa cturer s [20]. Finally, the

coatin g ha s to dissol ve readily in the was hing liquor ,

even at low tempe ratur es.

Since the introd uction of enzymes into the deter-

gent and other indust rial segme nts, many develop -

ments have been made regardi ng the granu lation

and coating of enzymes to reduce e nzyme dust. How -

ever, in today ’s state of ever-increa sing environm ental

concern a nd height ened awareness of indust rial hy -

giene, there remains a continuing need for low-dust

enzyme granules. The following are the most important

process es to granula te enzymes [20] .

42.3.1 GRANULATION BY FAST MIXER S YSTEMS

With fast-rotating mixing systems of ‘‘ploughshare’’

type mixers or Schigi type with horizontal or vertical

shafts, equipped with blenders, the high turbulence in

the rotating mixture of ingredients determines the

particle size.

Usually, a premix of dry powders is loaded into the

equipment and the liquid enzyme concentrate is injected

and mixed. After a certain time, depending on the recipe

and moisture content, granules are formed that are

discharged and dried in a fluid dryer. After sieving the

granules, over- and undersized materials are milled

and recycled to the premix.

42.3.2 GRANULATION BY THE PRILLING PROCESS

The basic princi ple of this pro cess (Figur e 42.2) is that

the total mixture of ingredients is transferred into a
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molten mass of low viscosity in which insoluble ingre-

dients have to be homogeneously distributed. The melt

is pumped through insulated tubes to the top of a

tower where it is sprayed by nozzles or a rotating disk.

The size of the droplets that fall down the tower is

determined by the diameter of the nozzle, the rotation

frequency of the disk, the surface tension, and the

viscosity of the melt. The heat capacity and the melt-

ing heat of the droplets dictate the distance needed to

solidify the droplets to nearly ideal balls and, there-

fore, also the height of the prill tower. The final steps

are cooling in continuous fluid beds and sieving of the

solidified prills. Over- and undersized materials are

separated and recycled.

With this process, it is of some disadvantage that

all the ingredients, including the enzyme, have to be

anhydrous. Therefore, the enzyme has to be brought

into a dry state, which is often costly because of

energy demand, enzymes losses, and inactivation

because of the (high) drying temperature. The pre-

paration of the melt at elevated temperatures also

inactivates a certain amount of the enzyme, which

additionally increases the cost of the process.

As prilling agents, meltable ingredients, such as

polyethylene glycols, are used as binders. Salts are

used to make the particles brittle and tough, and

they combine the advantage of being cheap.

42.3.3 GRANULATION BY EXTRUSION PROCESS

The extrusion process is very well established in the

plastic and food industry. This technology for the
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manufacturing of the enzymes-containing granulate

combines the advantage of a homogeneous particle

size distribution with low-cost ingredients.

After mixing the dry ingredients, the dry premix-

ture and the liquid enzyme concentrate are fed batch-

wise in a mixing system to obtain a moist doughlike

mixture. This mass is fed into a twin-screw screen-

type extruder and presses through thin perforated

metal sheets with holes that are the diameter of the

desired particle size. The extruded noodles fall by

batchwise feeding into a spheronizer. This machine,

equipped with a fast-rotating disk, breaks the noodles

down to cylindrical particles, which are then trans-

ported on the disk to the walls of the apparatus.

After drying the particles in a fluid-bed dryer and

removal of over- and undersized materials by sieving,

the beads are coated in a fluid-bed coater with one or

two coating layers to obtain white or colored beads

and to have a tough protecting layer that completely

avoids the development of enzymatically active dust.

42.3.4 GRANULATION BY SPRAY COATING

OF CORE PARTICLES

Granulation by spray coating generally refers to pro-

ducing a particle having an average size between 20

and 400 mm by fluidizing a core material in a heated

airstream to pass through an area of atomized liquid

(Figure 42.3). The atomized liquid droplets, which

contain dissolved or suspended solids, form a film

on the surface of the core material. The coated core

material is then transferred from the spray zone into a

drying zone. The solvent in the liquid—generally

water—is dried, leaving the dissolved or suspended

solids as a film on the core material. This process is

continued until the desired amount of film is formed.



TABLE 42.9
Typical Carriers and Binders Used in Granulation
of Enzymes by Spray Coating

Binders Carriers Used as Core Materials

Alginate Sodium chloride

Carrageenan Sodium carbonate

Cellulose fibers Urea

Gelatins Calcium alginate

Xanthan gum Saccharose beads

Locust bean gum Polyvinyl alcohol beads

Gellan gum Starch

Soluble or hydrolyzed starch Soy flour, guts

Polyethylene glycols Corn flour

Ethoxylated fatty alcohols Cellulose-type materials

Polyvinyl alcohols

Polyvinyl pyrrolidones

Ethoxylated phenols
Finally, the coated particles, which have an onion-like

structure, may be screened to obtain the desired range

of particles.

Methods for making low-dust granules include:
� 20
1. Loading a suitable carrier as a core material

into a fluid-bed granulator

2. Blending an aqueous enzyme source and one or

more suitable binders

3. Spraying the blend of enzyme and binder of

step 2 on the carrier

4. Spraying the product of step 3 with a water-

soluble, food-grade polymer at a rate to form a

coating and to reach the desired particle size
Typical carriers used as core materials and binders

are listed in Table 42.9. As used herein, ‘‘binder’’

indicates one or more materials, which act either

alone or in combination with sugars (such as sorbitol)

to bind the enzymes to the carrier material.

Two objectives are attained during the spraying

process: (1) the enzyme is attached to the carrier

and (2) the particle is built up to a granular form

(within the desired size range). A suitable food-grade

polymer is then sprayed onto the granulated particles

to envelope the enzyme and to hold the agglomerate

or granule together.

This process is economically attractive because the

moisture sprayed onto the carrier is ‘‘flashed off’’ as the

liquid is sprayed on the carrier, and thus a large amount

of aqueous enzyme can be loaded on the carrier.

Atomizing spraying can be done countercurrently

(down spray) to the fluidizing air or cocurrently (up

spray) with the fluidizing air. Down spray usually
06 by Taylor & Francis Group, LLC.
results in more agglomeration and is useful when

fine powders are coated to increase the particle size,

resulting in lower dust granules. Cocurrent spraying

(up spray) results in less agglomeration and is used

when the core particle size already approximates the

final product size [20].

Many variables affect the efficiency of the coating

process. The three most important parameters for

manufacturing the microgranules are bed tempera-

ture, fluidization air rate, and spray rate. Careful

adjustment of all the engineering parameters is re-

quired to set the optimal conditions for a dust-free

granulate of desired specifications.
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43.1 INTRODUCTION

Coal drying is of much theoretical and economic

importance. Coal is a valuable fuel and raw material

for many chemical synthesis processes that are

becoming more and more important considering the

increasing price of crude oil. Drying of coal is carried

out to increase its calorific value and facilitate its

transport. Wet coal is difficult to load or unload

from railway cars owing to freezing, which is a

problem in colder climates. The presence of moisture

causes a reduction in friability of coal, makes it

difficult to control blending operations, worsens the
, LLC.
quality of grinding (if coal is ground), and impedes

separation and classification as well as the pneumatic

transport of pulverized coal. Friable coal suitable for

combustion in modern steam boilers is obtained only

when the moist coal is dried. Coal must also be dried

for the following processes: (a) briquetting; (b) cok-

ing; (c) gasification; (d) low-temperature carboniza-

tion; (e) liquid fuel synthesis, and others. The final

moisture content requirement of coal is different

depending on the process in which it is used. The

following is a summary of approximate ranges of

moisture content of coal required for various

processes.



Hard coal:

. Coking processes (based on the ramming

method), 8 to 12%
. Coking processes (based on the charring

method), <8%
. Briquetting processes, <4%
. Low-temperature carbonization process, ~0%
. Hydrogenation process, ~0%
. Coal combustion process in the pulverized fuel-

fired furnace, <2%
. Brown coal:Briquetting process, 8 to 18%
. Gasification process, 5 to 15%
. Low-temperature carbonization process, <15%
. Hydrogenation process, ~0%
. Coal combustion process in the pulverized fuel-

fired furnace, 12 to 15%

Coal drying and preheating are of particular import-

ance in coke production because at a relatively small

investment cost (for the installation of dryers) it is

possible to increase the production capacity of the

coke ovens by about 30 to 50% in preheating and

about 10 to 15% in drying. The preheating of coal in

dryers makes it possible to utilize in the mixture a

greater proportion of gas coals, which give coke char-

acterized by better mechanical strength, very low

grainability, and homogeneous graining. The mois-

ture content is very important in determining the

usability of coal for further technological processing.

In coal, the moisture may be present in the form of

surface or hygroscopic moisture. Surface moisture is

not dependent on the coal type because it depends on

the classification and washing processes performed in

the coal mine and on the soaking process during

transport and storage. The evaporation of surface

moisture takes place in the first drying period at a

constant drying rate.

Hygroscopic moisture depends on the rank of

coal; it decreases with the age of coal. The evapor-
1
2
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FIGURE 43.1 Schematic of a rotary dryer.
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ation of hygroscopic moisture takes place in the sec-

ond drying period at a falling drying rate.

43.2 TYPICAL DESIGNS OF DRYERS USED
FOR COAL DRYING

Both direct and indirect dryers are in use for coal

drying. Combustion gases or steam may be used as

the heating medium. Steam-heated dryers (e.g., drum,

tray, and tube dryers) are used mainly for drying of

brown coals in the coal briquetting process. Fre-

quently, coal drying is carried out in convection

dryers, e.g.,

. Rotary dryers

. Pneumatic dryers

. Fluid-bed dryers with spouted bed

. Vibratory fluid-bed dryers

. Shaft dryers

. Mill-type dryers

43.2.1 ROTARY DRYERS

In many industrial plants, rotary dryers are used for

the drying of coal and coal muds. Generally these

dryers operate in the cocurrent mode to avoid the

possibility of ignition. The drying medium is hot air

or combustion gases derived from natural gas or coal

combustion. A typical rotary dryer is shown schemat-

ically in Figure 43.1. The main component of this

dryer is the steel shell (3) lined with a refractory lining

and set up on rollers (7) by means of bandages

(hoops, 10) located on the shell. The shell is rotated

typically using a toothed gear (5). The shell is set up

obliquely with a slope of 2 to 58 to the horizontal.

Inside the shell, there are lifters fastened to the inner

surface of the drum. During operation, these lifters

lift the coal granules and shower them gradually in-

side the shell in the stream of the flowing heating gas.

Various lifter s are shown in Figure 43.2.
3 10 9
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FIGURE 43.2 Scheme of the lifting–mixing devices for rotary dryers.
For drying of big lumps of coal that stick to the

shell wal l, type a devices may be used . For lumpy

coals of low friab ility, type b devices may be us ed.

For fine r coal granule s of high fria bility, the lifting–

mixing devices are made in the form of separat e cell s

(type f ). For superfine coals (dust ), a system of c losed

cells (type c ) is used. The en ds of the dryer shell are

sealed labyri nthinel y to the inlet and outlet head s.

The co mbustion g ases leavi ng the dryer carry co al

dust, whi ch may be up to 15% of the co al fed to the

dryer. Hence the dryer exhaust is direct ed to cyclon es

or elect rostatic precipi tators to separat e the entrained

dust. The final loss of coal doe s not exce ed 0.5 to

1.5%, de pending on the type of equipment used for

cleanin g the combu stion ga ses. Typica l rotar y dru m

dryers for coal drying are in the follo wing sizes:
� 20
(a) Shell diame ter, 1.5 to 3.5 m

(b) She ll length, 12 to 30 m or mo re
The drive mo tor power requir ed depend s on the

dryer diame ter, its lengt h and rotat ing speed, and

holdup weight, and is as follows:
D (m) L (m) Motor Power (kW)
06 by Taylor & Francis G
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1.5
 8
 8
1.8
 12
 14
2.2
 12–14
 17–20
2.8
 12–14
 28–35
3.2
 18
 75
3.5
 27
 120
Typical operating parameters for rotary dryers

used for coa l drying are given in Table 43.1.

The heat consumption in such dryers amounts to

about 3700kJ/kgH2O.Thedrying time is about 15 to40

min at a holdup fraction of 0.15 to 0.25. The gas velocity

at the dryer outlet should not bemore than 2 to 3m/s for

the drying of fine coals derived from washing and not

more than 0.5 to 1m/s for the postflotation concentrates

to avoid excessive carryover of coal. The dimensions of

the rotary dryer are determined based on the drying rate

per unit volume, which is given in Table 43.1.

Generally, one cannot know the suitable drying

rate per unit volume because it varies with the dryer

diameter, the flow rate, the temperature of the drying

medium, and the rotation speed of the shell. One has

to calculate dryer volume based on the heat transfer

coefficient.

Knowing the drying rate per unit volume

(amount—kilograms—of moisture evaporated in

time unit from 1 m3 of shell volume), one can calculate

the volume of dryer shell Vb from the formula

Vb ¼
W

NV

(43:1)

From the volumetric flow rate of the drying medium

Vg, assumed fractional holdup b (0.05 to 0.3), and the

velocity of drying medium in the drum u, one can

calculate the diameter of the dryer as

D ¼ 1:13ffiffiffiffiffiffiffiffiffiffiffiffi
1� b
p

ffiffiffiffiffiffi
_VVg

u

s
(43:2)



TABLE 43.1
Operating Parameters for Rotary Dryers Used for Coal Drying

Coal Type Coal Moisture

(%)

Heating Medium

Temperature (˚C)

System of

Mixing Devices

Drying Rate per Unit Volume,

Nv (kg/m3 h)

Before

Dryer

After

Dryer

Before

Dryer

After

Dryer

Hard coal 9 0.6 900 60 Figure 43.2, type a 35–40

Fine coal mixed with

postflotation concentrate

17 5 740 110 Figure 43.2, types a, b 93

Postflotation concentrate 22 5 770 105 Figure 43.2, types a, b 116

High-ash mud, grain

size 0–2 mm

30 1 750 120 Figure 43.2,

types b, d, e, f

120
The length of the dryer is calcul ated from the form ula

L ¼ Vb

0:785D 2 
(43 : 3)

The length –diam eter ratio L /D is us ually in the range

of 5 to 10. The speed of rotat ion of the shell n depend s

on the lengt h L, diame ter D , angle of incli nation of

shell a, and the drying time t. It is determined by the

empirical formula

n ¼ k1k 2L

�Dtg a 
(43 : 4)

where k1 ¼ coeffici ent charact erizing the motion of

material in the drum. For co current dryers used for

coal drying, k1 ¼ 0.2 to 0.7; k 2 ¼ coeffici ent taking

into accou nt the type of distribut ing or mixing device.

For lifting devices, k2 ¼ 0.5; for the cell and section al

devices , k2 ¼ 1.0

In practi ce, the peripher al speed of rotation is

usually 15 to 25 m/min. The dwelli ng tim e of coal in

the dryer t is very impor tant in the drying of coking

coals. Excessi ve dr ying time can worsen the agglom -

erating pro perty of the coal. The drying tim e of co al

can be determined from the form ula

� ¼ 2zu b

Nv

X1 � X 2

2 � (X1 � X 2 ) 
(43 : 5)

43.2.2 ROTARY -TUBE DRYER

The rotar y-tube dryers are used widely for coal dry ing

in brown co al briquetting plants . They are also used

for drying of hard co als. Thes e dryers are indire ct

dryers he ated by satur ated steam at pressur es of

0.15 to 0.55 MPa . This dryer (Figur e 43.3) consis ts

of a slopin g drum (1), in which the pe rforated walls
� 2006 by Taylor & Francis Group, LLC.
have seaml ess tubes fasten ed to them (2) at diame ters

of about 102 to 108 mm. The dryer shell roll s

on specia l rings (6) an d rollers (7) and is driven

by power trans mitted (8) by mean s of a gear wheel

(9). The heatin g steam enters the drum throu gh the

pin (3). The mois t coal is fed insid e the heati ng tubes.

As a consequen ce of the slope and rotation, the co al

is displaced gradual ly toward the heati ng tubes

from the inlet to the outlet. In the he ating tubes are

install ed screw guides, which con trol the displ acement

of co al. The varia ble-pitch guides install ed in tube s

prevent the displ acement of co al in tubes very fast .

The dr ied coal is co llected in the low er part of the

chamber (5). The steam c ondensate is drained

through a pin placed in the low er en d of the drum.

In this type of dryer, the convecti ve he at trans fer

coeffici ent from steam to coal is about 25 W/m 2� K.

Some techn ical da ta for the drum- tube dryers are

as foll ows:

. Diameter D ¼ 2500, 2800, 3130, 3350, 3750, and

4000 mm
. Drum lengt h L ¼ 7 to  8  m
. Angle of inclinati on of dr um a ffi 88
. Speed of rotation n ¼ 5 to 9 rpm
. Drying rate per unit expo sed su rface NF ¼ 5.4 to

8 kg/m 2�h
. Temperat ure of vap or, 90 8 C
. Coal tempe rature at outlet, 80 8 C
. Heat con sumption , 2950 to 310 0 kJ/kg H2O
. Dust co ntent in va por in drying of brown coal,

~25 g/m 3

In brown coal briquet ting plants , these dry ers are

heated by exhau st steam from the briquet ting ma-

chines. The steam carrie s away oil drop lets, which are

carbonized, forming deposits on the tube walls. To

remove impurities from the dryer tubes, these tubes

may be washed by circulation of trichloroethylene at
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FIGURE 43.3 Drum-tube dryer.
70 to 808C for about 3 h. The spent trichloroethylene is

distilled for reuse.

43.2.3 CHAMBER DRYER EQUIPPED WITH STIRRERS

Chamber dryers equipped with stirrers are commonly

used for drying of flotation concentrates (Figure

43.4). The dryer operates in a cocurrent mode. Hot

combustion gases supplied to the dryer by a duct (5)

meet at the outlet the cold and moist coal supplied by

another duct (7). The dryer consists of a chamber (1)

fitted with baffles (9) and two shafts (2) rotating in

opposite directions on which paddles are mounted
7

5

1 9
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FIGURE 43.4 Chamber dryer equipped with stirrers.
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(3,4). The moist coal supplied by a duct (7) is lifted

and thrown by stirrers (3,4) from the inlet to the

outlet (8). The stirrer paddles (3,4) are also useful

for breaking sintered coal. Some technical data are

as follows:

. Combustion gas temperature at inlet, 7008C

. Combustion gas temperature at outlet, 1108C

. Chamber width, 2000 to 2400 mm

. Chamber length, 2000 to 3400 mm

. Drying rate per unit volume, Nv¼ 600 to 750 kg

H2O/m3�h
. Coal moisture content at inlet, 18 to 22%
. Coal moisture content at outlet, 8.5%
. Heat consumption, ~3150 kJ/kg H2O
. Speed of rotation of shaft, 7 to 10 rpm

For pasty feeds, which tend to cake during drying,

chains are fastened to the paddles to break the cakes

formed during drying.

43.2.4 PNEUMATIC DRYERS

Pneumatic dryers are widely used for drying coal and

flotation concentrates. The basic element of the dryer

is a vertical tube of diameter 650 to 1100 mm and

length 14 to 35 m through which the hot drying

medium (e.g., combustion gases or air) flows from

bottom to the top. The coal being dried is lifted by

the stream of drying gases and transported from



bottom to top. Duri ng pneumat ic transpo rt, the co al

grains are heated a nd dried. Thus , the drying gas

velocity dep ends on the grain size of coal being

dried; in practi ce this amoun ts to 10 to 40 m/s . In a

commer cial dryer, the disi ntegra tor con nected to the

vertical drying tube at the bot tom is installed , which

serves to cru sh and dry mois t lump coal from the

feedin g chute. Dryi ng hot gas enters the disi ntegra tor

and meet s the moist coal. The mois t coal is highly

disturb ed and mixed with hot gas, and drying is

strong ly ac celerated. Genera lly, abo ut 5 0% of the

water to be dried is remove d from the coal in the

disintegra tor. The most intens ive drying oc curs in

the first 2 to 3 m of the dryer. The drying pro cess is

conditi oned by the heati ng medium veloci ty in rela-

tion to the grain size of coal. This velocity increa ses

with grain size, as shown in Figu re 43.5. Thi s is ve ry

impor tant becau se co arser grains reside a longer time

in the he ating medium . The large surface of contact of

the grains with the heatin g medium allows rapid dry-

ing, whi ch for finely ground c oals is of the or der of a

few seco nds. The short drying time relate s only to the

first drying period, i.e., to the evaporat ion of surface
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moisture. The heating medium pa rameters ha ve a

decisive effect on this period. The pressure drop char-

acterist ics of a pneumat ic dryer are illu strated in Fig-

ure 43.6, given by Barth. In the vertical tube, the air

flows upwar d. Into the a irstream is supplied a graine d

material shaped as globule s. At low air veloci ties the

globule s fall down ward; at a high veloci ty they are

entrained by the airs tream. The pressur e drop is in-

crease d rap idly at the moment when the globule s are

entrained be cause the mate rial begins to colle ct in the

tube. Bey ond the c ritical zone charact erized by a

rapid dro p of pressur e is the operation zo ne of pne u-

matic dry ers. To selec t the optim um flow velocity, one

must a void operatio n at the cloggin g zone. The clog-

ging z one is idios yncrat ic to each dryer. Here, a slig ht

increa se in solid loading or slight fall in pressur e drop

causes the cloggi ng of the pipe. The cloggi ng zone

separates the critical trans ition zone from the zone

of pneu matic trans port. Altho ugh Figu re 43.6 doe s

not refer to coal trans port, be havior is sim ilar when

transp orting groun d coals. In pne umatic trans port,

heat and mass exchange take place mostly by con vec-

tion. The heat exchange between the drying med ium

and the co al pa rticles suspended in this medium can

be defined by the Frö sslin g form ula

Nu ¼ 2þ 0:55Pr1=3Re1=2 (43:6)

In the first 2 to 3 m of drying tube, heat transfer to the

coal particles takes place promptly, so the heat trans-

fer coefficient in this zone is defined as

Numax ¼ 0:95� 10�4Re2:15, 400 < Re < 1300

Numax ¼ 0:76Re0:65 30 < Re < 400

Figure 43.7 shows the relationshi p betwee n the Nus-

selt number and the Reynolds number for heat trans-

fer between particles transported by the air at 0 to

1008C.

The heat supplied to the coal particle suspended in

the gas stream is

_QQ ¼ hcpd2
pQm (43:7)

The mean temperature difference Qm is calculated as

the logarithmic mean

Qm ¼
Q1 �Q2

ln Q1=Q2

where

Q1 ¼ T1 � Tm1 and Q2 ¼ T2 � Tm2
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The quantity of heat necessary to evaporate the sur-

face moisture is

Q ¼
pd3

p

6
zs(X1 � X2)DH (43:8)

The time of the drying process is estimated from the

formula

� ¼ Q

_QQ
¼ dpzs

6hc

X1 � X2

Qm

DH (43:9)

At low Reynolds numbers (Re ffi 0) the Frössling

formula gives

Nu ¼ hcdp

l
ffi 2
Johnstone, Pigford, ChapinFrössling
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FIGURE 43.7 Heat reception by globules in air at temperatures
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After substitution of this value in Equation 43.9, the

drying time is given by

� ¼ DH
d2

pzs(X1 � X2)

12Qml
(43:10)

In practice, the moist coal particle diameter is larger

than the dried, and the particle diameter continues to

change with the moisture decrease, so the correction

for the drying time based on the coal particle diameter

must be taken into account. The length of the drying

duct, i.e., the effective length of the drying tube, is

then

L0 ¼ u� (43:11)

The velocity u is the mean velocity with which the coal

grain flows in time t through the lifting tube.
100 1000
e

of 0 to 1008C.



u ¼ ug � u0 (43 : 12)

The veloci ty of the dr ying medium is taken as

ug ¼ (1 : 1 � 1:25)u0 (43 : 13)

The sedim entation veloci ty can be defined on the

basis of the Archi medes number.

Ar ¼
gd 3p

u2
g

zs � z  g

zg

(43 : 14)

Know ing the Archimed es numb er, one can calcul ate

the Reyno lds numb er; for Ar < 84,000 ,

Re ¼ Ar

13 : 9

� �1 =1 :4

(43 : 15)

For Ar > 84,000

Re ¼ 1: 71
ffiffiffiffiffiffi
Ar
p

(43 : 16)

From the Reynol ds number we estimate the theoret -

ical sedim entation veloci ty of the co al parti cle as

u0 ¼
Revg

dp

(43 : 17)

The tube length calcula ted based on formula [11] is

too small since with coarse grains (0.2 to 1.0 mm) this

does not take into account the star ting length ov er

which the grains reach their terminal ve locity. For the

correct ion of this star ting (tran sient) length we sug-

gest the formu la

L00 ¼ kLugdp (43 : 18)

where kL ¼ 10 3 s/m . The total length of the lifting tube

will be

LT ¼ L0 þ L 00  (43 : 19)

The qua ntity of drying medium requir ed depends on

the heat needed for the drying acco rding to the he at

balance equati on

_GGCp (T1 � T2 ) ¼ _LL0 (C s þ Cw 1 )(Tw � T m1 )

þ _LL0 (w 1 � w2 )DH þ L0 (Cs

þ Cw2 )(T m2 � T w ) (43 : 20)

where _LL0 ¼ dry soli d flow rate (kg/ s), Cs ¼ specific

heat of solid (kcal /kg� K), W ¼ dr y basis mois ture co n-

tent, Tw ¼ wet bulb tempe ratur e ( 8 C), an d Tm ¼ solid

tempe rature ( 8 C).
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In indu strial practi ce, the lengt h of the lifting tube

is determ ined most frequen tly based on the drying

rate per unit vo lume, which is a s follo ws:

Nv ¼ 400 � 600 kg H 2 O =m 3 � h for ground coal

Nv ¼ 700

� 900 kg H2 O =m 3 � h for postf lotation

co ncentra te

Nv varies general ly with hot gas tempe ratur e, solid–

gas rati o, and gas veloci ty. Therefor e, suit able drying

tube volume must be calculated on the ba sis of the

equati on of heat transfer an d he at balance. Nv gives

the approxim ate va lue of the drying tube volume . The

drying rate per unit volume is defi ned by

Nv ¼
_WW

Vp

(43 : 21)

The diame ter of the liftin g tube is calcul ated from the

formu la

D ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_VVg

0:785ug

s
(43 : 22)

The volume tric gas rate of the drying medium can be

calculated based on the heat balance Equation 43.20:

_VVg ¼
_GG

zg

(43 : 23)

From Equat ion 43.21, the volume of the lifti ng tube

Vp can be calculated. Know ing the liftin g tube vol-

ume Vp and its diame ter, we c an calculate the length

of the lifting tube as

Le ¼
4Vp

pD2
(43:24)

In general, the lengths of lifting tubes do not exceed

35 m. The coal feed to the lifting tube is situated 4 to

6 m above the gas feed. The dryer capacity depends

on the diameter of lifting tube.
Diameter (mm)
 700
 830
 900
 1100
Capacity (Mg/h)
 20–35
 30–55
 40–65
 50–75
The heating medium temperature at the dryer inlet

is 550 to 7008C and 70 to 1708C at the dryer outlet.

The initial moisture of coal is usually 10 to 15%; the

final moisture is about 4 to 6%. A typical pneumatic

dryer setup for coal drying is shown in Figure 43.8.

Wet coal from the bin (11) is proportioned by feeder
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FIGURE 43.8 Schematic of pneumatic dryer for coal drying.
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FIGURE 43.9 Schematic of Parry-type dryer for coal drying.
(12) to the lifting tube (5), where it is carried away by

the combustion gas stream derived from fuel combus-

tion in the furnace (2). Drying occurs in the tube, after

which the coal is separated from combustion gases in

the cyclone (6) and then in a bank of cyclones (7).

Negative pressure in the system is generated by a fan

(8). The dried and separated coal is directed to the

conveyor (10) through the shutter closures (15,16),

which are the lower seals of the cyclones (6 and 7).

The heavier coal particles, which fall down in the

lifting tube (5), are directed to the dried coal conveyor

(10) through the screw (9). The system is equipped

with explosion flaps (17).

The Parry-type dryer for coal drying is shown in

Figure 43.9. Here, wet coal is proportioned into the

drying chamber (2) by means of a feeder. Around

the drying chamber are installed cyclones to separate

the coal from combustion gases. The combustion

gases necessary for drying are generated in the cham-

ber (1) by combustion of a solid or liquid fuel. The air

for combustion is supplied by the fan (6). Another fan

(5) allows recycling of a part of the combustion gases

to the drying process. The capacity for this type of

dryer generally exceeds 50 Mg/h at initial and final

coal moisture levels of 35 and 4%, respectively.

The dimensions of a typical dryer of this type are

as follows:

. Diameter¼ 2.7 m

. Height¼ 6 m

. Diameter of furnace chamber¼ 4.2 m

. Height of furnace chamber¼ 10 m

. Thermal power of chamber¼ 13.4 MW
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The combustion process is controlled automatically;

the temperature of the combustion gases outflowing

to the environment is the signal for control.

43.2.5 FLUID-BED DRYERS

Fluid-bed dryers are widely applicable for coal owing

to the high intensity of this drying process. Intense

drying is achieved as a result of good mixing, use of a

high-temperature heating (and fluidizing) medium,



and ease of control . A fluidized stat e is achieve d when

gas with a pro per velocity passes throu gh the co al

layer. The gas flow velocity at which the pa cked bed

is con verted into a fluidized bed is know n as the

minimum fluid ization veloci ty. One feature of the

fluidized bed is its high porosit y, defi ned by

c ¼
V 
0
p

Vz

¼ 1 � Vm

Vz

(43 : 25)

where Vp

0 ¼ volume of solid-free space, Vz ¼ total vol-

ume of bed, and Vm ¼ volume of soli d material in the

bed ( ¼L/ zs ).

A packed be d of coal has a por osity in the range

of 0.4 to 0.5. The poro sity of a fluidized bed can v ary

over a wi de range, dep ending on the gas flow veloci ty

(c¼ 0.4 to 1). The mini mum veloci ty of fluidiza tion

for the co al and other fri able materials for which the

porosit y c0 ¼ 0.4 can be calcul ated from the form ula

Recr ¼
Ar

1400 þ 5: 22
ffiffiffiffiffiffi
Ar
p (43 : 26)

For c0 ¼ 0.48

Recr ¼
Ar

710 þ 4
ffiffiffiffiffiffi
Ar
p (43 : 27)

From the crit ical Reynol ds numb er Recr , one can

calcula te minimum (critical) veloci ty of fluid ization as

ucr ¼
Recrug

dp

(43 : 28)

Equation 43.26 and Equat ion 43.27 are sh own grap h-

ically in Figure 43.10. For bed s of coal, the pr essure

drop can be estimat ed from the formu la

Dp ¼ H (1 � c)(zs � z  g )g (43 : 29)
10–6

10–2

102

104 Recr

Ar

y0 = 0.48

y0 = 0.4

10–4 104 106 10810–2 1021

FIGURE 43.10 Relationship between critical Reynolds

number and Archimedes number.
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The por osity of the flui dized bed can be estimat ed

using

c ¼ 18Re þ 0: 36Re2

Ar

� �0 :21

(43 : 30)

The height of the fluidized bed is readil y given by

H ¼ H0

1 � c0

1 � c 
(43 : 31)

For coal drye rs, a space of a bout 3.5 to 4.5 times the

fluid-bed he ight should be allowed as the disenga ge-

ment he ight h1:

h1 ¼ 3: 5H � 4: 5H (43 : 32)

The con vective heat trans fer co efficien t betwee n ga s

and solid in the fluidized bed can be estimat ed from

the co rrelatio n

Nu ¼ 10 � 2 Re

c
Pr 1 =3 (43 : 33)

Drying kinetics in the fluid ized bed requ ires in add -

ition the fulfillment of the relationship

H ¼
_GG�

zs(1� c)S
(43:34)

The mean residence time t of coal in the fluid-bed

dryer is determined empirically and t can be calcu-

lated by

� ¼ 3600H0Azs

F

where F¼ coal feed rate (kg/h), A¼ fluid-bed area

(m2), and H0¼ static coal bed height (m).

In coal drying, the temperature of drying gases at

the dryer inlet is 300 to 7008C and the temperature of

the fluidized bed is 70 to 808C.

Figu re 43.11 shows the relationshi p betwee n ga s

velocity and particle diameter for various porosities

of bed for coal of density z¼ 1200 kg/m3 and for gas

temperature T¼ 1008C. Between curves 1 and 5 there

is a zone of dryers operating as a loose bed. Industrial

fluid-bed dryers operate in the range of c¼ 0.55 to

0.75. Zone 2 includes coal particles from 30 to 40 mm

up to 6 to 7 mm. For fountain-type dryers, this zone

can widen (3) up to 25 to 30 mm. The aerofountain-type

dryers (4) operate at bed porosity c¼ 0.75 to 0.9. In

dryers of this type, one can dry coal-containing particles

from several micrometers to tens of millimeters. Owing

to their simple design and high capacity, fluid-bed
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dryers are widely applicable in the industry for coal

drying. One type of fluid-bed dryer commonly used

for coal drying is the Fluo-Solids dryer marketed by

Dorr-Oliver (United States). This dryer operates with a

small coal bed (300 to 400 mm) and has a very high

drying rate per unit exposed surface of 2000 kg H2O/

m2� h. Figure 43.12 schematically shows the Fluo-Solids

dryer with the roller chamber designed by Dorr-Oliver

for coal drying. Moist coal from the bin (1) is propor-

tioned by feeder (2) to the drying chamber (3). Com-

bustion gases from the combustion chamber (4) are

mixed with air to obtain the desired temperature (300

to 7008C). The heat consumption is typically in the

range of 3100 to 4000 kJ/kg H2O. The hot gases pass
Wet coal

Inlet
air

2

1

4

FIGURE 43.12 Schematic of Fluo-Solids-type fluidized bed dry
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through a screen and the coal layer, causing fluidization

of coal. The exhaust gases leaving the dryer are cleaned

in a cyclone (5) and cloth filter (6). Some technological

data for typical coal fluid-bed dryers for coal operating

in the United States are given in Table 43.2.
43.2.6 FLUID-BED DRYER WITH FOUNTAIN B ED

(SPOUTED BED )

In recent years, fluid-bed dryers wi th a foun tain

(spout ed) bed have be come popul ar for drying of

coal. The fountain bed is ach ieved in a co nical–

cylind rical apparat us (Figur e 43.13) . The hot gas

stream supplie d to the dryer by tube (3) carries away

the coal g rains supplied by screw (2) an d moves them

upwar d. The lifted co al grains fall aside and move

downward along the annulus.

Figu re 43.14 sho ws a schema tic of a spou ted bed

dryer for coal as designed by Fiodorov and Michai-

lov. Wet coal is supplied to the conical drying cham-

ber. The gas velocity decreases gradually in the

conical chamber owing to which coarser coal grains

fall downward. The finest grains are entrained by the

gas stream and then separated in the cyclone (3). The

intermediate fractions are circulated in the drying

chamber (1), after which they pass through a vertical

slit in the chamber wall for discharge. Control of the

slit opening allows control over the dryer holdup. The

coarse coal particles fall into the bin (5) from which

they are recycled to the dryer by a bucket elevator (6).

For spouted bed dryers, it is very important to deter-

mine the gas velocity at which the spouting process

begins and ends. The critical velocity for spouting

depends on the bed height and the physical properties

of the coal and gas, as well as on the geometric shape

and dimensions of the dryer. The incipient spouting

velocity can be estimated from the correlation
Outlet air
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3
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Dry coal

er.



TABLE 43.2
Operating Parameters for Some Typical Fluid-Bed Dryers for Coal Used in Various Parts
of the United States

Parameters Indiana West Virginia Kentucky Utah

Diameter, m 2.1 4.2 4.2 4.2

Screen area, m2 3.46 13.9 13.9 13.9

Capacity, Mg/h 100 700 230 800

Drying rate per unit exposed

surface, kg/m2 �h
2900 2500 1800 1800

Coal grain sizes, mm 0–6 0–10 0–15 0–38

Moisture at inlet, % 18–22 14.5 — —

Moisture at outlet, % 2 4.8 — —

Gas temperature at inlet, 8C 650 410 — —

Gas temperature at outlet, 8C 80 70 — —
Recr ¼ 0:364 Ref

D

d0

� 1

� �0:82

tg
f

2

� �0:1

(43:35)

where Recr¼ critical Reynolds number at which

spouting starts, D¼ diameter of upper bed section,

d0¼ diameter of lower bed section, and f¼ apex

angle of cone; generally, f¼ 16 to 708.
Then

ucr ¼
Recrug

dp

(43:36)
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Dried
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FIGURE 43.13 Schematic of dryer with spouted bed.
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In polydisperse systems, the maximum particle diam-

eter is taken as the particle diameter in Equation

43.36. For optimum geometry one may use

f ¼ 30� 50� and
D

d0

¼ 2� 4

For fine grains (Ar < 104), the bed becomes unstable

and may pulsate with a frequency at a low amplitude.

It is found that the dryer height H and separator

diameter Ds also affect the minimum spouting vel-

ocity. These effects are included in the correlation

Recr ¼ 0:176Ref

D

d0

� 1

� ��0:087
H

d0

� �0:6

Ds

d0

� �0:94

tg
f

2

� ��0:323

(43:37)
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FIGURE 43.14 Schematic of fluidized system with spouted bed.
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number at incipient spouting and Reynolds number calcu-

lated for sedimentation velocity Ref.
Figure 43.15 presents the relationship between Recr

and the Reynolds number for the settling velocity

of grain Ref as well as various operating zones of

spouted beds. To estimate the pressure drop across

a spouted bed, one can use the approximate formula

Dp ¼ (0:64� 0:75)gzuH0 (43:38)

It is verydifficult tocalculate thevaluesof convectiveheat

transfer coefficients for a spouted bed. Uemaki and

Kugo give the following correlation for convective heat

transfer from the gas to the solid particles.

Nu ¼ 5� 10�4Re1:46
min

u

umin

� �1:30

(43:39)

where the Reynolds number is defined by formula
Moist air

Hot air

FIGURE 43.16 Schematic of Escher-Wyss-type vibratory dryer
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Remin ¼
umindp

ug

where u¼ flow velocity and umin¼minimum velocity

for spouting.

From Equation 43.39, it appears that the convect-

ive heat transfer coefficients in the spouted bed are in

the range of 3.4 to 17 W/m2�K; according to other

investigators these coefficients are much higher, say,

up to 51 to 142 W/m2�K. The drying rates per unit

volume in such dryers are high: Nv¼ 110 to 290 kg/

m3�h. For coal drying, the temperature of the drying

medium (e.g., combustion gases or air) is usually not

more than 2008C, unlike the case of conventional

fluid-bed dryers, which operate with much higher

inlet temperatures.

43.2.7 VIBRATORY DRYERS

A vibratory dryer designed by Escher-Wyss is

sketched in Figure 43.16. Vibratory dryers are used

for drying hard and brown coals, especially if it is

necessary to combine coal transport or proportioning

operations with the drying operation. Drying is ac-

complished by hot air or combustion gases passing

through the vibrating coal layer. The coal to be dried

is led into the perforated trough oscillated by an

electromagnetic oscillator. The trough is inclined to

the horizontal at an angle of about 1 to 58. Owing to

the slope of the trough the coal is conveyed with a

velocity dependent on the slope of the trough and on

the vibration amplitude and frequency. For an elec-

tromagnetic vibrator at frequency f¼ 50 and 100 Hz

and amplitude x¼ 0.05 to 3 mm, the conveying vel-

ocity of coal is 0.01 to 0.3 m/s. This type of unit can

also be used to cool coal. In vibratory dryers, the heat

requirement is much lower as a consequence of better

utilization of the drying medium.
Outlet air

Dry coal

.



TABLE 43.3
Technoeconomic Data for Vibratory Dryers for Coal

Parameter
Sizes of Grains

3–10 mm 10–32 mm

Capacity, Mg/h 40 80

Moisture at inlet, % 12 7

Moisture at outlet, % 1.0 1.5

Gas temperature at inlet, 8C 370 275

Gas temperature at outlet, 8C 60 54

Dried coal temperature, 8C 66 40

Pressure drop, Pa 380 320
The capacity of vibratory dryers depends on the

trough width B, coal layer height h0, and coal drift

velocity u. It can be calculated using the formula

_LL ¼ Bh0uzu (43:40)

The coal layer in the trough is typically

h0 ¼ 20�30 mm, for ground coal

h0 ¼ 40�60 mm, for coal in lump form

For vibratory dryers, the length of troughs does not

usually exceed 10 m. In case the drive is located in the

center of the trough, the trough length can be as high

as 30 m. For long troughs, difficulties are encountered

with proper distribution of the heating medium.

Sometimes the electromagnetic oscillator is replaced

by a power drive in the form of rotating disks that

push the trough that is mounted elastically. Some

technoeconomic data for coal drying in vibratory

dryers are given in Table 43.3.

43.2.8 MILL-TYPE DRYERS

Mill-type dryers are used for coal only when it is

advisable to combine grinding and drying operations.

For satisfactory grinding performance, a low mois-

ture level must be achieved. The mill-type dryers are

used generally in power plants using steam boilers

fired by pulverized coal. Figure 43.17 shows a mill-

type dryer, which is really a ball mill in which the coal

is broken and partly ground by the balls. The dryer

consists of a horizontal drum with cones fitted on

both ends. From inside the drum is lined with the

protective lining of basalt, cast iron, carbon, or man-

ganese cast steel (14% Mn).

The drum is filled with balls (diameter, 30 to 80

mm). The filling ratio of the drum is typically 14 to

30%. The filling ratio of the mill has a decisive effect
Combustion
gases

Dry coal

FIGURE 43.17 Schematic of mill-type dryer.
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on the quality and capacity of coal grinding. The balls

are made of manganese or carbon steel toughened to

obtain high hardness and durability. The ball con-

sumption is 80 to 100 g/Mg for soft coals, and it can

reach up to 800 g/Mg for hard coals. The drums are of

2 to 3 m diameter and 3 to 5 m long. The speed of

rotation of the drum is 16 to 30 rpm. For grinding, the

electricity consumption varies over a wide range, from

7kWh/Mg for short brown coals up to 30 kWh/Mg for

anthracite. Coal grinding in mill-type dryers requires

additional electrical energy (5 to 10 kWh/Mg), which is

consumed by the fan. Coal is fed into the mill through

one of the pins; the heating medium in the form of hot

air or combustion gases is also supplied through the

same pin. The rotary motion of the drum causes the

movement of balls near the drum wall up to about

three quarters of drum diameter as the falling down

of balls under gravity. The falling balls break and

partly grind the coal. The hot air or combustion

gases supplied to the drum simultaneously heat the

balls and coal as well as dry the coal.

The quantity of heating medium used in ty-

pical commercial units is 1.3 kg/kg for brown coals

and 2.0 kg/kg for anthracite. The heating medium

temperatures depend on the moisture of the coal. Fig-
Moist coal

Combustion
gases
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FIGURE 43.19 Mill-shaft dryer (beater mill including

separators).
ure 43.18 sh ows the relationshi p betwee n the co mbus-

tion gas tempe ratur e, moisture content in co mbustion

gases at the dryer inlet, and the coal mois ture content .

The flow velocity of the hot medium in the mill is in the

range of 1 to 3 m/s .

The tempe ratur e of the coal–air mixt ure is 70 to

80 8 C for ha rd coal and 80 to 90 8C for brown coal. The

capacit y of the mill-type drum dry ers is 50 M g/h or

more. For drying ha rd and brown coal, beater mills

may be use d. A beater mill, includi ng the separato r, is

shown in Figure 43.19. Here, drying and grinding

proceed without the use of a fan. The mill consists of

a separat or hous ing and articulat ed rotat ing beater s.

The beaters num ber 2 to 12 per ro w and weigh 4 to

10 kg each. The be aters are made up of manganes e

steel, manganes e cast steel , cast iron, or carbon steel .

The be ater size can be different . The beater s are su b-

jected to abrasive wear and must be replac ed periodi c-

ally. In grindi ng quick cok e, the lifeti me of the beater s

is 200 to 400 h. The rotation al speed of the beater s

is 40 to 60 m/s; the num ber of revolut ions of the sh aft is

720 to 1420 rpm. Wet coal from a bin is charged by

gravity into the mil l through the feeder ; the hot air or

combust ion gases are suppli ed by lateral stub pipes.

The rotat ional moti on of beater s causes bounc ing of

coal particles up to a certa in he ight of the sh aft (up to

about 5 m), whi ch causes intens ive drying of co al as

well as grindi ng of coal g rains owin g to the direct

impac t. Coarser grains are recycle d for grindi ng; fine r

grains a re en trained, form ing a dust–air mixtu re su p-

plied directly to the boiler furnace .

The power consumpt ion for grindi ng is typic ally

15 to 20 kWh/Mg for ha rd co al and 4 to 14 kWh /Mg

for brown coal. The metal consumpt ion is 60 to 1 60 g/

Mg for hard coal, 20 to 80 g/Mg for brown coal, and

2000 g/Mg for qui ck coke. For coals at mois ture level s

of 10 to 14%, air at 300 to 400 8 C may be used as the

heatin g medium . W hen the mois ture con tent is above

15 to 25%, combu stion gases at tempe ratur e of 700 to
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1000 8 C should be us ed. Coal at a high mois ture con -

tent (25 to 35%) shou ld be predri ed partially at the

chute to the mill by means of hot combust ion gases.

F igure 43.20 shows pulverized c oal produ ction

with simultaneous dr ying of coal. Wet coal is sup-

plied t o t he ball mill through the scales, feeder, and

drying tube. Hot air together with the coarse particle

recycling stream f rom t he separator i s directed t o the

mill and t he combustion gases are supplied t o the

drying tube.

43.2.9 SHAFT DRYERS

A shaft dryer de signed by Konrer -Ledant for drying

of coal fed to cok e ovens is shown sch ematical ly in

Figure 43.21. This dryer consists of two vertical

shafts of rectangular s ection. These r otating shafts,

fitted w ith paddles, a re intended t o fluff the coal

and t o transport i t downward. T he dryer has t wo

zone s, a drying zone and a cooling zone. C ombus-

tion gases g enerated in the c ombustion chamber

flow to the two vertical shafts, where they contact

with the wet coal moving down t he shaft. Cooling i s

achieved by means of ambient air s upplied t o the

lower part of t he shaft. The c ombustion gas is at

6508 C, and a ft er m ixi ng w it h the a ir leaving the

cooling zone its temperature drops to 250 to

3008C.At the dryer outlet the exhaust gas temperature

is 60 to 708C. In this type of dryer, the pressure drop

is about 700 Pa.

The combustion gases leaving the dryer shaft

are cleaned in a battery of cyclones and in a wet

scrubber. The dried coal withdrawn from the lower

part of the shaft by screw conveyor or a Redler-type

conveyor, the trough of which is hermetically sealed,
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FIGURE 43.20 Pulverized coal production with simultaneous drying.
is transported to the coal bins. The entire coal-drying

and transport operation can be automated.

43.2.10 DRYER WITH MOVING BED

A modification of the shaft dryer is the convection

dryer with a moving bed (Figure 43.22), developed

and designed by the author of this chapter and used

for the drying of coal and quick coke. The particular

advantages of this dryer are observed when drying

quick coke, which has a high porosity and strong

abrasive properties. These properties considerably

hinder the use of fluid-bed dryers, spouted bed dryers,

and rotary dryers. The wet coal or quick coke is led to
Combustion gases

Fuel

Cyclones

Scrubber

Mud

Dry coal

Wet coal

Air Air

FIGURE 43.21 Schematic of Konrer-Ledant-type shaft

dryer.
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the dryer by the stub pipe K1, and after passage

between the louver walls (1) and after drying, it is

introduced by stub pipe K2 by means of a feeder (2).

Version 1 represents a dryer with gravity-assisted

movement of the bed, which is used for the drying

of quick coke.

Version 2, used for the drying of ground coal, has

a forced movement of the bed by means of the shelf

conveyor (3). Hot combustion gases or air are sup-

plied to the inlet chamber by stub pipe K3 and after

passage through the bed leave the dryer by stub pipe

K4. The capacity of the dryer is controlled by varying

the speed of the feeders (2), as well as by alteration of
Version 1

K1 K1

K3K4 K4

K5

K2 K2

7

2

6

Version 2

5

3

1
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FIGURE 43.22 Convection dryer with moving bed.



the sli t size of the stub pipes K2. The basic advan tage

of this dryer is its compact co nstruction an d sim ple

design, as well as the possibi lity of full automa tion. It

is pos sible to selec t the flow veloci ty to mini mize the

carryov er of particles from the bed; in many cases this

allows one to do away wi th any de dusting equipment .

Low-temper ature (150 to 200 8 C) was te comb ustion

gases from steam boilers can be us ed as the dry ing

medium . Low-temp erature operatio n great ly redu ces

the danger of ignition. Also, the drying rate pe r unit

volume is very high , up to about 0.2 kg/m 3� s at an

inlet air temperatur e of 200 8 C. For co mparison , for

rotary an d pneumat ic dr yers this amo unts to abo ut

0.014 and 0.14 kg/m 2�s, respect ively. Rotary, pneu -

matic, an d fluid -bed dryers are operate d at much

higher tempe ratures (400 to 800 8 C). The low veloci ty

(about 1 mm/ s) of movem ent of the coal be d consid-

erably de creases the wear of the dryer walls from

abrasio n. The he at consumpt ion is 2800 to 3500 kJ/

kg H2O. The drying tim e is the ke y design parame ter

for the calcul ation of the moving bed dr yer. The dry-

ing tim e is eq ual to the resi dence time in the dryer.

Hence the drying time has an effe ct on the velocity of

the bed in the dr yer. The drying time at co nstant

parame ters of the heatin g medium can be calcula ted

from

� ¼ 1

£
[(X1 � X cr ) þ (X cr � X �  )] ln

Xcr � X �

X2 � X �
(43 : 41)

The drying co efficient £ charact erize s the rate of dry-

ing unde r con stant dr ying cond itions an d can be esti-

mated from the co rrelatio n

P ¼ 0: 469Re0 :896K � 0 :633 H

de

� �� 1
§u

§g

� �� 1

(43 : 42)

The eq uivalent parti cle diame ter is calcul ated from

the form ula

de ¼
1Pxi

di

(43 : 43)

where xi ¼ mass fract ion of diameter di kg/kg,

u ¼ superfi cial gas veloci ty at inlet tempe ratur e, and

Q¼Ts –TD ¼ tempe ratur e differen ce betw een gas at

inlet Ts and wet bulb tempe rature T D.

The be d pressur e dro p Dp through the layer of

coal can be calculated from the wel l-known Erg un’s

equati on:

Dp=H ¼ 150
(1 �c0 ) 

2

c 
3
0

mgu

d 2e
þ 1: 75

(1 �c0 )

c3
0

§gu
2

de

(43 : 44)
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43.2.11 S UPERHEATED STEAM DRYING OF C OAL

The ad vantage s of us ing su perheat ed steam as the

drying medium are well known an d noted in the

chapter on this subject in this handb ook. Among

those of major inter est in coal drying are no fire or

explosio n hazard, ability to dry at elevated tempe rat-

ures, fast er drying rates leading to smal l equ ipment

size, and others (Beeby and Potter , 1984; Weiss et al.,

1991; W olf et al., 1988).

Steam -fluidi zed be ds with steam have been in suc-

cessful ope ration in South Africa for ne arly a decade

(Faber et al., 1986). Fabe r et al. (1986) have sho wn

that fluid-bed steam dr ying of activated carbon pelle ts

saves en ergy (15% ) as well as capit al costs (14).

Figure 43.23 shows conceptually the steam-

fluidized bed drying (Dampf-Wirbelschicht-Trocknung

[DWT]) described by Weiss et al. (1991). Typical oper-

ating conditions for drying of brown coal are given

be lo w.
Fluid-bed pressure drop

and temperature
1–10 kPa, 110–1208 C
Fluidizing steam 
15–25 kPa, superheated
Heating steam 
400–500 kPa absolute, saturated
Coal grain size (feed) 
up to 6 mm
Coal grain size (output) 
up to 4 mm
Dry coal moisture 
10–20%, dry basis
Note that RBC stands for raw brown coal. Dry

brown co al (DBC) is withdrawn through the inflow

plate. Exhaust steam is clear ed in an electrost atic

precipitat or and is partially recycled by a co mpres sor

as fluidizi ng steam . Excess steam is conden sed and

the late nt hea t is recover ed at 100 8 C. If this he at is

utilized elsewh ere, the ne t energy consumpt ion for

coal drying is very low. The internal heat exchange r

uses 4 to 5 bar satur ated steam and is taken out a s

clean condensate. The condensation temperature

must be 30 to 508C above the bed temperature for

efficient heat exchange between the bed and the

exchanger tubes. The bed is operated at a slight over-

pressure to eliminate air in leakage.

Figu re 43.24 shows a schema tic of a steam -

fluidized bed dryer with combined generation of

power and heat. In a conventional coal-fired power

plant, up to two thirds of fuel energy is lost since the

latent heat of turbine exhaust steam is dissipated un-

used to the cooling water because of its low tempera-

ture level. In DWT process, the latent heat can be used

to dry the input coal. Figure 43.24 shows a coal-fired

power plant schematic with a circulating fluid-bed
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FIGURE 43.23 Steam-fluidized bed dryer (DWT, Dampf-Wirbelschicht-Trocknung) with internal heat exchangers.
boiler, turbogenerator set, and condenser for turbine

exhaust steam. The top half is the DWT scheme. Use

of DWT is claimed to improve the energy efficiency

from 34 to 37%. If the DWT latent heat is also utilized

the efficiency is expected to rise to 39%. The reader is

referred to Faber et al. (1986) for details. Large-scale

pilot plants have successfully demonstrated this tech-

nology. The pilot-plant capacities range from 1 to 24 t/h

evaporation capacity. The latter can generate 20 t/h

of dry coal (12% moisture) from 44 t/h of raw coal

(60% moisture).

43.3 RECENT DEVELOPMENTS AND STATUS
OF COAL TECHNOLOGIES

Coal is a raw material for many chemical syntheses as

well as fuel. Coal is dried to increase its calorific value

and simplify loading, unloading, transport, and to

improve boiler combustion efficiency. It is also dried

for processes like briquetting, coking, gasification,

carbonization, and liquid fuel synthesis Coke oven

efficiency can increase 30 to 50% in preheating and

10 to 15% in drying.

Only high-moisture coals need to be dried prior

to usage. The type of dryer and extent of drying
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required depends on many factors. Some of the prin-

cipal ones are the utilization of the mined coal,

whether it needs to be ground for firing into combus-

tion chambers and whether the application is near

‘‘mine-mouth’’ or far away from the mine. If the coal

contains substantial amounts of water (could be 50 to

70% wet basis depending on the coal), it may be

necessary to dehydrate it to reduce the transportation

cost. The calorific value also increases this way while

the combustion efficiency is also enhanced. Recent

work at Monash University in Australia has demon-

strated in laboratory and pilot tests that reduction of

moisture from Australian brown coal or lignite can

reduce greenhouse gas emissions from a power plant

by 30%

Direct dryers (e.g., rotary, pneumatic, fluid-bed,

vibrating fluid-bed, and shaft dryers) can be used with

hot air or combustion gases as drying media at 700 to

9008C before dryer and 60 to 1208C after dryer. It is

important not to have high oxygen content in the

drying gas to avoid explosion and fire hazard. This

is a key issue in coal drying. Low-rank coals can be

highly reactive and hence they are more susceptible to

fire and explosion hazard due to spontaneous com-

bustion. Hence indirect dryers have some advantages
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FIGURE 43.24 Steam-fluidized bed dryer with combined generation of power and heat.
in this regard. Rotary dryers with indirect heating are

used for hard coals. These have higher energy effi-

ciency, about 3100 kJ/kg water evaporated. For air

fluidized bed dryers the corresponding figure is 3100

to 4000 kJ/kg water evaporated. A commercial vibra-

tory dryer for hard and brown coals (manufactured

by Escher-Wyss of Switzerland) uses a vibration fre-

quency of 50 to 100 Hz and amplitude of 0.5 to 3 mm

giving a conveying velocity in the range of 0.01 to

0.3 m/s with an angle of inclination of 58 to the

horizontal. Low gas velocities are needed since vibra-

tion suspends most of the pseudo-fluidized beds. The

efficiency is better than a conventional fluid-bed

employing high gas velocities. Attrition is reduced and

gas cleaning requirements minimized in a vibrated

bed dryer (Mujumdar, 1989; Erdez and Mujumdar,

1991).

In pilot trials Potter (Potter, 1979; Potter and

Keogh, 1979, 1981; Potter and Beeby, 1982, 1986;

Potter et al., 1988) have shown that extremely favor-

able heat transfer rates as well as drying efficiencies

are obtained when drying brown coal in a steam-

fluidized bed with internal heat exchanger tubes im-
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mersed within it. Typical processing conditions are

reported as:
High tube temperature
 140–1708C

Bed temperature
 110–1278C

Minimum fluidizing velocity
 5.7 cm/s (approx)
Steam temperature
 130–1558C

Steam velocity (m/s)
 0.20–0.30
Coal feed rate (kg/h) w.b.
 40–70
Product (kg/h) w.b.
 16–28
Drying rate (kg/h)
 24–32
Using steam exhausted from one dryer stage as

carrier steam for another stage, multiple-effect oper-

ation (similar to that common to evaporators) can be

achieved yielding a steam economy of 1.9 for a triple-

effect dryer.

Potter et al. (1988) useda continuousfluid-beddryer

for drying Victoria brown coal. The fluidized bed (FB)

dryerwas 0.3� 0.3� 3m(high)with fourbubble caps to

distribute steam. The disengaging region was 2.5 m.

Both horizontal and vertical tube bundles were tried.



Faber et al. (1986) have compared drying rates in

air and steam-fluidized beds of pulverized coal. They

confirmed existence of the inversion temperature

above which steam drying is faster than air drying.

Above about 1808C the steam drying rate in the

constant-rate period in fluid-bed drying exceeds that

in (dry) air drying. For a 2000 kg/h dryer for alumina

they found the capital cost to be 20% lower for steam

dryer while the total energy cost was 15% lower. No

credit was given to the steam produced in the steam

dryer.

Faber et al. (1986) also report on a successful

industrial installation using steam dryer for activated

carbon pellets (2000 kg/h, dry basis) from an initial

moisture content of 50 to 2% (dry basis). The pellets

are dried to 8% on dry basis before they are fed to an

evacuated chamber in which the final moisture con-

tent of 2% is achieved. The steam enters the dryer at

3008C and leaves at 1508C. The steam discharged is

used to preheat the feed. The authors report smooth

operation of the dryer since 1985. The installed cost

of the steam drying system was 40% lower than that

for a conventional air dryer. The air dryer can operate

at a maximum temperature of 1258C to avoid com-

bustion in the dryer. The energy costs (1986 data)

were estimated to be about $3.60 per ton of dry

product in South Africa.

A Russian book on drying and thermo-aero clas-

sification of coal presents interesting results on steam

drying of 1- to 13-mm coal particles and volatiles

evolution during drying. Mujumdar (1990) notes

that in steam drying the drying time (actually resi-

dence time in dryer) does not affect the volatiles

liberation unlike air drying. Further, he found that,

under conditions of his experiment, the constant-rate

drying period is 6 to 7 times longer in steam drying

and the heat transfer rate is 1.7 to 2 times than that in

air drying. He also reports on favorable industrial

experience in steam-fluidized bed drying in a 35 �
9 � 12 m, 46 t/h of brown coal with an evaporative

capacity of 25 t/h. No details are given about the

steam reuse.

From energetic and safety viewpoints, super-

heated steam drying appears to be the most attractive

technology for drying of coal. This could be done

using a flash dryer, a fluid-bed dryer, a vibrating bed

dryer or a rotary dryer, if traditional dryer equipment

is to be used. A part of the energy can be supplied

indirectly using immersed heat exchangers. As

Mujumdar (1990) has noted there may be potential

to use variants of multistage impinging stream dryer

using superheated steam for coal drying applications,

but no work appears to be done yet on this design.

Furthermore, use of a two-dimensional design is

expected to allow modular design and reduced scale-
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up problems. If used as a fuel after briquetting, there

may be opportunities to blend pulverized wet coal

with wood residues and various organic sludges either

before or after drying since these biomasses are also

excellent candidates for superheated steam drying.
43.4 DRYING OF LOW-RANK COALS

Low-rank coals (LRCs)—e.g., brown, lignite, and

subbituminous coals—represent nearly one half of

the estimated coal resources in the world and are the

only source of low-cost energy in many developing

nations. LRCs are typically present in thicker seams

with less overburden than bituminous coals, thus

making them recoverable by low-cost strip mining.

From a user angle, LRCs have a lower fuel ratio

(i.e., fixed carbon to volatile matter) and are typically

more reactive than bituminous coals; many also have

extremely low sulfur contents (a few tenths of 1%).

Low mining costs, high reactivity, and extremely low

sulfur content would make these coals premium fuels

if not for their high moisture levels, which range from

around 25% to more than 60%. Among coal import-

ers, high moisture creates a mistaken perception of

inferior quality and hence many positive features of

LRCs are neglected. LRCs can be combusted either

as a blending component with high-rank coal in exist-

ing boilers, or in new boilers designed for LRCs. For

example, more than one third of U.S. electrical power

currently comes from power stations that are fired by

LRCs. Until recently the high moisture levels of

LRCs have also excluded them from the rapidly

growing coal–water fuel (CWF) market. Of all the

coal-based alternative fuels, CWFs appear the most

promising (Willson et al., 1992).

It is now accepted that no single process can be

suitable as a universal drying technology for all

LRCs. The needs of the end user dictate the type of

process. If the end user requires dried lump coal for

stoker applications, a process that uses or generates

fines would not be a reasonable option. An end user

with advanced combustion applications will require

finely ground coal. From a producer’s angle, a pre-

ferred process could make use of both technologies:

one to produce sized dry coal and the other to make

coal–water fuel from the fines for a different market.

However, three stability issues must be solved before

bulk-dried LRCs can be used: (a) moisture reabsorp-

tion; (b) dust generation; and (c) spontaneous com-

bustion. Since the strength of LRCs is significantly

reduced when their gel-like structure is destroyed by

drying, the dried product breaks down rapidly, gen-

erating large amounts of dust, and becoming more

liable to spontaneous combustion.



Direct drying of brown coal by recirculating boiler

flue gas or its equivalent, has become standard prac-

tice in Victoria, Australia. It should be noted that

significant drying occurs during normal coal grinding

and other operations associated with preparation of

the feed to a boiler.

Recently, a steam–fluidized bed drying process

being implemented at a plant operated by the State

Electricity Commission of Victoria, Australia (SECV)

uses a heat exchanger supplied by an external high-

pressure steam source to dry finely ground brown

coal. A tube network immersed in the bed supplied

heat. The high heat transfer rates of the bed, together

with condensing steam, yield a compact heat exchan-

ger. Water evaporated from the coal is used to fluidize

the system. Test results show that the water content of

Victoria’s brown coal can be reduced from 60 to 15%

and carbon dioxide (CO2) emissions can be decreased

to 17%.

In Australia, indirect drying has been used for

many decades to prepare brown coal for briquetting.

In this process, low-pressure steam is condensed on

the outside of tubes conveying brown coal to provide

process heat; the more water removed in liquid form,

the higher the efficiency. After reducing the moisture

to nominally 15%, dried brown coal is compacted into

strong briquettes using stamp presses.

43.5 HOT OIL DRYING

Hot oil is an alternative drying medium used by a

number of process developers as early as 1926. In the

two-stage Carbontech process, raw coal is first dried

in hot oil. Most of the oil is recovered in the second-

stage flue gas stripper. Some of the oil is absorbed,

which allegedly helps to stabilize the product and

increase its heating value. The process costs for this

system will depend on the amount of oil that can be

economically recovered.

The Exxon donor solvent, direct liquefaction

process also used hot oil drying. In this process,

LRC is dried by a high-pressure hydrogenation

reactor contact with hot recycle hydrogen donor

solvent prior to entering. Unfortunately, no data

were developed for solvent recovery after drying,

because the dried coal and vehicle solvent were

reacted immediately with hydrogen in the liquefaction

reactor.

Other methods have been tested to improve

the stability of the dried LRC, including spraying

with residual tars or oils and briquetting or palle-

tizing dried pulverized coal. All of these additional

processing steps increase the cost of the final pro-

duct and must be evaluated on a site and coal-

specific basis.
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43.6 HOT WATER DRYING

Hot water drying (HWD) developed at EERC, is

a drying process that produces a safe, quasiliquid

fuel. This technology features high temperature,

high pressure nonevaporative drying that removes

much of the inherent moisture and allows the produc-

tion of CWFs with solid loading in the range of those

of commercial bituminous CWFs.

In HWD process, ground LRC is treated at coal-

specific temperatures, beginning at as low as 2408C,

and the corresponding saturated steam pressure for

less than 10 min. Moisture is removed from the coal

by expansion and expulsion from the micropores by

CO2, which is liberated during decarboxylation. Devo-

latilized tars/oils, being hydrophobic, remain on the

coal surface in the pressurized aqueous environment.

It is hypothesized that this produces a uniform coating

that seals the micropores and limits moisture re-

absorption, which is a major advantage of the process.

Because the coating retains most of the LRC’s volatile

matter, high energy recovery and excellent combustion

performance can be obtained. The developers claim

that alkali cations, a major source of boiler fouling,

associated with the carboxyl groups, are released in the

aqueous phase in their process and are removed during

the final mechanical dewatering step.

The technical feasibility of HWD and low-rank

coal–water fuel (LRCWF) production has been dem-

onstrated in a 7.5-tpd pilot plant at EERC with LRCs

from around the world. As a general rule, the energy

densities of LRCWFs produced after HWD are

around 30% for subbituminous coals, 50% for lignite,

and >100% for brown coals, vs. those prepared from

raw coal. Costs of dewatering will vary with coal

grade and location.

Currently the successful commercial LRC drying

processes appear to be those in which the dried LRC

is utilized immediately and not stored. When stored,

the products from most drying systems can have sta-

bility problems, which result in excessive fines and

spontaneous heating.
43.7 COMBINED GRINDING AND DRYING

Often coal is ground prior to utilization. Heat pro-

duced during grinding can reduce the moisture con-

tent significantly while reducing the particle size. In

some other applications, e.g., drying of sludge from a

deinking plant, initial moisture content of 54% can be

reduced to as low as 12% (wet basis) during grinding.

This also destroys any pathogens that may be present.

One of the commercial grinder dryers of interest

to coal drying is the KDS Micronex grinder/dryer.



A typical KDS grinder chamber has a diameter of

1.3 m and encloses a set of 8 spinning chains and a

stationary torus above it. The chains are spun hori-

zontally at high rotational speeds; the chain tip speed

can reach about 200 m/s causing high frictional heat-

ing due to aerodynamic drag. The bottom surface of

the torus that is flat provides a surface for the par-

ticles to collide on and shatter. This results in grinding

action accompanied by drying. The mechanism of

drying is partly thermal and partly mechanical dewa-

tering. This saves energy for drying. Air temperatures

in the chamber can reach between 70 and 908C. For a

typical application for drying coal at the feed rate of

about 2200 kg/h with initial moisture content of 15%

on wet basis the manufacturer reports final moisture

content of 4% on wet basis, and average particle

diameter of 75 mm and energy consumption of 2020

kJ/kg, which is less than the latent heat of vaporiza-

tion for water. Note that the Micronex unit claims to

consume about 70% less energy than a traditional

rotary dryer since a part of water removal takes

place in liquid phase. In fact for drying of deinking

sludge, manure, the manufacturer claims energy con-

sumption of 975 to 1700 kJ/kg. The electrical power

consumption for the coal dryer/grinder is rated at

140 kW. There appears to be no commercial installa-

tion for coal drying using this technology at this time.
43.8 FLEISSNER PROCESS

This is a very old process for drying low-rank coals,

first developed in Austria in mid-1920s. This process

consists of treating the low-rank coal in a saturated

steam environment that avoids vaporization of the

moisture in the coal. The coal particle ‘‘sweats’’ ef-

fectively and no evaporation occurs. As noted earlier

decarboxylation occurs during this process causing

some shrinkage of the dried product and a reduction

of its equilibrium moisture content. The U.S. Bureau

of Mines evaluated this process for dewatering of

lignites and subbituminous coals in the 1940s and

1950s. The more recent nonevaporative drying pro-

cesses for coal essentially appear to be based on the

principle of the Fleissner process.
43.9 A NONTHERMAL BIOMASS DRYER

Recently GulfTex Environmental Services of Texas,

United States have developed a new nonthermal dryer

called Pulverizing Air Dryer (PAD). This dryer does

not use heat but can reduce moisture content from 80

to as low as 10% depending on the biomass. The PAD

technology uses high-velocity air streams to accelerate

and then collide against the particle streams subjected
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to drying. Interestingly they claim that the particles

can range from large rocks to sludge material. The

PAD process affects surface, loose matrix-bound as

well as intracellular moisture. The drying chamber is

designed as a cyclone in which the centrifugal drying

chamber separates the material by density, with water

coming out from the top and the dry material out

from the bottom. Capacities of up to 20 t/h are pos-

sible with this novel dryer. According to the manu-

facturer the capital and energy costs of this PAD

dryer for coal are low and can result in a saving of

up to $150 per ton of the dry product compared with

a thermal dryer. Note that this figure is probably

valid for a specific coal at 2004 prices. Unfortunately,

no technical details are available on this apparently

interesting new technology.
43.10 MECHANICAL THERMAL
EXPRESSION PROCESS

A process that uses mild heating and mechanical

squeezing, and appropriately termed the Mechanical

Thermal Expression (MTE) process has generated

renewed interest in an essentially nonthermal dehy-

dration process for high-moisture brown coals and

lignites. Developed at Monash University, this pro-

cess uses mechanical expression (1 to 10 MPa) at

elevated temperatures. The high pressure does not

permit phase change of water and thus makes it

more energy-efficient. When depressurized the wet

coal also undergoes some flash evaporation and re-

moves about 7% of the moisture. Changes in physical

structure and chemical changes are hypothesized to

be responsible for dewatering of the coal despite im-

mersion in water. The precise mechanics are still un-

known although there are effects of shrinkage,

removal of trapped air, and changes in physical and

chemical structure making the coal particles possibly

more hydrophobic that make the dehydration effect-

ive. Capital costs involved in this process are still not

clear but the process has definite potential. Tests on a

10 t/h pilot plant are under way in Australia at the

present time (Clayton et al., 2006). Interestingly, this

process has been successfully tested on laboratory

scale for dewatering of biomass, e.g., bagasse,

sludges, and biosolids
43.11 CONCLUSION

With rising energy costs and dwindling supplies of oil,

there is little doubt that within the next decade coal

technologies will play very significant role in meeting

the world’s energy needs. Coal gasification and lique-

faction will become increasingly important all around



the world to reduce dependence on oil and gas. Many

of these processes need conditioning of the coal used

that includes reduction of its moisture content to

desirable levels for the processes involved. The

world reserves of low sulfur but high moisture content

are rather extensive and must be utilized cost-

effectively by reliable energy-efficient and safe drying

technologies. Different technologies will be needed

depending on whether the coal is used near the

mines or after shipping over great distances. Cost of

transportation can be reduced by lowering the mois-

ture content but there is danger of autoignition in

storage due to most such coals being highly reactive.

Thus, drying, storage, and handling of dried coal pose

many technological challenges.

Over the last three decades over 300 patents were

issued by the U.S. Patent Office with the word dryer

or drying of coal in their titles. Of course, only a few

of these patented technologies are truly viable. Many

of the ideas suggested are not practical, e.g., use of

acoustic radiation, ultrasonics, and super critical ex-

traction to reduce sulfur content. Some suggest rather

complex designs of rotary dryers that are unlikely to

be cost-effective. For example, U.S. Patent 4,014,106

(1997) describes a rotary dryer for coal comprising of

an insulated stationary cylinder within which an

open-ended metallic cylindrical tube is rotated co-

axially in an almost horizontal position. Wet particles

are fed at the open end and hot air is circulated

between the stationary cylinder and the tube. Metal

balls are mixed with the wet material in the rotating

tube. Perforated fins and baffles extend from the ex-

ternal wall of the tube to enhance conductive heat

transfer to the tube and the metal balls. The dried

coal is discharged at the opposite end through a

screen section of the tube. This patent also suggests

additives to the wet mix to coat the dried particles for

reducing dusting or to prepare the mix for palletizing.

There is no reported commercial application for this

process. Although technically sound, it appears to be

rather complex for industrial application.

On the other hand, superheated steam seems to

provide all the required advantages but few vendors

have developed these technologies for coal and for the

large-scale operations necessary. The drying condi-

tions will need to be optimized for specific grades of

coal and also the utilization of the product. As coal

needs to be ground for many applications a combined

grinder–dryer is definitely an attractive option and

much effort is being directed in this area as well.

Drying in this case a desirable by-product of the

grinding operation but supplementary drying may

be required for high moisture coals since here electri-

city is used for the grinding operation.
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NOMENCLATURE

a exposed surface per unit volume dryer, m�1

Cp heat capacity at constant pressure, J � kg�1

K�1

de equivalent diameter of particle, m

dp particle diameter, m

D diameter, m

g acceleration of gravity, m � s�2

G gas flow rate, kg � s�1

h1 space height upon bed, m

hc convective heat transfer coefficient, W �m�2

K�1

H height of bed, m

H0(h0) initial height of bed, m

J humid gas enthalpy, J � kg�1

k coefficient
_LL solids flow rate, kg � s�1

L mass of solids, kg

L length, m

n speed of rotation, s�1; min�1

NF drying rate per unit exposed surface,

kg �m�2 s�1; kg � m�2

Nv drying rate per unit volume, kg �m�3 s�1;

kg � m�3 h�1

Q heat quantity, J

S cross-sectional area, m�2

S surface, m�2

T temperature, K

Tm temperature of solids, K

u velocity, m � s�1

ug gas velocity, m � s�1

ucr critical velocity, m � s�1

u0 sedimentation velocity, m � s�1

V volume, m3

_VV g cubic gas rate, m3 � s�1

W moisture content, kg

X moisture content

X* equilibrium moisture content

Xcr critical moisture content
Greek Symbols

a angle of inclination, rad, degree

b loading factor, 1

DH latent heat of vaporization, J � kg�1

Dp pressure drop, Pa

u temperature difference, K

um mean temperature difference, K

l thermal conductivity, W �m�1 K�1

mg dynamic viscosity of gas, Pa � s
yg kinematic viscosity of gas, m2 � s�1

zg gas density, kg �m�3

zs density of solids, kg �m�3



zu bulk density, kg �m�3

t time, s

f apex angle, rad, degree

£ drying coefficient

c porosity of bed

c0 porosity of solid (filtration) bed

Other

1¼ inlet

2¼ outlet

Commonly Used Dimensionless Group

Ar ¼
gd3

p

v2
g

� §s � §g

§l

Archimedes number

Nu ¼ hcdp

l
Nusselt number

Pr ¼
Cpmg

l
Prandtl number

Re ¼ udp

ug

Reynolds number

P ¼ £de

va
g

Drying number

K ¼ DH

CpQ
Condensation number
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44.1 INTRODUCTION

Feeders are devices that introduce a variety of mater-

ials into dryers at a controlled, specified rate. Usually,

the feeder is located at the interface stage between

material-handling equipment or upstream process

and the dryer. The material-handling equipment

may be a hopper or a bin whereas the upstream pro-

cess may be a reactor, crystallizer, filter, hydrocyclone,

centrifuge, etc.

Feeding systems of various types and configur-

ations are used for storing, conveying, dosing, and

controlling dryer feeds. It should be pointed out that
, LLC.
the bin or the storage tank and feeder should be

regarded as an integral unit of the dryer system, and

selected and designed as such. Without a properly

designed bin to handle the wet solid, the feeder is

useless. Conversely, without a proper feeder design

the best bin may not produce the desired flow.

Dryer feeds are either wet solids of various phys-

ical forms or solids in liquids (solutions, slurries,

sludges, emulsions, thixotropic pastes, etc.). Most

dryers cannot accept feeds directly unless they are

free flowing. A liquid needs the right range of viscos-

ity, surface tension, and discrete size of particles that

allow it to be pumped and, if necessary, sprayed.



A wet solid usuall y need s the right range of con sist-

ency, dryness , and parti cle size and shape that allow it

to flow properl y; oth erwise, it has to be back mixed

with enough dry prod ucts to make it flowable .

Fee ding devices in drying syst ems for granu lar

feedsto cks are iden tical to those used for the trans -

port of bulk solids; but ca reful selec tion must be made

because not all trans port equipment is suit able for

handling wet soli ds, whi ch may have poor flowabi lity.

Thi s chapter is intende d to g ive a ba sic revie w of

the feedi ng systems co mmonly used in various types

of indust rial dr yers for granula r, pasty, or liquid feed-

stocks . Secti on 44.2 provides guidel ines for the selec -

tion of wid ely used feeder s an d discus ses the ba sic

factors affecti ng their selection. Section 44.3 describ es

the most commonl y used soli d-storage bins and their

configu rations. Sectio n 44.4 discus ses five typical sol-

ids feeder s, highlighti ng their confi guration s, de sign

parameters, advantages, and limitations. Finally, Sec-

tion 44.5 gives a brief survey of the various feeding

techniques employed in selected commercial dryers. In

general, vendors of drying equipments also provide the

ne ce ss ar y f ee di ng e qui pm en t, wh ic h i s o ft en a n in te gr al

part of the drying system. It is important to note that

physical testing of the feeder for the specific feedstock is

essential; small changes in feed consistencies may, in

some cases, change feeder charact eristic s signi ficantl y.
44.2 SPECIFICATION AND SELECTION
GUIDELINES

Numer ous feedi ng system designs are availab le to

accomm odate the diverse pro perties of the material s

handled. It woul d be difficul t, if not impos sible, to

select a type and capacity wi thout thoroughl y defi n-

ing the flow characteris tics of the mate rial. The flow

behavior of bulk solids varies with the solids’ physica l

propert ies and, wi th the way each acts unde r diff erent

atmosp heric, loading , and unlo ading condition s. Op-

timum choices c an elim inate costly and incon venient

flow stoppage s or the uncon trolled floodi ng of mate r-

ials—prob lems that often co mprom ise feeder accur-

acy. Regar dless of what type of feeder is used , it

should provide the foll owing [1]:

. Reliable and uni nterrup ted flow of mate rials

from some upstre am de vice (typi cally a bin or

a hopper)
. The desired degree of dischar ge flow- rate co n-

trol for the necessa ry range
. Unifo rm withdrawa l of mate rials from the out-

let of the ups tream device, which is pa rticular ly

impor tant if a mass -flow pattern is desired ,

such as to con trol segreg ation, provide unifor m
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residen ce time, and mini mize cak ing or spoilage

in de ad regions
. Minima l loads acting on the feeder from the

upstre am device, mini mizing the power requ ired

to operate the feeder , as well as pa rticle attrition

and abrasi ve wear of the feeder co mponents

Feeder selec tion is ba sed on man y fact ors, the most

impor tant of whi ch is feed rate or capacit y requir e-

ments. Capac ity requir ement s can gen erally be div-

ided into four distinct categories [2]:
1. Operatin g capaci ty. This is the average requ ired

particulat e flow, allowi ng time for nor mal

maintenanc e, rep airs, and pr ocess delays that

may occu r.

2. Rated capaci ty. Thi s is the average requ ired

particulat e flow exp ected during ideal con di-

tions, for spec ific time periods , as indica ted by

the process .

3. Design capaci ty. This is the pa rticulate flow

from whi ch struc tural and mecha nical de sign

calculati ons are made.

4. Circulatin g loads . This is the amoun t of mate r-

ial retur ned from the equipment such as a

separation device. This is express ed as a per-

centage of raw feed.
Once the system capacities have been determ ined,

the process of revie wing prelimina ry parti culate flows

is so metimes called preselecti on gu idelines. The most

impor tant selection and specifica tion guidel ines can

be summ arized as follows [3–7] :
1. The first step in selec ting a feedin g system is to

classify the materials that will be handled

according to its density, abrasiveness, flowabil-

ity, and other characteristics such as toxicity,

corrosiveness, tendency to pack, and so on.

Recently, efficient techniques have been devel-

oped to predict, with reasonable accuracy, the

handling characteristics of a solid as function

of temperature, moisture content, size distribu-

tion, friability, and flowability. Some useful

empirical tests for this purpose are described

by Thomson [8]. The important properties

measured along with the vital information

they give are lis ted in Tabl e 44.1. Table 44.2

discusses the flow characteristics of several

classes of materials.

2. The geometry of the storage bin or hopper

must be selected based on the material cha-

racteristics. Throat and gate dimensions

should be at least two and one-half times the

diameter of the largest particle of the material,



TABLE 44.1
Solid Properties That Affect the Selection of Feeding System

Property Remarks/Applications

Bulk density The unit weight of the bulk solid; indication of flow; use for feeder and hopper sizing;

compressibility determination; possible compressive strength. Usually decreases with

increasing moisture content.

Particle size distribution Indicates flowable and nonflowable fractions. In cases in which the material is extremely fine

(10 mm or less), material-handling selection becomes very critical.

Moisture content Indicates the maximum moisture content a material can have and still be flowable to some

degree. If the material has a tendency to stick on metal surfaces, the feed will have to

be backmixed.

Hygroscopic Indicates potential hazards to flowability, need for sealing and inert gas environment.

Particle specific gravity Useful to determine porosity.

Adhesion Useful in the design of hopper or bin, type of material for hopper or belt, shows if

material will build up.

Corrosiveness Useful for selecting the material of construction of the feed system. Properties affecting

potential corrosiveness are pH and moisture content.

Abrasiveness Useful for selecting the material of construction and the type of feeder; depends on the

particle size and hardness.

Hardness Useful for feeder design; indicates potential need for wear-resistant materials.

Solubility Indicates whether a slurry or solution will result; indicates type of mixer needed.

Hazardous nature Material’s potential toxicity defined and precautions needed.

Lump size Maximum lump size for correct hopper outlet; potential abrasiveness.

Temperature Useful for determination of storage time, materials of construction. Solids may agglomerate

or soften at high temperatures or may undergo phase changes when cooled.

Flowability Shows the need for feeder accessories such as agitators, vibrators, rotors, special hoppers,

and the like.

Effective angle of internal friction,

angle of internal friction,

kinematic angle of internal

friction

These angles of flow can be used to calculate the discharge opening size required on a hopper

to prevent arching and ratholing over the entrance to a feeder, predict hopper geometry

required to promote gravity flow, estimate flowability and cohesiveness of different solids.

Cohesiveness Characterizes the degree to which individual particles cling together; used in flow evaluation and

asses the effectiveness of vibration in aiding the flow of solids.

Arching and bridging Indicates type of agitation required.

Compressibility Expresses the percentage difference between loose and packed density; can signal potential flow

problems. Highly compressible solids may compact under head in a bin, making it difficult to

initiate flow. Compressibility usually increases with moisture content.

pH Indicates need for corrosion-resistant materials.

Source: Carr, R.L., Chemical Engineering, 76, 7–16, October, 1969; Johnson, J.R., Chemical Engineering, 85, 9–17, October, 1978.
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and the width of the bin opening must be con-

sistent with the capacity requirements and large

enough to minimize bridging.

3. If the flow properties vary (i.e., because of

changes in moisture content or temperature),

the conditions of lowest flowability should be

used to calculate the critical dimensions.

4. The mechanism used to discharge the materials

from the feeder must be selected to provide the

desired discharge rate without physically dam-

aging the product.

5. The decision to operate the feeder volumetric-

ally (discharging by volume) or gravimetrically
06 by Taylor & Francis Group, LLC.
(discharging by weight) determines the type of

feeder that is appropriate.

6. Establish the conveying distance and path, and

the operating environment.

7. Assess the impact of property data such as lump

size and size distribution, bulk density, and the

like on feeder design. Hazardous properties or a

tendency to dust will also restrict the choice of

feeder.

8. Review previous experience with conveying the

given feed.

9. Take stock of the geometry and the amount

of space available in the plant and other



TABLE 44.2
Material Classification

Material Class Description

I Material is granular and free flowing; would normally flow out of storage unassisted, but temperature and

moisture changes can cause it to bridge occasionally. Examples are granular salts, sugar, plastic pellets.

Size: 1/4 in. to 50 mesh.

II Material is a sluggish powder; would not normally flow by gravity alone. Examples are flour, limestone.

Size: 100 to 300 mesh.

III Material is a powder that tends to be readily adhesive or becomes easily fluidized. Examples are adhesive

materials such as foundry sand, pigments; fluidized materials such as hydrated lime cement, talcum powder,

confectionary sugar. Size: �325 mesh.

IV Material is fibrous or flaky with a relatively low bulk density of 3 to 20 lb/ft3. Particle sizes are from 1/8-in.

strands to 1 in. or larger chips; has a tendency to interlock and absorb vibration. Examples are wood chips, slivers,

shavings, plastic scraps, flaked grains.

Source: Wahl, R., Powder and Bulk Engineering, May 1987.
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conveying areas, a nd note limit ations that

might affect the size or type of feedi ng eq uip-

ments.

10. Compare the suit able types with respect to

their smoot hness of operatio n and initial ,

operatio n, and maint enance costs .

11. The feedi ng syst em from the upstre am section

of the process to the dryer sh ould be as short

and direct as pos sible to pr event possibl e com-

paction of a sticky feed and the lodging of

materials in bends and corners .

12. The operatin g range of the feeder sho uld be

wide en ough to cover the feed-rate range re-

quired in the process , with a margin of 10%,

so that the feeder can work well unde r the

condition s of une xpected disturb ances. Als o,
BLE 44.3
der Selection Guide Based on Feedstock Properties

e of Feeder Feed Size

Fine Granular Large Lumps Very

on . .

. .

iprocating . . .

ratory . . .

vimetric weight . . .

chanical vibrating . .

flight . . .

w . .

ary table . .

ary plow . .

ary vane . .

rce: Link-Belt catalog no. 1000.
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the dynami c response shou ld be as fast as

possible [9].

13. The normal procedu re to size a feeder is to use

the manufa cturer’s rated capacit y, usually

given in ft3/h (or m 3/h) and to provide a de -

sign from past experi ence, rule of thumb, or

empirical da ta.
Tabl e 44.3 pr esents a brief selection guide for dif-

ferent feedin g equ ipments used in drying based on the

material charact eristic s. The infor mation present ed in

Table 44.1, Tabl e 44.2, and Tabl e 44.3 is helpful as a

general checklist for the preliminary selection of the

feed system. Before a final decision is made on the type

of equipment, method of operation, initial cost, oper-

ating and maintenance costs should be considered.
Flowability Abrasiveness

Free Free Sluggish Non Mildly Very

. . . . . .

. . . . .

. . . . .

. . . . . .

. . . . . .

. . . . .

. . . . .

. . . . .

. . . . . .

. . . . . .

. . . .



44.3 STORAGE OF PARTICULATE SOLIDS

Storage containers in the dryer feed system are re-

quired to smooth out possible discontinuities,

variations, and interruptions in the supply of the

feed materials. However, long-term storage of feed

materials and oversized containers should be avoided

to reduce the possibility of settling and caking. Gen-

erally, storage bins or hoppers come in three basic

configurations [3,8,13–17]: funnel flow, mass flow,

and expanded flow (see Figure 44.1) These configur-

ations have the characteristics given below.

The characteristics of funnel-flow bins are:
(a)

FIG
(b)
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1. Large storage capacity

2. Inexpensiveness

3. Adequacy when noncaking or nondegradable

materials are to be stored

4. Used for materials for which segregation would

not present a problem downstream

5. The first-in, last-out flow sequence often leads

to particle segregation and degradation

6. Not suited for materials that may spoil or be

damaged by long-term storage

7. Formation of dead storage zones reduces the

effective capacity and affects signals from sol-

ids-level meters
The characteristics of mass-flow bins are:
1. The materials leave in a first-in, first-out man-

ner, thus minimizing the problem of caking,

degrading, or segregation during storage

2. Predictable flow velocity

3. Elimination of the formation of dead zones

and thus elimination of the risk of material

degradation

4. Constant solids density at discharge, making

it possible to get good solids control with
(b) (c)

URE 44.1 Basic bin configurations: (a) funnel-flow bin;

mass-flow bin; (c) expanded-flow bin.
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volumetric feeders and improve the perform-

ance of gravimetric feeders

5. Elimination of erratic flow and ratholing and

the associated problems of channeling and

flooding of powders

6. The materials in the bin can act as a gas seal
The characteristics of expanded-flow bins are:
1. Combine the geometric characteristics of funnel-

and mass-flow bins

2. Used to modify the existing funnel-flow bins in

order to reduce or eliminate the flow problems

mentioned earlier

3. Large capacity and high discharge rates

4. Remixing of segregated particles is better than

in a funnel-flow design, but not as good as in a

mass-flow one

5. Discharge flow rates are between the faster

funnel-flow and the slower mass-flow bins
It is important to ensure that the maximum feed

rate from the storage bin is always greater than the

maximum expected operating rate of the feeder.

Otherwise, the feeder will become starved and flow-

rate control will be lost. This problem is particularly

pronounced when handling fine powders because

their maximum flow rate through an opening is sig-

nificantly less than that of coarser-particle bulk solids

whenever a mass-flow pattern is used [1].

Flow-aid devices can be used with storage bins in

order to enable them to accommodate different mater-

ials and to reduce storage-bin problems of classifica-

tion, ratholing, and bridging. Among them are [16–20]:
1. Sledge hammers

2. Vibrators

3. Pneumatic devices to assist materials flow

4. Fluidized air in the case of cohesive materials

5. Agitators to eliminate particle bridges
44.4 BASIC FEEDER TYPES

Among the various feeder types (e.g., vibratory,

screw, belt), there are two broad classes of feeders:

volumetric and gravimetric. Volumetric feeders rely

on known unit volume (as well as motor speed) to

meter materials whereas gravimetric feeders rely on

weighing and speed-sensing devices to control flow. If

the process follows three simple rules, a volumetric

feeder can be the most effective and economical choice.

The rules are [2]:
1. Maintain a uniform feed bulk density by pro-

viding both an adequate level of particulates
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above the feeder inlet and an adequ ate sup ply

bin resi dence time

2. Load the positive feed element unifor mly and

consistentl y so that the pr efeed hoppe r pro -

vides a mass flow into the feeder inlet

3. Precisely maint ain unifor m feeder elem ent vel-

ocity (i.e., belt spe ed, screw rpm, etc.)
The motor drive should have tacho meter feedback

provis ions to e liminate veloci ty fluctuat ions from

screws, rotors , table s, belts, an d so forth . Table 44.4

summ arizes the major features of both volume tric

and gravi metric feeders.

A wide variety of types an d co nfigurati ons of solid

feeder s have been develop ed to satisfy the many spe-

cial requ irements found in solid-proces sing plants [3–

5,8,13,22 –24]; as all of these cannot be discus sed in

this chapter , only feeder s that are frequen tly used in

indust rial drye rs are present ed. The om ission of

others does not mean that they may not be suitab le

for such servi ces. Othe r specia lized dryer feeder s,

flow-aid devices , and liquid feeder s are discus sed in

Sectio n 44.5.

44.4.1 SCREW FEEDERS

44.4.1 .1 Pr inciple of Opera tion an d Equipmen t

Configu ration

Screw feeder s are made wi th a lon g-pitch, steel, helix

flight mounted on a shaft, supp orted by be arings
BLE 44.4
lumetric and Gravimetric Feeder Characteristics

umetric Feeders

ed on the discharge of a constant volume of the

rocess material per unit time.

plest and the least-expensive feeding systems.

rator must sample feeder output and adjust the

eed accordingly.

d-rate repeatable accuracy is +2% at best and is affected

y variation in the bulk density of the material.

d when precise solids control and exact dosages are not critical.

not indicate run out of material, bridges formation,

r flow interruption.

d-rate out-of-tolerance shutdown and alarm are not available.

be integrated into a gravimetric system by adding a

ale and an appropriate controller.

rce: Wilson, D.H., Dumington, D.L., Chemical Engineering, 98, 72–8

ober, 1978; Fahlenbock, T., and Paul, B.O., Chemical Processing, A
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within a U-shaped trough [5]. As the elem ent rotat es,

the mate rials fed into it are mo ved forward by the

thrust of the lower part of the helix and are dis-

charged through ope nings in the trough bottom or

at the end into the down stream eq uipment . Screw

flights near the dischar ge are typicall y notch ed, fol-

lowed by doubl e-blad ed knife secti ons that cut up

lumps and en hance the down ward force ne cessary to

handle sticky mate rials. Som e basic types of flights

and pitche s are shown and descri bed in Tabl e 44.5.

The inlet must be floode d with material s by incorp-

orating changes in the co nstruction of the flighting

(diameter , pitch, e tc.) and the speed of the feeder

screw; the mate rial dischar ge can be gove rned to the

desired rate. Fee ders can be built with varia ble diam-

eters or stepped pitche s or both in uni ts compo sed of

one, two, or a multiple number of screws, depending

on the application. Although screw feeders are avail-

able in many designs to fit different requirements,

commonly used design configurations are shown in

Figure 44.2, Figure 44.3, and Fig ure 44.4.
44.4.1.2 Relevant Design and Operating

Characteristics

The basic design of screw feeders depends on the

material characteristics, the capacity required, the

conveying distance, the weight of the material resting

on the feeder screw, the dimensions of the feeder

opening, and the power available. Screw feeders are
Gravimetric Feeders

Based on weighing materials discharge and control.

More expensive than volumetric units.

Feed-rate control at set point is ensured because there is a

feedback controller to assure the correct operational speed.

Feed-rate repeatable accuracy is normally two to five times

better than volumetric one irrespective of changes in bulk

density or the occurrence of flow problems.

Used when exact dosage and high feed control and accuracy

are needed.

Give immediate warning in case of any material interruption

from the storage bin.

Feed-rate out-of-tolerance shutdown and alarm are not available.

1, August, 1991; Thomson, F.M., Chemical Engineering, 85, 77–87,

pril, 1997.



TABLE 44.5
Basic Screw Feeder Flight and Pitch Types

Configuration Description

Standard pitch, single flight
D

D

Screws with pitch equal to screw diameter are considered

standard and are suitable for a wide range of materials.

Half pitch, single flight
½D

D

Similar to short pitch, except pitch is reduced to 1/2 standard

pitch. Useful for vertical or inclined applications and for

extremely fluid materials.

Variable pitch, single flight
Variable

D

Flights have increasing pitch and are used in feeder screws for

uniform withdrawal of fine, free-flowing materials over the full

length of the feed opening.

Short pitch, single flight
D

D

2/3

Flight pitch is reduced to 2/3 diameter. Recommended for

inclined or vertical applications. Shorter pitch retards flushing

of fluidlike materials.

Long pitch, single flight

11/2 D

D

Pitch is equal to 1/2 diameter. Useful for agitating liquids or for

rapid movement of very free-flowing materials.

D

D

D1/2

Double flight, standard pitch Double flight, standard pitch screws assure smooth, regular

material flow and uniform movement of special types of

materials.

Tapered, standard pitch,
          single flight

D

2/3 D D

Screw flights increase from 2/3 to full diameter. Used as feeder

screws for uniform withdrawal of lumpy materials. Generally

equivalent to and more economical than variable pitch flight.

continued
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TABLE 44.5 (continued)
Basic Screw Feeder Flight and Pitch Types

Configuration Description

Cut-and-folded flight,
standard pitch

D Flow

D

Folded flight segments lift and spill the materials. Partially

retarted flow provides thorough mixing action when heating,

cooling or aerating light substances.

Standard pitch with paddles
D

D

Adjustable paddles positioned between screw flights oppose flow

to provide gentle but thorough mixing action. Paddles can be

set at any angle to produce desired agitation.

Single-flight ribbon
D

D

Best for feeding sticky or viscous materials. Open space between

flighting and pipe eliminates buildup of the material on the

flights.

Single-cut flight, standard
pitch

D

D

Screws are notched at regular intervals at outer edge for mixing

action and agitation of material in transit which tends to pack.

Paddle
As

required

D

Adjustable paddles provide complete mixing action and

controlled material flow.
typically available with a volumetric capacity ranging

from 0.0001 to 300 m3/h for single feeder and are

normally operated at 2 to 40 rpm. The feed capacity

of a horizontal screw feeder submerged in solids is

calculated by multiplying the volume contained in

one pitch by the rpm, bulk density, and efficiency.

Two main factors contributing to the power needs

of a screw feeder are: (1) friction of the mechanical

parts and (2) power required to move the material,

which is proportional to the amount of the material to

be moved and the conveying distance. A number

of guidelines and rules of thumbs have been developed

for designing screw feeders for optimum performance.
� 2006 by Taylor & Francis Group, LLC.
These guidelines are well summarized by Marinelli

and Carson [22].

Advantages of the screw feeder are:
1. Versatile enough to handle a wide range of

materials, from powders to lumps

2. Excellent volumetric flow efficiency

3. Relatively low initial cost, low maintenance

cost, and inexpensive to replace

4. Flexible arrangement, can operate at any angle,

and has few moving parts

5. Used when the material requires mixing or aer-

ation for breaking up lumpy materials



(a)

(b)

(c)

(d)

FIGURE 44.2 Screw feeder configurations: (a) multiple-diameter feeder; (b) short-pitch feeder; (c) variable-pitch, twin-

tapered feeder; (d) live-bottom feeder. (From Screw Conveyor Corporation.)
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6. An enclosed device, which makes it particularly

important for safety or prevention of contam-

ination when dealing with fumes or toxic

materials

7. Construction with a jacket when preheating of

the feed is required
Disadvantages and limitations of the screw feeder

are:
1. Screw feeders are limited to lumps that are

smaller than the smallest pitch and to bin open-

ings less than 6-screw diameters long.

2. Abrasive solids are not often handled unless the

screw speed is slow.

3. The standard full-pitch screw has a pitch-to-

diameter ratio of 1; this configuration is satis-

factory only when the maximum hopper

opening does not exceed 1 to 1.5 pitches. Using

larger opening leads to serious flow problems in

the bin and unnecessarily high horsepower re-

quirements.
06 by Taylor & Francis Group, LLC.
4. Sticky or very cohesive materials can build up

in short-pitch sections and conveying will

cease. In this situation, special screw configur-

ations should be used.

5. The allowable loading and screw speed are lim-

ited by the characteristics of the material. Light,

free-flowing,nonabrasivematerials fill the trough

deeply, permitting a higher rotating speed than

with heavier and more abrasive materials.

6. Single-span screws are normally limited to

about 6 m in length due to the deflection of

longer center shafts.
44.4.2 VIBRATING FEEDERS

44.4.2.1 Principle of Operation and Equipment

Configuration

In these feeders, materials are held in a pan or tray. As

the pan vibrates, the particles hop down the tray to-

ward the discharge outlet. The motion of a bulk ma-

terial when subjected to cyclic excitation is extremely



FIGURE 44.3 Volumetric screw feeder. (From Metalfab Inc.)
complex be cause of the inter relationshi p of the mate r-

ial propert ies superi mposed on the v ibrating charac-

teristics. The eq uipment may be open -trough design or

fully enclosed. The trough that carries the material s

rests on a spring system with stabili zing elem ents. The

deck can be a solid or a mesh that allows a co oling

medium to move throu gh the mate rials being con -

veyed. Two general types of vibrating feeder s are avail -

able [4,8]: direct force (sing le mass ) and indir ect force

(tuned tw o-mass), and two excit ation syst ems are in

common use: electromag ne tic and elect romechani cal.

Vi brating feeder s are availa ble in both fixed-ra te

and variable- rate designs . Fixed-rate uni ts ope rate at

full line voltage. The cap acity of fixed-ra te units can

be chan ged by a mechan ical adjust ment of the ecc en-

tric wei ght on the exciter drive. Var iable rate is

obtaine d by chang ing the volta ge to the drive motor .

For maximum control, the feeder is general ly

mounted hor izontally and ope rated with a reduced

material depth. For maxi mum capacit y, the feeder is

mounted on a declin e an d carries a de ep mate rial

depth. Figure 44 .5 shows a typic al vibrat ing feeder .

44.4.2 .2 Re levant Design and Opera ting

Char acter istics

Factors for determ ining the flow rate from a vibrato ry

feeder include tray frequency and displ acement , head
� 2006 by Taylor & Francis Group, LLC.
pressur e of the mate rials on the tray, wi dth and depth

of loading on the trough, linea r speed along the

trough, and mate rial pro perties such as bulk densit y,

particle size, a nd angle of repose. Thes e features taken

singly or in combinat ion, as well as the hoppe r design,

are impor tant to obtain the requir ed feeder capacit y.

Vibrator y feeder s are commonl y built wi th a capacity

range of 0.015 to 1200 m3/h and are normal ly ope rated

at frequen cies from 12 to 60 cps.

Advan tages of the vibrat ing feeder are:
1. Gentle handling of mate rials; hen ce can be used

to move mate rials (e.g ., abrasi ve or fri able sol-

ids) that could da mage, or be damaged by ,

screw or belt feeders

2. Precise feed control

3. Cleanliness, no need for moving parts and lu-

brication

4. For safety reasons, can be enclosed to prevent

product contamination; also, toxic materials

can be readily handled

5. Robust; can handle a wide range of feed rates,

especially if used as a gravimetric feeder

6. Simple construction with low headroom
Disadvantages and limitations of a vibrating

feeder are:



FIGURE 44.4 Screw feeder with bin activator. (From Metalfab Inc.)

FIG
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1. Limited turndown with conventional controls,

and are somewhat nonlinear over the turn-

down range. This nonlinearity is particularly

problematic during volumetric discharge as

frequent calibrations may be required to guar-

antee accurate feed rates.
URE 44.5 Vibrating feeder. (From Carrier Vibrating Equipmen
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2. They are limited for the most part to feed-

ing from round, square, or slightly elongated

opening.

3. They should be used with caution for cohesive

solids because the vibratory motion may cause

the materials to pack in the hopper.
t Inc.)



FIGURE 44.6 Belt feeder with bin activator. (From

Metalfab Inc.)
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4. Vibration can cau se consoli dation and de grad-

ation of material s.
44.4.3 BELT F EEDERS

44.4.3 .1 Pr inciple of Opera tion an d Equipmen t

Configu ration

Most belt-fee der designs feat ure a fabri c or an elast o-

mer-co vered, fabri c-reinforc ed band, supporte d by

idlers or plates. Materials are sheared from the stor-

age hoppe r ab ove and deliv ered to the be lt. Fee d rates

are con trolled by adjust ing the gate that co ntrols the

depth of mate rials on the be lt. Mo re precis e control

can be achieve d by measu ring the belt speed and the

weight impr essed on one or severa l of the be lt idler s to

compute and control the weigh t rate of feed.

The main components of the system are the belt,

the idlers, the pulleys, the drive, and the struc ture that

supports and maintains the alignment of the idlers

and pulley s and support the driving machi nery [16] .

Belt feeder s are available in a gravimet ric confi gur-

ation as wel l as a weigh-bel t feeder. Figure 44.6 shows

a belt feeder wi th a bin activator .

44.4.3 .2 Re levant Design and Opera ting

Char acter istics

Feed rate may be express ed in term s of bulk densit y,

belt wi dth, de pth of loading , an d belt sp eed. Bel t wid ths
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range from 0.2 to 2 m a nd belt speeds run from 0.3 to 40

m/min. The volume tric capacity of belt feeder s range s

from 0.03 to 700 m 3/h and is determined by the belt

speed and by the profi le of the material s dischar ged to

belt.

Advan tages of the belt feeder are:
1. Versatile; c an handle a great varie ty of mate r-

ials; can handle very heavy impac t and solid s

load from the hoppe r abo ve. Particu larly ade pt

for applic ations with high flow rates

2. Can withdraw mate rials from very long slot

openings in bins

3. Low in cost, sim ple to maintain

4. Low power consump tion

5. Ideal for bridgi ng a long gap between an exist -

ing hoppe r and the drye r
Disadvantages and limitations of the belt feeder are:
1. Improper ly de signed feed hoppe rs can cause

solids compact ion, wear of belts, and high

horsepow er deman ds.

2. Depending on belt width, lump size can be a

limitation.

3. Sticky particulat es need specia l consider ation,

as any sti cking of the wet mate rials on the belt

will increa se the varia tions in the feed rate.

4. Temperatures above 658C should be approached

with caution.

5. Some solids react wi th ru bber in the belt neces-

sitating a special coveri ng mate rial for the belt.

6. Mainten ance is needed depending on the mate r-

ials handled.
44.4.4 ROTARY T ABLE FEEDERS

44.4.4 .1 Princi ple of Opera tion an d Equipmen t

Configu ration

The rotar y table feeder is a circul ar plate or a disk

mounted off-center and sealed against the bottom of

the feed hoppe r (see Figu re 44.7) . As the motorized

table rotates, a groove in it fills with materials from

the hopper above and a knife or plough scrapes the

materials from the table to the intake of the dryer.

Flow can be controlled by changing the height of an

adjustable feed collar or by regulating the variable

speed drive of the table.

44.4.4.2 Relevant Design and Operating

Characteristics

Capacity of rotary table feeders, ranging from

0.000013 to 0.034 m3/h, is a function of material



Feed hopper

Rotating table
Extractor

FIGURE 44.7 Rotating disk or table feeder.
density, speed of the disk, and geometry of the

groove. The table rotates at about 2 to 10 rpm.

Advantages of the rotary table feeder are:
� 20
1. Table feeders can be used for materials that

require wide hopper openings to eliminate

arching, for sticky granular materials and for

abrasive materials

2. Work well with materials that are highly cohe-

sive or have very high shear factors

3. Relatively free of spillage problems
Disadvantages and limitations of the rotary table

feeder are:
Feed hopper
1. Limited to relatively small particle sizes

2. Imprecise feed control

3. Relatively more expensive than other feeders

(e.g., belt feeder)
(a) (b)

Feed hopper

FIGURE 44.8 Some rotary feeder configurations: (a) drop-

through rotary feeder; (b) side-entry rotary feeder.
44.4.5 ROTARY FEEDERS

44.4.5.1 Principle of Operation and Equipment

Configuration

Rotary feeders use a motor-driven rotor, enclosed in a

cast-iron or forged-steel housing. The blades on the

rotor have a star-shaped cross section. They can be

machined with close clearances between rotor and

housing, ensuring that the materials in the feed

hopper remain isolated from the discharge stream.

Rotary feeders can be used under a circular, rectangu-

lar, or slot openings and are available in four body

configurations: drop through, blow through, side

entry, and pellet shield [3]. The rotors generally are
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of three basic configurations: open, shrouded, and

shallow pocket rotor [3,4]. Some rotary feeder config-

urations are shown in Figure 44.8.

44.4.5.2 Relevant Design and Operating

Characteristics

The optimum selection and sizing of rotary feeders

depend on the required volumetric rate, the operating

temperature, the differential pressure across the air

lock, and the material properties. Rotary feeders are

commonly available in capacities ranging from 0.015

to 600 m3/h [3] and have been built for pressure

differences up to about 150 kPa [25].

Advantages of the rotary feeder are:
1. Suitable for feeding fine powders

2. Suitable for feeding nonabrasive, free-flowing

materials

3. Serves as gas pressure seal to pass solids from

one pressure environment to another

4. Provides very uniform withdrawal along a slot

opening
Disadvantages and limitations of the rotary feeder

are:
1. Rotary feeders are not usually considered for

feeding very abrasive materials as close-clear-

ance parts can wear rapidly in this case.

2. Sticky or cohesive solids stick and bind within

the relatively small ports of the rotary valve,

gradually build up in rotor pockets, and signifi-

cantly reduce capacity.



44.5 FEEDERS FOR INDUSTRIAL DRYERS

This section describes the more commonly used

feeding systems for selected major industrial dryers.

Specialized and less prevalent dryers have been

excluded from this coverage; additional information

can be obtained from the sources cited at the end of this

chapter. Further, we restrict our attention of dryers for

particulate, pasty, or liquid feeds. For most types of

dryers, the feed-handling equipment is part of the dryer

itself and must be designed accordingly.

44.5.1 FLASH DRYERS

Flash or pneumatic dryers are particularly suited for

drying powdery, granular, crystalline, or pasty prod-

ucts, which are obtained from centrifuges, rotary fil-

ters, or filter press. The selection of the correct feed

system for flash dryers to obtain thorough initial

dispersion of solids in the gas stream is of major

importance. The short residence time (in seconds) in

the dryer requires a homogeneous feed material and

very rapid, even dispersion of the wet material into

the drying airstream. Moreover, the feeding mechan-

ism should supply nonlumpy wet solid into the stream

of the drying air with a very controlled flow rate.

Otherwise, the adjusted residence time in the dryer

will be changed, resulting in off-specification of the

product quality.
Dryer
duct

Air
heater Sc

fe

Dried pro

Disintegrator

R

FIGURE 44.9 Flash-dryer feed system.

� 2006 by Taylor & Francis Group, LLC.
In most cases, feeds for flash dryers must be

granular and free flowing when dispersed in the gas

stream. Such products neither stick on the conveyor

walls nor agglomerate. Also, particles should not be

so heavy as to drop out of the carrier gas. Conse-

quently, the feed system should contain all the neces-

sary elements for even feeding and optimum mixing

of the materials and the drying air [26].

Several variants of this feed system exist, each

capable of handling different kinds of products.

There are specially designed feeders for sticky

products and feeders for products where attrition is

to be minimized, as well as the more conventional

disintegrators feeding the dryer. Finely pulverized

materials with proper size distribution are com-

pressed and fed to the dryer by a screw pump. Alter-

natively, venturi feeders, screw feeders, rotary air

locks with rotating table feeders, mixers, dispersers,

and disintegrators are used singly or in combination

to control the rate of feed and convey the wet material

directly into the hot airstream. A number of sophisti-

cated feeders and flow-aid devices have been devel-

oped to provide more even dispersion in the drying

medium. A typical feed system for a flash dryer is

shown in Figure 44.9.

If the material is temperature-sensitive, i.e., sticks

to hot metal surfaces, has a tendency to burn, or

cannot be easily dispersed in a hot gas stream, then

it is a common practice to introduce the material
rew
eder

Wet feed

duct

Mixer

Cyclone

Vent fan

otary valve

Recycle
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FIGURE 44.10 Sling for a flash dryer. (From Rosin Engineering Company Ltd.)

Rotation

Feed

FIGURE 44.11 Disintegrator to break up wet material in a

flash dryer. (From Rosin Engineering Company Ltd.)
parallel with the hot gas stream by a dispersion feeder

[26–28]. This type of feeder is similar to a material-

handling fan with straight blades. The material intro-

duction and discharge points are along the periphery

of the fan housing 1808 from each other. The cen-

trifugal force generated by the fan wheel propels

the material parallel to the gas stream path thus

dispersing it [29].

If the feed is likely to agglomerate, form lumps, or

is in the form of a sludge or filter-press cake, a mech-

anical disintegrator like a sling (Figure 44.10), a sim-

ple mill, or a cage mill can be included in the circuit

after the feed point [28–31]. A cage mill can be placed

at the bottom of the flash-drying column to assist in

the drying of wet cake feeds containing lumps that

cannot be disintegrated by the airstream. The cage

mill is a low-shaft-speed machine with a rotor that

contains paddles and round bars which break up the

lumps and move the materials up the drying column

by the centrifugal force [28].

The disintegrator (Figure 44.11) breaks up the wet

material and provides a steady stream of finely div-

ided material, flowing in the direction of the drying

medium, which disperses quickly in a venturi so that

it is spread evenly into the drying gas for maximum

efficiency of drying. When these devices do not make

the drying sufficiently uniform, a classifier can be
� 2006 by Taylor & Francis Group, LLC.



installed at the top of the dryer tube to remove fines

and to recycle the coarse fraction for another pass

through the flash dryer.

For some materials that need particularly gentle

mechanical handling, such as crystalline materials,

Barr has developed the so-called cascading screen

[26]. This feeder is similar to the disintegrator but

uses a paddle-wheel rotor with a large-aperture screen

plate at the outlet. The product is dispersed by the

gentle action of a slow-running rotor passing the

material through the screen plate, where it is broken

up by impact with the edges of the holes.

High-initial-moisture materials can be processed

by backmixing some recycled dry products into the

fresh feed in order to improve consistency and hand-

ling characteristics of the feed. This process is usually

carried out in a paddle mixer in which the incoming

wet material is mixed with the recycled stream of dry

products to obtain a nonsticky feed that is then dis-

tributed in the drying gases by the sling. At the same

time, the sling breaks up agglomerates. It should be

noted that the capital cost of backmixing equipment

and the operating costs associated with it can be a

substantial fraction of the overall flash-drying costs in

some cases.
A

1 2
3

4

B

C 6

1. Feed vat
2. Agitator
3. Feed screw
4. Feed pump
5. Rotor
6. Air heater
7. Drying chamber
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FIGURE 44.12 Spin flash-dryer feed system. (From APV Crepa
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Another special type of flash dryer that incorpor-

ates the characteristics of both flash and fluid-bed

dryers is the spin flash dryer [27,29]. This dryer can

be used for the drying of high-solids-content feeds

that cannot be handled in other conventional dryers.

Examples of these feeds are filter cakes, cohesive

pastes, and moist granules. Dilatent fluids can also

be processed in this dryer. The feed system in spin

flash dryers is one of the two types, depending on the

feed. For solid feeds, a feed tank (or vat) is fitted with

a low-speed center agitator that breaks up the lumps

of the cake or paste to uniform consistency and gently

forces it down into a screw feeder. Figure 44.12 illus-

trates this feeding system. In the case of dilatent fluid

feed, the agitated tank and screw feeder would be

replaced with a pump and several liquid injection

ports to the drying chamber.

44.5.2 FLUID-BED DRYERS

Most conventional fluid-bed dryers operatewith some-

what granular feeds in the size range from 100 mm to

1 mm, with a reasonably narrow distribution. The

particles must not be excessively sticky and they must

be resistant to lumping. An essential feature of any
5

7

D

. Product inlet

. Heating

. Air inlet

. Product outlet

co Inc.)



arrange ment for feedi ng material is that the material

should be in a disper sed form . However, some wet and

sticky feeds, or even liquid feeds, can be brough t to the

right c onsistency and made suitable for fluidized- bed

drying. Wet feeds can be back mixed with enough dry

produc ts follo wed by su itable prefor ming. Liqu id

feeds can be process ed using a fluid -bed unit of inert

particles an d spray nozzles within the bed. The feed is

introd uced into the drying chamber at the top of the

fluid bed towa rd the center . The feed sho uld not be

introd uced near the wall, i.e., the feeder must extend

into the freeboa rd over the bed and then release the

feed mate rial [32]. Often, it is desir able to spread the

feed evenly over the top of the bed.

Sui table feed mechani sms for fluid -bed dryers are

screw feeder s, star feeder s, and rotar y valves. When

the moist mate rial is free flowing, it can be sup plied

from a steepl y sided bunke r down a wid e pipe term in-

ating near the base of the bed [28]. The bunke r can

then be equipp ed by any suit able form of solid s co n-

veyor. If the mate rial is in the form of wet c ake, it is

disper sed with unifor m parti cle distribut ion by a ro-

tary feeder . A liquid solut ion can be fed using a rotary

feeder or spray noz zle. The noz zles may be locat ed at

various pos itions, includi ng within the be d itself.

Cont inuou s fluid -bed dry ers can be broad ly clas-

sified into two major groups: backmi xed and plug

flow. Special ized feedi ng systems hav e been used for

each of these two major types. Screw an d rotar y lock

feeder s are commonl y used in the circular, well- mixed

fluid beds. For de ep-bed, recta ngular, plug-flow flui d-

bed dryers , distribut ion and accepta nce of the feed is

relative ly easy. However, in the case of shallow be ds,

the feed must be distribut ed over the full wid th of the

dryer. For this , it is typic al to receive the output from

the feeder on a ch ute that has tri angular baffles [32] . If

a well-mixed fluid bed precedes a plug-flow unit in a

two-stage operation, the well-mixed unit can be located

above the plug-flow unit fed direct ly by gravi ty.

44.5.3 ROTARY DRYERS

Rotary dryers are used to dry solids that are relative ly

free flowin g and gran ular when dischar ged as pro d-

uct. With the right combinat ion of feat ures, even

some liquids an d sludges can be sprayed into a bed

of inert material and dried. Feed material s that are

not co mpletely free flowi ng, such as wet or sticky feeds,

are han dled by external ba ckmixing with a recycled

portio n of the dry product to form a free-flow ing feed

or fed direct ly into a be d of dry mate rials.

The most univers ally applicab le mixer suitable for

recycle mixi ng is the doubl e-shaft, pug-mill -type

mixer [28] . This mixe r shou ld be insul ated to preve nt

excess ive heat losse s from the hot , dry recycl e pro d-
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uct. M oreover, a surge tank of dry recycl e produ ct

should be install ed to ensure unifor mity in the mixing

operatio n and to prevent possibl e interrup tions of the

product from the dryer.

The method of feedi ng rotar y dryers depends upon

the mate rial charact eristic s and the location and type

of ups tream-pr ocessi ng equipment s. Prefer red feeder s

are ch ute, screw, and vibrat ing units [28,31,32 ]. A chute

can be used when the feed c omes from above. To he lp

seal agains t leaks, or if gravi ty feed is not convenient , a

screw feeder is nor mally used. Goo d air sealing is

necessa ry because ingress air reduces heat economy

whereas the revers e causes dust problem s.

Rota ry dryers may operate cocurrent ly or coun -

tercurren tly. For direct cocurrent operatio ns, the

dryer exhaust gases can be used to co nvey, mix, and

predry the wet feed. Here, the wet mate rial is intr o-

duced into the exhaust at a high velocity, separated in

a cyclon e, and then dropped into the feed poi nt of the

dryer. In the cocu rrent mode, the feeder may ov erheat

when con tacting the inlet hot drying gas. In this case,

cooling with cold-wat er jacket may be requir ed to

prevent the risk of ov erheating the feeder meta l

wall with the resul ting scaling or overheat ing of

heat-sen sitive mate rials. If the dryer ope rates counter-

current ly, the heat load of the feeder is limited and

normal ly no specia l co nstruc tion is requ ired.

44.5.4 CONVEYOR DRYERS

Conveyor dryers require that the feed materials

should be in a state of granular or pelleted subdiv-

ision. Further, the feed must cover the conveyor band

evenly in order to establish and maintain a structural

configuration that will permit the free passage of air

through the bed to avoid air channeling and hence

nonuniform drying.

Various types of feeding arrangements are avail-

able to spread or distribute the wet material over the

width of the conveyor. Many feeds can be introduced

into the dryer without special preparation. Others

require special pretreatment or preforming to make

them suitable for thorough circulation of air. Fibrous,

flaky, or free-flowing materials are usually loaded

directly onto the conveying band without preforming

using feeders such as oscillating or vibrating belts,

spiked drums, or belts feeding from bins or hoppers

(Figur e 44.13a ) [28].

A comprehensive range of feed-preforming equip-

ment depending on the physical state of the wet solids

is commercially available. Steam-heated finned drums

have been used as a means of producing a partially

dried, preformed feed. However, such equipment

is usually much more expensive than many of the

mechanical extruders. Pasty materials can often be



Hopper feed

Rolling extruder

(a)

(b)

FIGURE 44.13 Typical conveyor feed devices. (From Proc-

tor & Schwartz Ltd.)
prefor med by extrus ion (Figur e 44.13b) . Genera lly,

extrude rs ope rate with rubb er-cove red roll ers mov ing

over a perfor ated die plate . The rolls are driven back

and forth on a curved perfor ated plate mounted

across the full width of the conv eyor. The feed

in the form of a presse d cake is distribut ed into a

hoppe r sup ported be tween the oscillating rolle rs

from which it is forced by the ro llers through hol es

in the plate [29]. Othe r feeder s of the pressur e type

employ a gea r pump arrange men t, with extrusion

taking place through a series of indivi dual nozzles,

while some use screw feeds, which usu ally are set up

to oscillat e in order to obtain effe ctive coverage of the

band. Alternat e designs include rotat ing cam blad es

or conventi onal bar-type granula tors.

Thi xotropi c filter cak es can often be preformed by

scorin g by knives. In few cases, powd ers can be pel-

leted in briquet tes using briquet ters or pelle tizers to

eliminat e dustin ess and permit drying in conveyor

dryers [28] . A detai led descri ption of the perfor ming

methods , types of mach ine used, and laborat ory test

procedu res can be found elsewh ere [25, 28,29,33] .

44.5.5 SPRAY DRYERS

Spray drying is a unit ope ration involv ing the co nver-

sion of a pum pable liquid feed to a dry pa rticulat e solid

by means of contact with a hot dry ing medium . Sol u-

tions, emuls ions, nons ettling suspensi ons, and slurr ies

can be spray dried. It must be rememb ered that to be

suitable for spray drying, the feed must be in pump able

conditi on or should be made so by dilution .
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The feed system for spray drying con sists of the

followin g co mponents [34]:
1. Product feed tank

2. Feed strainer or filter

3. Water feed tank

4. Feed pump

5. Atomizer
A feed system layou t for spray dryers is shown in

Figure 44.14.

A feed pum p trans fers the pro duct to the atomi zer

either direct ly or via a co nstant-head feed tank .

The feed tanks are of sufficien t volume to permi t

continuous operation and to smoot h out possible

interrupti ons and varia tions in the sup ply of the

material . It is quite us ual for two holding tanks to

be used alternate ly, thus assurin g co nstant produ ct

supply to the dryer. The feed strainer or filter is

impor tant be cause all matt er likely to jeopard ize the

perfor mance of the dryer throug h pa rtial or total

blockage of the atomizer must be remove d. Demi ner-

alized wat er or clean cond ensate is usually requ ired

for use in cases of feed blo ckage.

Pum ps are requ ired in the feed syst em either to

transfer product within the feed syst em or to supp ly

product to the atomi zer. The pum ps in the spray-

dryer feed syste m are sized and selec ted for each

applic ation depen ding on the type an d pro perties of

the feed mate rial and also dep ending on the atomiz er

incorpora ted in the feed system. When rotar y atom-

izers or two-fluid nozzles are use d, low -pressure

pumps are also usuall y used. When pressur e noz zles

are employ ed, high -pressure pump s are requ ired [34] .

Various types of pum ps are used be cause of the

variety of feed mate rials that are enco untered (see

Table 44.6) . A water tank for dryer start-up and

shutdow n is mounted on the atomizer feed pump.

The atomi zer is the most impor tant elemen t in the

spray-d rying plant. Four types of atomi zers are used

in indu strial drying [34–36 ]:
1. Rotary, with atomizat ion by centrifugal energy

(Figure 44.15)

2. Pressur e nozzle, with atomizat ion by pr essure

energy

3. Pneumati c noz zle, with atomi zation by kinetic

energy

4. Sonic noz zle, wi th atomizat ion by sonic energy
The classificat ion of atomizers used in spray dry-

ing is summa rized in Figure 44.16.

The selection of the proper atomizer is governed

by the characteristics of the feed material and the

dried-product specifications. In cases for which more
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than one atomizer type is suitable, the rotary atomizer

is generally preferred due to its greater flexibility and

ease of operation. For more detailed information on

atomizers, other relevant chapters in this handbook

can be referred to.

In certain cases, it may be advantageous to

preheat or pretreat the feed before spaying it into

the dryer in order to increase the atomizer perform-

ance [33,34]. Pretreating and preheating equipment is
TABLE 44.6
Pump Selection for Spray Dryers

Pump Type Feed Material/Atomizer Type

Screw Low-pressure applications:

milk, tomatoes, pharmaceuticals,

and clay. Rotary atomizers or

two-fluid nozzles.

Gear Heavy pastes

Diaphragm Slurries containing large, irregular,

insoluble solids.

Centrifugal Solutions and slurries

High-pressure

pistonor plunger

Pressure-nozzle atomization

arrangements and in-line

homogenization

Source: Masters, K., Spray Drying Handbook, 5th ed. Longman

Scientific and Technical, London, 1991.

Oil cooler
with filter

Support
plate

Feed pipe

Oil pumps

Skirt

Atomizer wheel

FIGURE 44.15 Rotary atomizer. (From Niro Inc.)
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FIGURE 44.16 Classificationofatomizers. (FromMasters,K.,SprayDryingHandbook, 5thed.,LongmanScientific&Technical,

London, 1991; Barbosa-Cánovas, G.V. and Vega-Mercado, H., Dehydration of Foods, Chapman & Hall, New York, 1996.)
connected into the feed system just before the transfer

of the product to the atomizer. In other cases, such as

in the processing of pharmaceutical products for

which any form of powder contamination must be

avoided and a high degree of aseptic conditions is

required, specially designed cleaning and sterilization

systems should be installed in the feed section

(see Figure 44.17). The air-cleaning system is based
Feed tank

Pump

S

Sterile feed filter

Feed

HEPA FilterHeater
Prefilter

Air blower

Atomizing air

FIGURE 44.17 Aseptic-spray-drying system. (From Niro Inc. W
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upon the use of high-efficiency particulate air filters

(HEPA) with a removal efficiency of 99.99%.

44.5.6 DRUM DRYERS

Drum dryers are used for drying liquids, liquid sus-

pensions, or paste-like materials, especially those that

easily adhere to metal surfaces and are, therefore,
pray-drying
chamber

Air heater

Fan

To air exhaust system

Product

HEPA Filter

Two-fluid nozzle

Drying air

Prefilter

ith permission.)
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FIGURE 44.18 Standard feeding arrangements for drum dryers: (a) nip feed; (b) feed roll; (c) double-applicator roll;

(d) splash feed; (e) dip feed; (f) multiple-applicator roll; (1) drums; (2) applicator rolls; (3) doctor blades; (4) conveyors.

(From R. Simon & Sons.)
difficult to dry in other dryers. Drum dryers are div-

ided into two broad types depending on the number

of drums: single-drum dryers and double-drum

dryers. For proper operation of a drum dryer, the

material to be dried is either spread in a thin layer

on the drum surface or the drum is placed in a trough

filled with the nonsettling liquid slurry. The slurry or

paste is fed onto the drums by means of various

types of feeding arrangements. Prior experience on

the specific product or pilot-plant tests is needed to

establish whether a satisfactory film can be formed

with a given design. A typical test procedure is out-

lined by Nonhebel and Moss [33]. Some of the stand-

ard feeding arrangements for industrial drum dryers

are shown in Figure 44.18.

Double-drum dryers normally employ a nip-feed

device with adjustable space between the drums that

provides a means of controlling the film thickness [29].

Alternately, and in the case of single-drum types, a

variety of feeding methods can be used to apply ma-

terials to the drum. The most usual is the simple dip or

splash feed [29,37]. With this arrangement, good li-

quor circulation in the trough is desirable to avoid

increasing the concentration of the feed by evapor-

ation. The dip-feed system was the earliest design and
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is still used when the liquid can be picked up from a

shallow pan. An agitator prevents settling of any par-

ticles, and a spreader is sometimes used to produce a

uniform coating on the drum. The splash-feed type is

used for slurries materials such as calcium arsenate,

lead arsenate, and iron oxide [37]. In both splash-feed

and dip-feed operations, there should be sufficient

overflow from the feed tray to prevent stagnation

and deposition of solids at the corners of the tray

[33]. For special applications, single-drum dryers use

top roller feed in order to prevent possible uneven film

formation. While the number of rolls is related to the

particular application and the material being handled,

in general this method of feeding is used for pasty

materials such as starch. When the feed is very mobile,

rotating devices such as spray feeders may be used.

44.6 CONCLUSION

This chapter provides a summary of various types of

feeders commonly used in conjunction with different

dryer types. Appropriate guidelines are also provided

for selection. In many cases, a number of alternate

feeders can be used for equal performance. Care must

be taken to be sure that the full range of moisture



content is tested as mois ture-indu ced sti ckiness can

cause severe operati onal problem s. Reference to the

literatu re cited as wel l as to the vendors ca n be done

for furt her informat ion and operatio nal exp erience.
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45.1 INTRODUCTION

Dryers are one of the major sources of atmospheric

emissions in industrial operations as the majority of
p, LLC.
industrial dryers operate in an open-cycle system.

A drying installation may cause air pollution by the

emission of dust, gases, and odors. Even plumes of

clean water vapor are unacceptable in some areas.



The nature of the emissions is determined by the

material being dried and the operating conditions.

As no such attention is paid to environmental protec-

tion, these emissions are no longer permissible in many

countries and it is logical that effective means of con-

trolling pollutionmust be developed.Newdrying plants

must be designed with emission control systems capable

of meeting the most severe local requirements so that

they can provide the necessary performance; existing

plants can bemodified andfittedwith control systems in

order to meet new regulations.

Generally, emission control systems used in the

industrial dryers are concerned with the removal or

collection of air contaminants for purposes of
� 20
1. Air pollution control

2. Safety or health-hazard elimination

3. Recovery of a valuable product or solvent

4. Powdered-product collection (e.g., spray drying)
The objective of this chapter is to briefly present the

current technology for dryer emission control systems

via flowcharts, tables, design equations, and practical

description of various dryer emissions and control

systems. Recent developments, trends, and regulations

are also discussed. No attempt is made to give full

design details or to include all dryer emission control

equipment. Discussion will therefore be limited to

some of the better-known, well-proven, and widely

used devices. The reader is referred to the literature

cited for more details and additional information on

specific types of emission control systems mentioned

in this chapter.

Following a general overview of the air pollution

problems encountered in industrial drying plants and

the general considerations for selection and design of

control equipment, this chapter will provide infor-

mation on (a) the basic principles of operation and

equipment configurations of widely used emission

control devices and their advantages and disadvan-

tages, selection and design, and performance char-

acteristics (b) dryer emission control systems

in selected industrial processes. We do not address

the Control of emissions from fossil fuel combustion

used to provide the thermal energy in drying.
45.2 GENERAL CONSIDERATIONS

Dust can be a problem in any convective dryer in

which the material is agitated or stirred during the

drying process and where direct contact occurs be-

tween the material being dried the air and. Dryer

types that can be major dust producers are direct-

fired rotary dryers, flash dryers, fluid-bed dryers, and
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spray dryers. In conveyor dryers, the solids remain

stationary and low levels of entrainment are usually

expected, whereas indirect dryers produce little or no

dust. When an organic liquid is to be removed from a

material, the emissions may include vapors, mists,

odors, and smoke. In this case, recovery of the solvent

is frequently desirable in order to lower costs, prevent

a safety hazard, and eliminate air pollution.

More stringent demands governing environmental

aspects of the plant operations have resulted in better

compliance with antipollution regulations. Modern

drying plants incorporate a variety of emission con-

trol systems, which constitute a substantial propor-

tion of the total capital investment. Moreover, the

strict environmental regulations have led to the use

of alternative dryer types and layouts such as in-

direct dryers and close-cycle layouts instead of the

traditional open-cycle convective drying plants.

For industrial dryers, air pollution control

equipment may be classified into three groups: (a)

equipment for controlling particulate matter (PM);

(b) equipment for controlling gaseous emissions;

and (c) equipment for controlling odor emissions. In

selecting the optimum device for a particular job, it is

necessary to consider many factors. In general, they can

be grouped into three categories: (a) environmental, (b)

engineering, and (c) economic [1,2].

Environmental factors include:
1. Equipment location

2. Available space

3. Ambient conditions

4. Availability of adequate utilities (e.g., power,

water) and ancillary system facilities (e.g.,

waste treatment and disposal)

5. Maximum allowable emissions (air pollution

regulations)

6. Aesthetic considerations (e.g., visible steam,

water vapor plume)
Engineering factors include:
1. Contaminant characteristics (e.g., physical and

chemical properties, concentration, particulate

shape, and size distribution—in the case of

particulates, chemical reactivity, corrosivity,

abrasiveness, toxicity)

2. Gas stream characteristics (e.g., volume flow

rate, temperature, pressure, humidity, compos-

ition, viscosity, density, reactivity, combustibil-

ity, corrosivity, toxicity)

3. Design and performance characteristics of the

particulate control system (e.g., size and

weight, fractional efficiency curves in the case

of particulates, mass transfer in the case of



TABLE 45.1
Types of Equipm ent Appl icable to Cont rol Various
Classe s of Drye r Emissi ons

Equipment Type Emission Classification

Particulate Gas Odor

Cyclones .

Fabric filters .

Wet scrubbers .

Electrostatic precipitators .

Incineration . . .

Adsorption . .

Absorption . .

Condensation . .

Wet scrubbing with

chemical reaction

.

Biofiltration .

Vapor neutralization .

Air dilution .

TA
Sum

Typ

Cyc

Bag

We

Elec

p
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gases or vapors, pressur e dro p, reliab ility

and depe ndability, power requiremen ts, utility

requiremen ts, tempe rature limit ations, main-

tenance requiremen ts)
Econom ic factors include:
1. Capital cost (e.g ., equ ipment, inst allation, en-

gineering)

2. Operating cost (e.g ., utilities, maint enance)

3. Expected equipment lifetime and salva ge va lue
Tabl e 45.1 lis ts the types of devices that can be

used to control emissions from process dryers . The

selection procedu re is always dicta ted by experien ce,

reviewi ng the advantag es and disadva ntages of each

type of air pollution co ntrol equipment , and capabil -

ity of the eq uipment to meet the techni cal requir e-

ments of the process and to achieve comp liance wi th
BLE 45.2
m ary of Particu late Control Eq uipment Charac terist

e of Equipment Primary Collecting

Forces 

Collecting Surface 

lones Centrifugal Cylindrical

filters Direct interception Particulate layer

t scrubbers Inertial, diffusional,

direct interception

Spherical or irregular

trostatic

recipitators Electrostatic Plane or cylindrical
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the regu lations at the lowest overal l cost. In some

drying install ations, the cost of the equipment needed

to comply wi th regu lations can exceed that of the

dryer its elf.

Many types of particulate collection devices are

available commercially ( see Table 45.2). Each oper-

ates on a different principle f or accomplishing r e-

moval of particulates f rom t he gas stream. Four

basic types are common in drying systems: (a) the

drying vessel itself (in t he case of vessel dryers), (b)

cyclone s , ( c) bag filters, and ( d) wet s crubbers. Elec-

trostatic precipitators (ESPs) are not used widely in

drying installations in spite of t heir low-pressure

drop and high c ollection performance. The i nitial

cost of purchase and construction is high. For this

reason, the emphasis in Section 45.3 will be on the

three m ost w idely used devices, e.g., cyclones, fabric

filters, and w et scrubbers. For a concise discussion

of variou s types of solid–gas s eparation equip-

ment and g uidelines f or selection of dust c ollec-

tors, the reader is referred to Hanly and Petcho nka

[3], Croom [4], Morgan [5], Constance [6], A mrein

[7], B ielobradek [8] , Mor gan and W al ters [9], and

Kaf f [ 10].

The remova l of gaseou s pollutan ts from dryer

exhaust may be acco mplished by several possible pr o-

cesses. Among these are absorpt ion, adsorpt ion, co n-

densatio n, and incine ratio n [11–16 ]. The choice of

a given pr ocess is usually determ ined by physical

and chemical characteristics of the dried product

and by economic and environmental considerations.

Table 45.3 summ arizes some of the basic charact er-

istics of the gaseous emission control equipment.

Odor removal may be obtained by physical or

chemical means (Table 45.1). It is worth noting that

moisture-laden or organic vapor emissions should

first be passed through a condenser that is capable

of removing a high percentage of the water vapor or

condensable volatile organic compounds (VOCs).

This minimizes the odorous gas stream to be treated

or allows recovery of a costly solvent.
ics

Optimum Particle

Size, microns 

Efficiency, % Collected Pollutant

10–100 mm 50–90 Dry dust

Down to 1 mm or less >99 Dry dust

Down to 5 mm or less 80–99 Liquid

Down to 1 mm or less 95–99 Dry or wet dust
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b

TABLE 45.3
Summary of Gaseous Pollutant Control Equipment Characteristics

Type of

Equipment

Efficiency, % Remarks

Incinerators 90–95% at low gaseous pollutant

concentrations (<100 ppmv)

Produce products of incomplete combustion or otherwise undesirable

by-product that may require additional controls

95–99% at higher concentrations (>100 ppmv)

Adsorption 90% at gaseous pollutant concentrations in

the order of few hundreds ppmv

Less favored if the mixture of recovered organics cannot be

returned to the process with maximum additional treatment

95% at higher concentrations (>1000 ppmv)

Absorption 90–95% at low inlet concentrations Less favored if a liquid blowdown stream cannot be accommodated

95–99% at high inlet concentrations

Condensation 80þ% at high inlet concentrations

(> few thousands ppmv)

Cannot meet high efficiency without the use of very low

temperature or high pressure

Source: From A. Buonicore, in Air Pollution Engineering Manual, A. Buonicore and W. Davis (Eds.), Van Nostrand Reinhold, New York,

1992. With permission.
45.3 EMISSION CONTROL EQUIPMENT

45.3.1 CYCLONES

45.3.1.1 Principle of Operation and Equipment

Configurations

The cyclone is a mechanically simple, reliable device

for the separation of PM from an air stream by the

action of centrifugal forces. The centrifugal forces,

resulting from the tangential velocity given to the

dust-laden gas at the top of the cyclone, eject the

particles in a circular, vortex motion toward the cyc-

lone wall. These particles, because of their inertia

forces, attempt to move toward the outside wall,

from which they are led to a receiver or hopper. The

clarified gas exits as an axial inner vortex through

the top by way of the gas exit duct.

Figure 45.1 shows a typical reverse-flow cyclone in

which the necessary elements consist of a gas inlet

that produces the vortex; an axial outlet for cleaned

gas, and a dust-discharge opening. There are a num-

ber of different arrangements and modifications that

offer variations in performance and overcome some

of the limitations of the conventional reverse-flow

cyclone. These modifications can be summarized

according to the following classifications [18]:
B

FIGURE 45.1 Shape and dimensions of reverse-flow

cyclone.
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1. Design mode, which can be (a) a scroll or swirl

vane inlet instead of the tangential duct, (b)

straight-through flow, without the conical

portion, (c) insertion of various kinds of in-

ternal vanes, or (d) mechanical centrifugal

separators
06 by Taylor & Francis Group, LLC.
2. Operation mechanism, which can be (a) two or

more cyclones in parallel, (b) two or more cyc-

lones in series, (c) recycling portion of the gas

outlet stream back to the feed, (d) the use of

secondary air flow, (e) skimming off portion

of uncollected dust in the emission stream,

(f) base purge bleeding, or (g) use of electro-

static cyclones



45.3.1 .2 Adva ntages and Disadvant ages [1,19,20]

Advant ages of cyclones are:
TA
Cy

Sou

Stai

Swi

Lap

Swi

Dir

Pete

Ster

Stai

Swi
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1. Simple equipment wi th no moving parts and

few maintenan ce pro blems

2. Low ope rating and cap ital co sts

3. Temperat ure and pressur e limit ations impos ed

only by the material s of co nstruction; specia l

heat-resi sting alloy s or refr actory linings used

for high tempe ratures

4. Design to ha ndle a wider range of chemi cal and

physica l operation cond itions than most oth er

types of collection equipment can handle

5. Relatively low ope rating pressur e dro p

6. Dry colle ction and dispo sal

7. Relatively small space requir ements
Dis advantag es of cyclon es are:
1. Inefficien cy in colle cting pa rticles smal ler than

5 to  10  mm in diame ter

2. Large gas flow rates requir e mult iple-unit or

other de signs

3. Not suitab le for colle cting sticky material s that

would tend to cling in the inter ior wall, or oth er

particles that might tend to agglomerat e and

clog the exit duct

4. Normally requir e secon dary colle ctor to meet

emission control regula tions
45.3.1 .3 S election a nd Design

Cyclon e design consists of selec ting a con figuratio n,

and then de termining the size, total efficien cy, pres-

sure drop, power req uirement, and cost of e ach cyc-

lone to be us ed. The main parame ters are de sign

configu ration, inlet veloci ties, grade and overal l effi-

ciency, and pressur e drop.
BLE 45.4
clone Design Configurations (Reverse-Flow Type)

rce Recommended Duty

rmand [18,22,23] High efficiency

ft [18,22,24] High efficiency

ple [18,22,25] General purpose

ft [18,22,24] General purpose

go and Leith [18,22,26] Experimental

rson and Whitby [18,27] Experimental

n et al. [22,28] Consensus

rmand [18,22,23] High throughput (scroll-type entry)

ft [18,22,24] High throughput (scroll-type entry)
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Desi gn Config uration —T he ov erall size of the cyc-

lone is charact erized by the cyclone body diame ter D ,

and the seven geometric ratio s: Ka ¼ a
D 

, K b ¼ b
D 

,

Ke ¼ De

D 
, K s ¼ S

D 
, Kh ¼ h

D 
, K B ¼ B

D 
, K H ¼ H

D 
. Lich t

[18], Koch and Licht [21], and Leith [22] have sum-

marized a numb er of cyclone configurat ions that have

been propo sed an d studi ed suffici ently to be accepte d

as standar d de signs. Tabl e 45.4 shows some of the

configu rations that can be selec ted based on whethe r

high-e fficiency or general purpose use is desir ed.

Inlet Velocit ies—Inle t veloci ties are normally in

the range of 10 to 3 0 m/s. Cyclon e efficien cy increa ses

with inlet veloci ty up to a c ertain value at whi ch

saltatio n oc curs and particles bounc e along the cyc-

lone wal l and cannot be sepa rated effecti vely. The

saltatio n velocity is given, empir ically, by [22]

us ¼ 2400
mrp

r2
g

D0:2 (b=D)1=2

1� b=D

Grade and Overall Efficiency—Collection efficiency is

a complex exponential function of inlet velocity; air

density and viscosity; particle mass, size, shape, and

roughness; and cyclone design configuration.A number

of attempts have been made to predict the grade effi-

ciency of conventional reverse-flow cyclones. Several

modeling approaches have been reviewed by Licht

[18] and the results of these models are summarized

in Tabl e 45.5.

The overall efficiency h is defined as the mass of

particles removed divided by the mass entering

the cyclone, per unit time. It may be calculated by

integrating the grade efficiency over the particle size

distribution:

h ¼
Z1

0

hi df
D Ka Kb Ke Ks Kh KH KB

1.0 0.50 0.20 0.50 0.50 1.50 4.0 0.375

1.0 0.44 0.21 0.40 0.50 1.40 3.9 0.40

1.0 0.50 0.25 0.50 0.625 2.00 4.0 0.25

1.0 0.50 0.25 0.50 0.60 1.75 3.75 0.40

1.0 0.50 0.30 0.333 0.558 3.50 6.0 0.375

1.0 0.583 0.208 0.50 0.583 1.333 3.17 0.50

1.0 0.45 0.20 0.50 0.625 0.75 2.0

1.0 0.75 0.375 0.75 0.875 1.50 4.0 0.375

1.0 0.80 0.35 0.75 0.85 1.70 3.7 0.4



TABLE 45.5
Model s for Calcul ating Grad e Effi ciency

1. Ranz [18,31]

hi ¼ 2pNe Stkc D=b

where

Stkc ¼
rp d 2p u T

18 mD

Ne ¼ [h þ ( H � h) =2]=a

2. Leith and Licht [18,32]

hi ¼ 1� exp �2(St0kcK)
1

2nþ2

� �
where

St0kc ¼ (nþ 1)KaKbStkc

n ¼ 1� [1� 0:67D0:14](T=283)0:3, T in K

K ¼ 8Kc=K
2
aK2

b

Kc ¼ (V s þ Vnl=2)=D3

Vs ¼ p(S � a=2)(D2 �D2
e )=4

Vnl ¼
pD2

4
(h� S)þ p

4

(‘þ S � h)D2

3
1þ d

D
þ d2

D2

� �
� pD2

e‘

4

d ¼ D� (D� B)(S þ l � h)=(H � h)

‘ ¼ 2:3De

D2

ab

� �1
3

3.Dietz [18,33]

hi ¼ 1� Ko � (K2
1 þ K2)

0:5
� �

exp � p(2Ks � Ka)Stkc

KaKb

� �� �
where:

Ko ¼ 1
2

1þ K2n
e 1þ KaKb

2pK‘Stkc

� �� 	

K1 ¼
1

2
1� K2n

e 1þ KaKb

2pK‘Stkc

� �� 	

K2 ¼ (Ke)
2n

K‘ ¼
‘

D
4.Ranz [18,31]

hi ¼ 1� 1

1þ (2pNe)

Kb

Stkc

TABLE 45.6
Equations for Predicting the Number of Inlet
Velocity Heads (NH) for Cyclones

Shepherd and Lapple [22,34]

NH ¼ 16
ab

D2
e

Stairmand [22,35]

NH ¼ 1þ 2f2 2(D� b)

De

� 1

� �
þ 2

4ab

4pD2
e

� �2

f ¼
� De

2(D�b)

� �2

þ De

2(D�b)
þ 4G*A

ab

� �1
2

(2G* A=ab)

A ¼ p

4
(D2 �D2

e )þ pDhþ pDeS

þ p

2
(Dþ B)� (H � h)2 þ D� B

2

� �2
 !1

2

G* ¼ 0:005
where f is the mass fraction of solid s less than that size

in the feed stream.

Pr essure Drop —A knowl edge of cyclone pressure

drop is requir ed so that power con sumpt ion can be

estimat ed in order to size an d selec t the exhaust air

fan. Cyclone pressur e drop is exp ressed as the numb er

of inlet veloci ty heads NH as follo ws:

DP ¼ rg u
2
i N H =2

Empiri cal, theo retical, and semitheore tical expres-

sions for determ ining NH ha ve been present ed in the

literatu re. Revi ews of these express ions are given by

Leith [22] and Straus s [29] . Sev eral well- known cor-

relations are lis ted in Table 45.6.

It is worth noting that increa sing grain loading

has a pronou nced effect on cyclone pressur e drop .

Briggs qua ntified this effect in terms of a correction

factor as [30]
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DPdusty ¼
D Pclean

1 þ 0: 0086( ci )
1
2

where ci is in g /m3.

45.3.1 .4 Pe rforman ce Char acterist ics

an d Operati onal Pro blems

A properl y designe d cyclone can effectiv ely pro cess

dusts in very high con centra tions and high loading s.

Highe r grain load ings sim ultane ously bring about an

increa se in pressur e dro p for a given vo lumetric ga s

flow rate. Cycl ones are co mmercial ly avail able in sizes

to process 50 to 50,000 m 3/h [22]. Cyclon e perfor m-

ance is commonl y de scribed by its collection effi-

ciency. Typical ranges of collection e fficiencies as

function s of particle size and cyclone type are sho wn

in Tabl e 45.7.

Cycl one collectors are normal ly selec ted for pres-

sure dro ps in the followin g rang es [1]:

Low-e fficie ncy cyclones 500 to 1000 N/m 2

M edium-effici ency cyclones 1000 to 1500 N/m 2

High- efficie ncy cyclones 2000 to 2500 N/m 2

Cycl ones, like other types of process equipment ,

have a numb er of poten tial ope rational problem s and

certain preca utions ne ed to be taken to obta in the

desired performan ce from them [20,36–39 ]. These

problem s are:
1. Reduced flow rates .

2. Increased loading s in submicromet er particle

sizes.



TABLE 45.7
Cyclone Collection Efficiency

Particle

Size (mm)

Efficiency (% by wt)

Conventional

Cyclone

High-Efficiency

Cyclone

<5 — 50–80

5–20 50–80 80–90

15–50 80–95 90–99

>40 95–99 95–99

Source: From L. Theodore and A. Buonicore, Industrial Air

Pollution Control Equipment for Particulates, CRC Press,

Cleveland Thiessen, DB, 1976. With permission.
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3. Insufficient capacity for collected material.

4. Irregular flow patterns resulting from erosion

damage.

5. Cyclone overloading (i.e., where a multiunit

installation is involved, partial blockage in

one of the inlet ducts may be causing uneven

distribution of gas flow).

6. Partial or total blockage of the cyclone base.

7. Precautions should be taken to avoid reaching

the dew point since moisture condensation on

the internal surfaces of the cyclone will start

corrosion and initiate solid buildup. Condensa-

tion can be reduced by preheating the system

before the feed of material is started, gradual

shut down until the system has been comple-

tely drained of dust and water vapor, proper

insulation, and heating the system.

8. Fire and explosion hazards may occur due to

buildup of solids on the internal surfaces of

ducts and cyclone.

9. Precautions are necessary in the prevention of

leakage of air into the cyclone and leakage of

gas plus dust out of the cyclone; both will

reduce the collection efficiency.
For intermittent withdrawal of dust, an airtight

receiver is used; for continuous operation a star valve,

screw conveyor, or special types of locking gate valves

are used.

45.3.2 FABRIC FILTERS (BAGHOUSES)

45.3.2.1 Principle of Operation and Equipment

Configurations

Fabric filter systems (e.g., baghouses) are among the

oldest and most widely applied particulate emis-

sion control devices. Dust filtration in baghouses is
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principally accomplished by passing the dust-laden

gas through a fabric filter. As the gas passes through

the fabric, the dust is collected on the upstream side

by the filtering action of the fabric, building up a filter

cake that also acts as a filter medium. Because of this

accumulated load, the pressure drop increases and the

gas velocity decreases to a prescribed lower limit. At

this point, the operation must be stopped and the

dust collected on the fabrics must be removed and

collected in a hopper.

A combination of mechanisms results in the col-

lection of particles from a gas stream by means of a

fabric filter. These mechanisms include [40,41]:
1. Interception

2. Inertial impaction

3. Diffusion

4. Electrical precipitation

5. Thermal precipitation

6. Gravitational settling
Fabric filtration equipment may be characterized

and classified according to the following criteria [2]:
1. Equipment geometry

2. Mode of operation

3. Capacity

4. Type of fabric material

5. Cleaning method
Industrial fabric filters usually consist of a number

of fabric filter elements. These elements are con-

structed as tubes, envelopes, a pocket slipped over a

wire frame, or cartridges. The most commonly em-

ployed fabric filter element is tubular shaped. This

system is frequently referred as baghouses, as the

fabric is usually configured in cylindrical bags. In a

baghouse collector, a number of tubular fabric filters

are suspended vertically and operate in parallel. If the

required number of bags is very large, they may be

grouped into compartments of several hundred bags

each. Bags are typically 0.1 to 0.3 m in diameter and

2 to 10 m in length.

In terms of mode of operation, fabric filter equip-

ment follows one of the three systems [2]: bottom-feed

units; top-feed units; and exterior filtration units. The

capacity provides another way to categorize and view

fabric filters. Generally, the groupings are small vol-

umes (<300 m3/min), medium volumes (300 to 3000

m3/min), and large volumes (>3000 m3/min) [42].

The choice of filter medium and fabric construc-

tion is important to baghouse performance. The fab-

ric filters are constructed from both natural and

synthetic materials, and the selection is usually made

on the basis of the following factors [2]:
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1. Maximu m tempe ratur e of the gas stre am

2. Physical an d chemic al charact eristic s of the

particles to be colle cted

3. Chemical composi tion of both the carri er g as

and the co llected dust

4. Cost
Tabl e 45.8 is a guide that can be used in the

selection of the fabric filters based on the abo ve-

mentio ned factors.

The temperatur e of exh austs dischar ged from

high-temper ature drying ope rations mu st be adjusted

to conditi ons that can be tolerated by the fabric filter .

This requires that the exhaust be pro perly precooled

prior to filtr ation. Lowerin g the temperatur e wi ll pro-

tect the filter media an d ensure ec onomic filter life.

Furtherm ore, low ering the tempe ratur e will reduce

the flow volume , whi ch, in turn, decreas es the fabric

filter area requiremen t. Thre e methods (Figur e 45.2)

are general ly consider ed when precoolin g is requir ed:
BLE 45.8
er Selection Guide

ric Generic Name Maximum Temperature, ˚C

Continuous Surges

ton Natural fiber cellulose 80 110

ypropylene Polyolefin 90 120

ron Polyester 135 160

ex Nylon aromatic 200 260

on Fluorocarbon 230 260

erglass Glass 260 315

ol Natural fiber protein 90 120

on Nylon polyamide 90 120

el Modacrylic 80 115

on Acrylic 115 135

yethylene Polyolefin 90 —

etex Polytetrafluoroethylene 230 260

rotain Acrylic 125 140

Polybenzimidazole 540 650

on Polyphenylene sulfide 170 —

lon-T Homopolymer acrylic 120 —

ipor Stainless steel 316L 450 540

rce: From L. Theodore and A. Buonicore, Industrial Air Pollution Cont

, 1976; W. Licht, Air Pollution Control Engineering, Marcel Dekker, Ne

lution Technology, S. Calvert and H. Englund (Eds.), John Wiley & Sons

trol Equipment, L. Theodore and A. Buonicore (Eds.), Prentice-Hall,

lution Engineering Manual, A. Buonicore and W. Davis (Eds.), Van Nos

ration Principles and Practice, 2nd ed., M. Matteson and C. Orr, Jr. (Eds.

Pollution, 2nd ed., Vol. 3, A. Stern (Ed.), Academic Press, New York, 196

tern (Ed.), Academic Press, New York, 1977. With permission.
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1. Dilution by mixi ng with outside air

2. Radiati on an d co nvectio n coo ling using heat

exchangers or was te-heat boiler s

3. Spray cooling wi th water
Bag houses can best be characte rized and categor -

ized accordi ng to the method used to remove col-

lected materials from the bags. Three common

methods ha ve been employ ed in ba ghouses (F igure

45.3): shake cleaning ; revers e-flow cleani ng; and

pulse-jet cleani ng. Table 45.9 gives a summary of the

general characteristics associated with the three clean-

ing types.

For dispersion dryers such as flash, fluid-bed,

spray, and some others, the most practical bag filter

collector is the jet pulse type [3]. It causes the least

fluctuation of air flow and so allows these dryers

perform more efficiently. Collectors that periodically

shut down one of the several compartments for clean-

ing are unable to hold a steady pressure drop. But
Acid Resistance Alkali

Resistance

Abrasion

Resistance

Tensile

Strength

Poor Good Good Good

Excellent Excellent V. good Excellent

Good Good Excellent Excellent

Fair Excellent Excellent V. good

Excellent Excellent Fair Fair

Good Fair Fair Excellent

Fair Poor Fair Poor

Fair Excellent Excellent Excellent

Good Good Good —

V. good Fair Good Fair

V. good Excellent Good —

Excellent Excellent Poor Fair

V. good Fair Fair Fair

Good Fair Excellent Excellent

Good Good Good Fair

Good Excellent Good Good

Good Good Excellent Excellent

rol Equipment for Particulates, CRC Press, Cleveland Thiessen,

w York, 1988; J. Turner and J. McKenna, in Handbook of Air

, New York, 1984; J. McKenna and G. Greiner, in Air Pollution

Englewood Cliffs, NJ, 1982; J. McKenna and Furlong, in Air

trand Reinhold, New York, 1992; K. Iinoya and R. Dennis, in

), Marcel Dekker, New York, 1987; K. Iinoya and C. Orr, Jr., in

8; and K. Iinoya and C. Orr, Jr., in Air Pollution, 3rd ed., Vol. 4,
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Water in

Entrainment separator

Water spray

Hot exhaust 

Cooled exhaust to baghouse

Water out

Spray cooling

Hot exhaust

Dryer

Dilution air

Cooled exhaust
to baghouse

Cooling by dilution

Coolant inCoolant out

Hot exhaust Cooled exhaust to baghouse

Heat exchanger cooling

FIGURE 45.2 Dryer exhaust cooling methods.
these colle ctors ha ve other adva ntages and are in

common use in othe r dryer types as well.

45.3.2 .2 Adva ntages and Disadvant ages

[1,2, 37,38,3 9,40,4 2,47–49]

Advant ages of fabric filter s are:
� 20
1. Reliable and highly effici ent on bot h coarse and

fine particulat es.

2. Capable of meet ing pa rticulat e emis sion stand-

ards in most cou ntries.

3. Efficiency and pressur e drop are relative ly in-

sensitiv e to gas stream fluctuat ions as a resul t
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of large ch anges in inlet dust loading s for co n-

tinuous ly cleaned filters.

4. Filter outlet air may be recirculated within the

plant in many cases, which leads to energy con-

servation.

5. No pro blems with liquid was te disposa l, wat er

pollution, or liqui d freez ing.

6. Corrosion a nd rusti ng of co mponents are us u-

ally not pr oblems.

7. There is no hazard of high vo ltage, thus simpli-

fying maintenan ce and repair an d pe rmitting

collection of fla mmable dusts.

8. Use of selected fibrous or granula r filter aids

permits the high-e fficie ncy colle ction of submi -

crone smokes an d g aseous co ntaminan ts.

9. Filter colle ctors are a vailable in a large numb er

of co nfiguratio ns, resul ting in a range of dimen-

sions and inlet and outlet flan ge locat ions to

suit install ation requir ement s.

0. Rel atively sim ple operation .
Dis advantag es of fabri c filters are:
1. Temperat ures great er than 250 to 300 8 C require

special refractor y miner al or metallic fabri cs.

2. Fabric life may be shorte ned at elevat ed tem-

peratures an d in the presence of acid or alkal i

particulat e or gas constituen ts.

3. Certain dusts may requ ire fabric treatment s to

reduce dust seep ing or, in other cases, assi st in

the remova l of the colle cted dust.

4. Concentrat ions of some dusts in the colle ctor

(~50 g/m 3) may repres ent a fire or explosi on

hazard if a spark of flame is admitted by acci-

dent. Fabrics can bur n if readil y ox idizable

dust is be ing co llected.

5. Relatively high maintenan ce requir ement s

(e.g., bag replac ement ).

6. Hygrosco pic mate rials, conden sation of mois -

ture, or tarr y adh esive componen ts may cau se

crusty caking or pluggin g of the fabric or re-

quire specia l a dditives.

7. Replacement of fabric may requ ire respi ratory

protection of maintenan ce pe rsonnel .

8. Not recomm ended for handling air of high

moisture loading , hy groscopi c or deliquesce nt

airborn e parti cles, pro ducts requir ing high

standard s of hygiene in ha ndling, parti cles/ag-

glomerates in stringy (fib rous) form, and in

multiproduct drying where product contamin-

ation must be prevented.
45.3.2.3 Selection and Design

The sizing and selec tion of fabri c filter s (Figur e 45.3)

are based on [18,50]: (a) past experience; (b) actual
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FIGURE 45.3 (continued) (c) Pulse-jet fabric filter. (Courtesy of Mikropul Corp.)
tests that use specific fabrics at specific dus t-to-air

loading s; and (c) empir icism and expe rience blended

with theory. The steps to be taken in the design or

selection of a baghouse syst em are listed in the ord er

recomm ended by Tur ner an d M cKenna [41]:
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1. Specify dust pro perties: type, den sity, size dis-

tribution, concentra tion range, sti ckiness, and

other ch aracteris tics

2. Specify gas prop erties: tempe ratur e range, flow

rate ran ge, humidi ty range, and ch emical co n-

stituent s

3. Specify exhau st requir ements: concentra tion,

allowabl e pressur e drop , and opa city

4. Design the collector:

(a) Choo se filter medium (Table 45.8)

(b) Choose cleaning method (Table 45.9)

(c) Estimate gas-to-cloth ratio

(d) Calculate penetration

(e) Calculate required cloth area and number of

compartments

(f) Specify fan and duct requirements
06 by Taylor & Francis Group, LLC.
Gas-to-Cloth Ratio—One of the major factors in

the design and operation of a fabric filter is the gas-to-

cloth ratio. This parameter is the apparent velocity of

the gas approaching the cloth. It can be calculated by

dividing the total gas volume rate reported as ft3/min

or m3/min by the total area in ft2 or m2 of cloth.

The selection of the gas-to-cloth ratio is very

much an art rather than science. Factors influencing

the gas-to-cloth ratio selection include cleaning

method, filter media, dust size, dust density, dust load-

ing, and other factors [42]. The gas-to-cloth ratio may

be as low as 1 (ft3/min)/ft2 up to as high as 30 (ft3/min)/

ft2 [40]. In general, a lower gas-to-cloth ratio will be

used for gases containing smaller particles or particles

that may otherwise be difficult to collect. A higher

gas-to-cloth ratio will be used for gas streams con-

taining larger particles or those particles that are

easier to collect. Examples of typical gas-to-cloth

ratios are given in the literature [2,18,4–42]. The

usual design factor for drying is a gas-to-cloth ratio

of 4:1, i.e., 4 (ft3/min)/ft2 of cloth area (1.2 (m3/min)/m2

of cloth area) [50].



TABLE 45.9
Comparison of Fabric Filters Cleaning Methods

Cleaning

Method

Fabric

Type

Frequency Motion Mode Duration Bag

Diameters

Gas

Velocity

(m/s)

Flow

Direction

Dust

Accumulation

Shaking Woven Several cycles/seconds;

adjustable

Simple harmonic or

sinusoidal

Off stream 10–100 cycles; 30 s to few

minutes

13–30 cm 0.01–0.03 Outward Inside the bag

Reverse-air Woven Clean one compartment at a

time, sequencing one

compartment after

another; can be continuous

or initiated by a maximum

pressure drop switch

Gentle collapse of bag upon

deflation; slowly

repressurize a

compartment after

completion of a back-flush

Off stream 10–30 s or 1–2min including

valve opening and closing

and dust settling periods

20–30 cm;

length:

55–75 cm

0.01–0.03 Outward Inside the bag

Pulse-jet Felted Usually a row of bags at a

time, sequence one row

after another; can sequence

such that no adjacent rows

clean one after another

Shock wave passes down bag;

bag distends from cage

momentarily

On stream Compressed air

(690 kPa) pulse

duration 0.1 s

13–15 cm 0.02–0.06 Inward Outside

the bag

Source: From J. McKenna and G. Greiner, in Air Pollution Control Equipment, L. Theodore and A. Buonicore (Eds.), Prentice-Hall, Englewood Cliffs, NJ, 1982; J. McKenna and Furlong, in Air

Pollution Engineering Manual, A. Buonicore and W. Davis (Eds.), Van Nostrand Reinhold, New York, 1992; C. Billings and J. Wilder, Handbook of Fabric Filter Technology, Contract No.

CPA-22-69-38, Vol. 1, GCA Corporation, December, 1970; and C. van’t Land, Industrial Drying Equipment, Marcel Dekker, New York, 1991. With permission.

�
2
0
0
6

b
y

T
a
y
lo

r
&

F
ra

n
cis

G
ro

u
p
,
L

L
C

.



Pressure Drop—Another factor of major import-

ance in a fabric filter is the pressure drop caused by the

combined resistances of the fabric and the accumu-

lated dust layer that builds up on the surface of

the fabric. The pressure drop for an operating fabric

filter with dust cake accumulated on the fabric can be

estimated using the following equation [2,18,41]:

DP ¼ SE þ k2ciV
2t

where

DP ¼ pressure drop, N=m2

SE ¼ effective residual drag of the fabric, N s/m3

k2 ¼ specific resistance coefficient of the cake

N s/g.m

ci ¼ concentration of the dust in the inlet gas

stream g/m3

t ¼ filtration time, s

V ¼ velocity, m/s

SE is a measure of drag for the cleaned fabric and

k2, the specific resistance coefficient, is primarily a

characteristic of the dust, varies for different dusts,

and is a measure of how rapidly pressure drop will

build up in the system. Values of SE and k2 should be

obtained experimentally from a plot of DP vs. t. The

slope of the plot is proportional to k2 while extrapo-

lation to t ¼ 0 gives an intercept from which SE may

be calculated.

Typical values of k2 reported by various investiga-

tors for recorded case studies can be found in the litera-

ture cited. If no experimental values of SE are available,

a default value of 350 Nmin/m3 at 258C for a residual

fabric loading of 50 g/m2 has been suggested [41].

The total pressure drop in multicompartment

baghouses operated in parallel, in terms of drag,

is analogous to a set of electrical resistances in

parallel [43]:

N

ST

¼ 1

S1

þ 1

S2

þ � � � þ 1

SN

where
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ST ¼ total baghouse drag ¼ DP

VT

V ¼ total gas volume ¼ V1 þ V2 þ � � � þ VN
N ¼ number of compartments.

If one knows the drag in each compartment at a

given time, the instantaneous drag (and, therefore,

pressure drop) could be easily calculated for the entire

system.

Penetration—Penetration (1-efficiency) is used as

a measure of performance and may be measured or
6 by Taylor & Francis Group, LLC.
calculated for specific particle size or size ranges.

A series of empirical equations developed by Dennis

and Klemm may be used for predicting the outlet

concentration and penetration through a filter [18,41].

co ¼ [Pns þ (0:1� Pns)e
�aw]ci þ CR

Pns ¼ 1:5� 10�7 exp [12:7(1� e1:03V )]

a ¼ 3:6� 10�3V�4 þ 0:094

where

co ¼ outlet dust concentration, g/m3

Pns ¼ dimensionless constant

V ¼ local face velocity, m/min

CR ¼ residual outlet concentration due to

seepage ¼ 5 mg/m3

w ¼ dust loading on fabric, g/m2

These equations were developed for woven glass fab-

rics and fly ash. Their use to other systems would require

experimentally determined values for Pns, a, and CR.
45.3.2.4 Performance Characteristics

and Problems

The major performance characteristics of primary con-

cern for fabric filters are collection efficiency, pressure

drop, and lifetime. These characteristics depend upon

(a) gas-handling capacity, (b) the type of product

handled, (c) bag fabric, and (d) bag cleaning method.

Collection efficiency is probably the most import-

ant factor in the baghouse performance; it is usually

expressed in terms of the mass percentage of dust

retained. Filter collection efficiencies range from the

minimum levels with new or freshly cleaned filters to

the maximum values attainable with dust-laden filters

immediately before cleaning. The weighted average

efficiency is the most important parameter; it nor-

mally is 99% or more. Generally, the highest efficien-

cies and the lowest pressure losses are associated with

low-velocity filters.

In spite of the wide ranges of the baghouse oper-

ation and performance parameters, the following typ-

ical values can be used [44]:

Collection efficiency 99 to 99.9%

Clean fabric pressure drop 60 to 200 Pa

Operating baghouse 500 to 2500 Pa

pressure drop

Inlet dust concentrations 0.1 to 20 g/m3

Gas-to-cloth ratio 0.5 to 5 (m3/min)/m2

of cloth area



Average fabric dust 200 to 2000 g/m2

holdings

Specific resistance 0.5 to 50 N min/g �m
coefficient (k2)

Bag life 1 to 4 y

The following key parameters should be consid-

ered during baghouse operation [41]:
1
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1. Gas volume—A too high gas-to-cloth ratio can

blind the bags; too low values can cause dust

dropout in the ducts.

2. Temperature—Too high can destroy the bags

and/or gasketing; too low might cause dew

point excursions.

3. Dust load—Too high may exceed the unit’s

capacity to convey the dust from the baghouse;

too low may cause extended emissions after

each cleaning cycle.

4. Particle size—Too fine can cause blinding of

the bags or excessive emissions at the design

gas-to-cloth ratio.
The key to baghouse maintenance is the frequent and

routine inspection of the filter bags. All bag units have

a finite lifetime. Typical causes of bag failure are [42]:
1. High gas-to-cloth abrasion

2. Metal-to-metal abrasion

3. Bag-to-bag abrasion

4. Inlet velocity abrasion

5. Chemical attack

6. Upset conditions (e.g., temperature)

7. Accidents
Other major operation problems in baghouse col-

lection system can be identified as follows

[38,39,41,44,46,48,51]:
1. Abnormal high-pressure drop across the col-

lector due to ineffective cleaning, wetting of

bags, reentrainment of dust, or change in inlet

loading or particle distribution.

2. If the dust is sticky or hygroscopic, it can lead

to inadequate cleaning, eventually causing

blinding of the gas.

3. Lower than normal dust discharge due to im-

proper system fan damper position, inleakage

at discharge points, or reentrainment of dust

within collector.

4. High moisture in the air will foul the filters,

causing excessive pressure drop and eventual

blockage of flow.
5. Corrosion of material due to improper material

selection, improper insulation, or dew point

excursions.
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6. Inadequate dust layer formation.

7. Bypassing due to failure of flow control.

8. When baghouses operate below the dew point

of the gas or with dryer discharge gas with a

high water vapor content, possible problems of

condensation are most likely to occur during

the winter, especially if filter units are located

outdoors. In these cases, the baghouses should

be thermally insulated from the atmosphere.

9. Baghouses must be safeguarded against dust

explosions because considerable dust holdup in

the baghouse can occur. Explosion panels that

relieve directly or through short lines to the

atmosphere are normal features of baghouses.

0. Filtration of oxidizable materials can constitute

a serious fire hazard. The ignition source can be

a burning particle from the dryer or the static

charge carried by the dust particle. Because of

this, baghouse systems should be equipped with

automatic devices for closing off the airflow in

case of fire, should be provided with adequate

sprinklers or chemical fire control apparatus,

and vents should be provided on the side con-

taining the dust particles. To dissipate the ac-

cumulated charges, the filter cloth is woven

with a few carbon or stainless steel wires that

are properly grounded.
45.3.3 WET SCRUBBERS

45.3.3.1 Principle of Operation and Equipment

Configuration

Emission control by wet scrubbing involves the separ-

ation of particles and gases from a contaminated gas

stream by means of contact with a liquid. Usually, the

liquid used is water, occasionally with a surface active

agent added. They may also separate or neutralize gas-

eous pollutants by absorption if suitable chemicals are

added to the scrubbing liquid (e.g., KMnO4 or NaCl).

For PM collection, material transfer between the

gas and the liquid phases can be done through differ-

ent mechanisms. For gas removal, it is basically by

diffusion. The particulate collection mechanisms in-

volved in wet scrubbing can be one or more of the

following basic mechanisms [2,52,53]:
1. Inertial impaction

2. Gravitational sedimentation

3. Direct interception

4. Brownian diffusion

5. Thermophoresis

6. Electrostatic precipitation

7. Diffusiophoresis
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1
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8. Condens ation on pa rticles

9. Coagulati on
Scrubber types most frequently used for drying pro-

cesses in general terms of geometric type, collection

mechanism, equipment configuration, and method of

operation are presented in Table 45.10 and Figure 45.4.

45.3.3 .2 Adva ntages and Disadvant ages

[1,20, 29,60]

Advant ages of wet scrubbers are:
1. Can colle ct gases and particles simulta neously.

2. Ability to han dle high -temperat ure, high -hu-

midity g as stre ams.

3. Relatively small space requir ements.

4. Ability to achieve high colle ction efficien cies on

fine particulat es.

5. No fire or explosi on haz ard if suit able scrub-

bing liqui d is used (usual ly water) .

6. Corrosiv e gases and mis ts can be recover ed and

neutralized.

7. Recove rs solubl e mate rial, and the mate rial can

be pumped to another process for furt her treat -

ment.

8. No seco ndary dust sou rces.

9. Low capit al cost (if wastewate r treat ment sys-

tem is not requir ed).

 0 . They a re genera lly more e fficie nt tha n the d ry col-

lector; m any se para te partic l es less than 1 m in siz e.

1. Possibl e conden sation of water vap or is a

positive advantag e be cause it impr oves the

separation through diffu siophores is an d ther-

mophoresi s.
Dis advantag es of wet scrubb ers are:
1. May create water disposa l pro blem.

2. Product is colle cted wet .

3. Corrosion problem s.

4. Very smal l pa rticles (subm icrometer size) are

difficult to wet, and so wi ll pa ss through the

plant.

5. Relatively high mainten ance costs.

6. Relatively high ope ration energy co sts, espe-

cially for high-e fficie ncy syst ems that have

large pressur e drops.

7. Mist an d vapors may be entrai ned in efflu ent

gas stre ams.
45.3.3 .3 S election a nd Design

The design and selection of wet scrubbers usually

focus on the estimation of two primary performance 
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parameters, t he efficiency of removal (or the pene-

tration) and t he pr essure drop. For a given s crub-

ber, performanc e w ill depend on the particle

diameter, c ollection m ec hani sm(s), collecting elem-

ent dimensions, gas flow rate, a nd liquid flow rate.

The syst em pressur e drop dicta tes the power requir e-

ments an d the size of auxiliary equipment such as fans

and pumps.

Deta iled mathe mati cal mod els and de sign equ a-

tions for predict ing the grade penetra tion and syst em

pressur e dro p ha ve bee n de veloped [2,18,29,5 2,

56,57,59] . Sum maries of some of these models are

shown in Tabl e 45.11 an d Table 45.12. Pressur e

drop equ ations for other scrubbers can be found in

standar d Chemical and Environme ntal Engineeri ng

texts or handbo oks [11–16].
45.3.3 .4 Pe rforman ce Char acterist ics

an d Operati onal Pro blems

In a general sense, wet s crubbers may be broadly

classified as low-, medium-, and high-energy scrub-

bers. Low-energy s crubbers having 1 t o 5 in. of w ater

(250 to 1250 Pa) pressure drop incl ude spray towers,

which correspondingly have the l ow est collection

efficiency. The medium-ene r gy group includes cen-

trifugal scrubbers, atom izing impingement scrub-

bers, and certain packed bed s crubbers with typical

pressure drops from 5 to 15 in. of water ( 1250 to

3750 Pa). High- energy s crubbers, s uc h as the venturi

type, have collection efficiencies up to 99.5% and

greater pressure drops within the range of 15 to

35 in. of water (3750 to 8750 Pa) and collect particles

as small as 0.5 m. However, their running costs

are high.

Several general types of wet scrubbers are dis-

cussed in Table 45.13, with a summ ary of their per-

formance and ranges of operation.

Wet scrubbers display some problems as either

high utility costs or low removal efficiencies. Most

of the scrubber problems usually involve spray nozzle

plugging, liquid circuit restrictions, and/or entrain-

ment of droplets from the vessel. Such problems

may include [20,53,61]:
1. Wet/dry zone buildup.

2. Nozzle plugging.

3. Scaling on the scrubber surface.

4. Localized corrosion and erosion that may develop

leakage and deteriorate scrubber internals so that

the power is not being used effectively.

5. Excessive entrainment that shows high particu-

late loading in the scrubber outlet and the pres-

ence of moisture in the duct.



TABLE 45.10
Wet Scrubber Configurations

Scrubber Type Collection Mechanism Equipment Configuration and Method of Operation

Plate Inertial impaction Consists of a vertical tower with one or more perforated plates that are irrigated with

water and through which gas travels and is scrubbed. Usually, the scrubbing liquid is

introduced at the top plate and runs down from stage to stage via downcommers or

by trickling through the holes in the perforated plate. Scrubbers that use perforated

plates are typically called sieve tray towers; those that place rigid baffles opposite

each perforation are called impingement plate scrubbers

Preformed

spray

Inertial impaction Consists essentially of a round or rectangular chamber into which scrubbing liquid is

introduced through one or more sprays. Gases and particles flow through a chamber

with sprays directed co-current, cross-current, or countercurrent to the flow, with the

last being advantageous if gases are also to be removed in the scrubbing process.

In this scrubber type, the particles are collected on liquid drops that have been

atomized by spray nozzles

Packed bed Centrifugal deposition,

inertial impaction

Cylindrical and rectangular towers packed with materials such as Raschig rings and

Berl saddles are normally used for the removal of pollutant gases and vapors.

However, such systems have also been considered for the removal of PM. The

scrubbing liquid is fed to the top of the tower. A distributor plate with a pattern of

overflow pipes provides an even distribution of liquid to the top of the bed. The

liquid flows down through the bed, wetting the packing, and thus provides interfacial

surface area for mass transfer of the pollutant with the gas stream. The scrubbing

liquid serves to wet, collect, and wash PM from the bed. There are three general

ways in which the scrubber may be operated: crossflow, co-current flow, and

countercurrent flow

Gas-atomized spray Inertial impaction Gas-atomized spray scrubbers use a high-velocity flow gas across a liquid surface to

first atomize liquid into droplets and then accelerate the droplets, which can then

be used as collectors of particles in the gas stream. A variety of atomizing scrubbers

work this way: venturi, flooded disc, orifice, and similar types

Centrifugal Centrifugal deposition These are scrubbers in which liquid is sprayed into the unit and mixed with the rising

vortex of gas to be cleaned. Centrifugal scrubbers impart a spinning motion to the

gas passing through them. The spin may come from introducing gases to the scrubber

tangentially or by directing the gas stream against stationary swirl vanes. These

scrubbers serve as their own demister and are resistant to plugging

Moving bed Moving bed scrubbers incorporate a zone of light mobile packing, usually plastic or

glass spheres, in which gas and liquid can mix intimately. The gas stream passes

upward through the packing, while liquid is sprayed up from the bottom and/or

flows down over the top of the moving bed. Particle collection may be enhanced by

using several moving bed stages in series. Continuous movement and agitation

cleans the packing and reduces solid deposition

Source: From W. Licht, Air Pollution Control Engineering, Marcel Dekker, New York, 1988; S. Calvert, in Handbook of Air Pollution

Technology, S. Calvert and H. Englund (Eds.), John Wiley & Sons, New York, 1984; A. Buonicore, in Air Pollution Control Equipment,

L. Theodore and A. Buonicore (Eds.), Prentice-Hall, Englewood Cliffs, NJ, 1982; S. Calvert, J. Goldschmid, D. Leith, and D. Mehta,

Scrubber Handbook, US EPA, NTIS PB 213 016, 1972; S. Calvert, Chemical Engineering, 54–68, August 29, 1977; D. Cooper, in Handbook of

Powder Science and Technology, M. Fayed and L. Otten (Eds.), Van Nostrand Reinhold, New York, 1984; S. Calvert, in Air Pollution, 3rd

ed., Vol. 4, A. Stern (Ed.), Academic Press, New York 1977; K. Schifftner and H. Hesketch, in Air Pollution Engineering Manual,

A. Buonicore and W. Davis (Eds.), Van Nostrand Reinhold, New York, 1992; and J. Kelly, in Gas Cleaning for Air Quality Control,

J. Marchello and J.Kelly (Eds.), Marcel Dekker, New York, 1975. With permission.
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6. Air leaks into the scrubber or ductwork can lead

to an increase in fan horsepower and/or a decrease

in the amount of gas drawn through the scrubber.

7. Wet scrubbers are subject to possible freezing in

cold weather; hence cold weather operation must
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include provisions for preventing damage due to

freezing when the scrubber is not in operation.
Detailed information about wet scrubber problems,

troubleshooting, and upgrading existing scrubbers in



order to obtain improved product recovery and pollu-

tion control and better performance are discussed by

Buonicore [53], Calvert [61], and Gilbert [62].
45.4 DRYER EMISSION CONTROL IN
SELECTED INDUSTRIAL PROCESSES

This section provides a brief description of the

emission characteristics and air pollution control

measures employed in selected industrial processes.The

reader is referred to the literature cited for details.
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45.4.1 MINERAL PRODUCTS INDUSTRY

Drying is an important operation carried out in many

mineral processing plants to improve product quality,

facilitate handling and conveying, improve subse-

quent drying processes, and/or to meet customer spe-

cifications. The main atmospheric emission from

mineral process dryers is PM; other emissions include

gaseous and VOCs, depending on the composition of

the raw materials and the fuel used.

The following sections describe the new perform-

ance standards for dryers in mineral industries and
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FIGURE 45.4 (continued)
then describes, in more detail, selected mineral pro-

cesses and their emission characteristics and control

techniques commonly, but not exclusively, used.
45.4.1.1 Environmental Protection Agency

New Performance Standards

According to the U.S. Environmental Protection

Agency (EPA) standards [63], no emissions shall be

discharged into the atmosphere from any facilities that
� 20
(a) contain PM in excess of 0.092 grams per dry

standard cubic meter (g/dscm) (0.04 grain per

dry standard cubic foot [gr/dscf]) for calciners

and for calciners and dryers installed in series
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and in excess of 0.057 g/dscm (0.025 gr/dscf)

for dryers; and

(b) exhibit greater than 10% opacity, unless the

emissions are discharged from an affected fa-

cility using a wet scrubbing control device.
In these standards, a mineral processing plant is

any facility that processes or produces any of the

following minerals, their concentrates, or any mix-

ture, or a combination of their minerals: alumina,

ball clay, bentonite, diatomite, feldspar, fire clay, full-

er’s earth, lightweight aggregate, gypsum, industrial

sand, coal, magnesium compounds, perlite, roofing

granules, talc, titanium dioxide, and vermiculate. Cal-

ciners and dryers installed in series means a calciner

and dryer installed such that the exhaust gases from

one flow through the other and then the combined

exhaust gases are discharged to the atmosphere. It

should be noted that emission standards are different

in different countries. The types of dryers to which the

standards apply include rotary (direct), rotary (indir-

ect), fluid-bed, vibrating tray, flash, and spray dryers.

The standards are based on the emission levels

achievable using well-designed and operated fabric

filters, wet scrubbers, or ESPs. All of these systems

are considered the best demonstrated technology for

controlling emissions from calciners and dryers in this

source category, depending on the type of calciner,

dryer, and mineral industry.

45.4.1.2 Coal Preparation [64–69]

Coal preparation is a collective term for the physical

and mechanical processes such as breaking and

crushing, screening, wet and dry concentration, and

dewatering. The primary purposes of a coal prepar-

ation plant are to improve the coal quality, meet cus-

tomer specifications, reduce the amount of ash and the

sulfur content of coal, and reduce transportation ex-

penses.

Wet cleaning systems involved in coal prepar-

ation are generally wet and do not, in themselves,

cause air pollution problems. However, the auxiliary

processes, such as drying, can be major emission

sources. Drying of coal is carried out to increase its

calorific value, facilitate its transport, and to prevent

freezing in cold climates. Several types of thermal

dryers are used for coal processing (e.g., fluidized

bed, flash, and multilouvered). The most prevalent

type of dryer in use today is the fluidized bed dryer.

Particulate emissions occur predominately from

ultrafine (200 mesh) coal particles that are entrained

and carried from the dryer by the combustion gases

used as the drying medium. A flash dryer is the

second most used type of dryer.



TABLE 45.11
Grade Penetration Models for Wet Scrubbers

Scrubber Type Penetration, Fraction

Sieve plate pt ¼ exp (�40FKp)

Kp ¼
uhdp2

a

9mGdh

� ln F ¼ 0:184uGsr
0:5
G þ 0:45

dpa ¼ dps C0r½

h i1
2

C0 ¼ 1þ 1:257þ 0:4 exp �1:1
dps

2lg

� �� 	
2lg

dps

lg ¼
kT

2pPd2
mo

dpc ¼ 0:4
mGdh

uhF

� �1
2

Impingement plate pt ¼ exp (�0:693dp2
a=dp2

c )

dpc ¼ 0:4
1:37mGnhd

3
h

QG

� �1
2

Massive packing pt ¼ exp �7:0
ZKp

dc

� �

dpc ¼
fvdc2mG

uGs

� �1
2

Preformed spray Vertical counterflow:

pt ¼ exp
�3QLutZhd

4QGrd(ut � uG)

� �
¼ exp �0:25

Aduthd

QG

� �� �

Ad ¼
3QLZ

rd(ut � uG)

hd ¼
Kp

Kp þ 0:7

� �2

Cross-flow:

pt ¼ exp
�3QLZhd

4QGrd

� �
¼ exp

�0:25Adurhd

QG

� �

Gas atomized pt ¼ exp
QLuGrLdd

55QGmG

F (Kpo, f )

� �

F (Kpo, f ) ¼ �0:7� Kpof þ 1:4 ln
Kpof þ 0:7

0:7

� �
þ 0:49

0:7þ Kpof

� 	
1

Kpo

For large-scale, gas-atomized scrubbers, f ¼ 0.5

dd ¼
0:0585

uG

s

rL

� �0:5

þ1884
mL

(srL)0:5

 !0:45
QL

QG

� �1:5

Source: From S. Calvert, in Handbook of Air Pollution Technology, S. Calvert and H. Englund (Eds.), John Wiley & Sons, New York, 1984;

S. Calvert, J. Goldschmid, D. Leith, and D. Mehta, Scrubber Handbook, US EPA, NTIS PB 213 016, 1972; D. Cooper, in Handbook of

Powder Science and Technology, M. Fayed and L. Otten (Eds.), Van Nostrand Reinhold, New York, 1984; and S. Calvert, in Air Pollution,

3rd ed., Vol. 4, A. Stern (Ed.), Academic Press, New York, 1977. With permission.
The size consis tency of the co al be ing dried and

the veloci ty of the gases throu gh the bed are the major

factors determini ng the air pol lution potential of the

plant. Em issions from dryers in coa l-cleaning plants

consis t mainly of entrai ned coal fines and VOCs re-

leased from the co al, in ad dition to the standar d

combust ion produ cts [69]. A typical composi tion of

the combust ion produ cts emitted from dryers is

shown in Table 45.14. Sulfur oxides vary with the
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sulfur content of the co al, while the other emis sions

are a functio n of the bur ner design and excess air.

Total emissions depend on the amou nt of energy

requir ed to dry the coal to the desired level .

Typi cal emis sion con trol systems in co al dryers are

cyclone collectors an d high-e fficie ncy wet scrubb ers

or packed towers in series. Fabric collectors are

not usually used because of fire hazard. High-

efficiency cyclone, a venturi scrubber, and a demister



TABLE 45.12
Pressure Drop Equations for Wet Scrubbers

Scrubber Type Pressure Drop

Plate DP ¼ DPdry þ DPwet

DPdry ¼ 588
dh

dp2
c

� �2

DPwet ¼ rLgHweir

Preformed spray Cross-current and co-current flow:

DP ¼ 1:03� 10�3 QL

QG

� �
u2

G

Venturi

DP ¼ � 2rLu2
GQL

gcQG

� �
1� x2 þ (x4 � x2)0:5
� �

x ¼ 3ltC;DorG

16ddrL

� �
þ 1

Source: From S. Calvert, in Handbook of Air Pollution Technology,

S. Calvert and H. Englund (Eds.), John Wiley & Sons, New York,

1984; S. Calvert, J. Goldschmid, D. Leith, and D. Mehta, Scrubber

Handbook, US EPA, NTIS PB 213 016, 1972; D. Cooper, in

Handbook of Powder Science and Technology, M. Fayed and L.

Otten (Eds.), Van Nostrand Reinhold, New York, 1984; and S.

Calvert, in Air Pollution, 3rd ed., Vol. 4, A. Stern (Ed.), Academic

Press, New York, 1977. With permission.
install ed on a thermal dryer can reduce PM from 4.5

to 0.1 g /m3 [64] . The estimat ed emission factors for

coal drying plants express ed as kg/t of coal dried are

summ arized in Table 45.15.
45.4.1 .3 Por tland Cement Produ ction

[64 –66,70,7 1]

Portla nd cemen t is a fine powder that mainl y consis ts

of calci um- and silica- based material s such as hy -

draulic cement miner als, dical cium silicat e, and trical-

cium sil icate, wi th smal ler amoun ts of alumina and

iron co mpound s such as tri calcium alumin ates and

tricalciu m alumino ferrite. The Portla nd ce ment pr o-

duction pr ocess involv es qua rrying and crushin g,

grindin g and blending, clinke r produ ction, drying

and calcinati on, and finish grindi ng and pa ckaging.

Genera lly, there are wet process an d dry pro cess Port-

land plan ts. In cement prod uction using the dry pr o-

cess, the kiln feed may be dried in a rotar y dryer or in

combined drying and grindi ng uni ts.

The dryer is the second major so urce of emis sions

after the kiln in cemen t prod uction, especi ally if kiln

exit gases are utilized for dr ying. PM is the prima ry

emission from cement dryers. Emiss ions also include

the combust ion products from the fuel used to sup ply

heat for the direct drying operation . Typical emission

factor for cement dryers without co ntrol is 4 8 kg/t of

cement [65] .
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Em ission co ntrol systems for cemen t dryers must

be designe d for higher tempe ratures. Typi cal syst ems

include multicyclo nes or othe r types of mech anical

collectors , ESPs, or a co mbination of both . Where

fabric filter s are a pplied to dry ing ope ration , they

must be fibe r type suit able for tempe rature above

120 8 C (for mo re informat ion on the selection of fab-

ric filter s see Table 45.8).

45.4.1 .4 As phalt Concr ete [64–6 6,72]

Asphalt concret e pa ving mate rial is a mixt ure of

graded aggrega tes and asp halt cement. The aggre-

gates, whi ch include stone, sand, and minera l dus t

or filler, and include recla imed asphalt pavement ,

make up abou t 92 to 96% of the total mixture by

weight. In a typic al asphalt concret e plan t, the aggre-

gate is proportio ned an d charged to a therm al dryer,

typicall y a rotar y drye r, and heated to tempe rature s

ranging from 135 to 165 8 C. The hot , dried aggrega te

is then screened, trans ferred to stora ge bins, and

introd uced into a mill where it is mixe d with hot

asphalt. Bot h cou ntercurren t an d co-curr ent direct -

fired rotary dryers are used co mmonly .

Particulate emissions from the rotary dryer are by

far the largest source of emissions in asphalt concrete

plants. Dryer dust emissions increase with air mass

velocity, increasing rate of rotation, and feed rate. Ro-

tary dryer emissions vary with the aggregate size and

type of fuel. Uncontrolled particulate emissions average

approximately 22.5 kg/t. The new EPA regulations for

asphalt concrete processes prohibit emissions of par-

ticulate in excess of 0.0915 g/m3 of dry exhaust gas.

Othe r emissions include ga seous emis sions su ch as

carbon mono xide, hydroc arbons, sulf ur oxides, nitr o-

gen oxides, hydrogen oxides, VO Cs, an d aldeh ydes.

Gaseous emissions are much low er than the pa r-

ticulate , gen erally mounti ng to less than 0.5 kg/t .

The EPA emis sion factors for various gaseou s pollu-

tants in asphalt co ncrete manufa cture are listed in

Table 45.16.

Dust con trol syst ems usually include hoods and

enclosures connected to a local exhaust ventilation

system that discharges to cyclone collectors and

scrubbers or a baghouse in series. The most common

type of control equipment is the baghouse; these are

increasing in use as more stringent pollution control

codes are adopted. These filters provide excellent col-

lection efficiency with little or no visible emissions

and the collected dry fines are sometimes usable in

concrete mixes. However, if the exhaust gas tempera-

ture is at or near the dew point of the gas, condensation

of moisture on the fabric filters is always a possibility

and poses a serious fire hazard. The other type of the

commonly used control equipment is the venturi wet



TABLE 45.13
Summary of Wet Scrubber Types, Performance, and Ranges of Operations

Design Efficiency Cut Diameter, mm DP Liquid Consumption Gas Velocity

Plate 90–98% on 1-mm particle 1 mm for 3.2-mm diameter holes 250–1,000Pa 0.4–0.8m3/1,000m3 of gas Superficial: 3 m/s

Packed bed 99% on 5-mm particle 1.5 mm with 2.5 cm packing size Cross flow: 80200Pa/m depth Cross flow: 0.133–0.53m3/1,000 m3 of gas Superficial: 12 m/s

Counter flow:

160–1,250Pa/m depth

Counter flow: 1.35–2.7m3/1,000m3 of gas

Preformed spray 70–80% 2 mm 100–200Pa/m depth 0.4–2.7m3/1,000m3 of gas 15–45 cm/s

Centrifugal 87% on 5-mm particle 4–5 mm without spray 500–1,500Pa 0.27–0.67 m3/1,000 m3 of gas Cyclone inlet velocity:

15–25 m/s

Venturi 99% on 5-mm particle — 1,450–17,500Pa 0.27–1.33m3/1,000 m3 of gas Through venturi throat:

60–120 m/s

Moving bed 99% on 2-mm particle — 750–1,250Pa per stage —

Orifice type 90–95% — 750–2,500Pa —

Source: From S. Calvert, in Handbook of Air Pollution Technology, S. Calvert and H. Englund (Eds.), John Wiley & Sons, New York, 1984; A. Buonicore, in Air Pollution Control Equipment,

L. Theodore and A. Buonicore (Eds.), Prentice-Hall, Englewood Cliffs, NJ, 1982; and J. Kelly, in Gas Cleaning for Air Quality Control, J. Marchello and J. Kelly (Eds.), Marcel Dekker, New York,

1975. With permission.
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TABLE 45.14
Gaseous Emission from Coal Dryers

Compound Concentration, ppm Emission Rate, lb/106 BTUa

NOx 40–70 0.39–0.68

SOx 0–11 0–0.09

HCb 20–100 0.07–0.35

CO <50 <0.30

aBased on heat input to dryer.
bExpressed as methane.

Source: From R. Gerstle, in Handbook of Air Pollution Technology,

S. Calvert and H. Englund (Eds.), John Wiley & Sons, New York,

1984. With permission.

TABLE 45.16
Emission Factors for Selected Gaseous Pollutants
from a Conventional Asphalt Concrete Plant Stack

Material Emitted Emission Factor

g/mg lb/t

Sulfur oxides 146 � Sa 0.292 � Sa

Nitrogen oxides 18.000 0.036

Volatile organic compounds 14.000 0.028

Carbon monoxide 19.000 0.038

Polycyclic organic material 0.013 0.000026

Aldehydes 10.000 0.02

Formaldehyde 0.075 0.00015

2-Methyldehyde (isobutyraldehyde) 0.650 0.0013

1-Butanal (n-butylradehyde) 1.200 0.0024

3-Methylbutanal (isovaleraldehyde) 8.00 0.016

aS ¼ sulfur content of fuel by weight.

Source: From K. Gunkel, in Air Pollution Engineering Manual,

A. Buonicore and W. Davis (Eds.), Van Nostrand Reinhold, New

York, 1992; and U.S. Environmental Protection Agency (EPA),

Compilation of Air Pollution Emission Factors (AP-42), Section

8.1—Asphaltic Concrete Plants, EPA, Research Triangle Park,

NC, October, 1986. With permission.
scrubber. Generally, a high-pressure (6-kPa gauge)

venturi scrubber is required to meet the regulated

requirements. In addition to controlling particulate

emissions, the venturi scrubber is likely to remove

some of the process hydrocarbon emissions from the

exhaust gas.

45.4.2 CHEMICAL PROCESS INDUSTRY

The chemical process industry can be defined as a

process industry in which crude raw materials of a

mineral or petroleum origin are connected by way of

chemical intermediates into semifinished or final

products. For this section, consideration of the chem-

ical industry has been restricted to the dryers involved
TABLE 45.15
Emission Factors for Coal Dryers

Pollutant Operation

Fluidized Bed

Dryer, kg/MT

Flash Dryer,

kg/MT

Particulates

Before cyclone 10 8

After cyclone 6 5

After scrubber 0.05 0.02

SO2

After cyclone 0.22 —

After scrubber 0.13 —

NOx

After scrubber 0.07 —

Volatile organic compounds

After scrubber 0.05 —

Source: From L. Simmons and L. Lambert, in Air Pollution

Engineering Manual, A. Buonicore and W. Davis (Eds.), Van

Nostrand Reinhold, New York, 1992. With permission.
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in the manufacture of fertilizers, sodium carbonate,

and detergents. These processes are selected to il-

lustrate the main emission control techniques and

air pollution problems encountered with chemical

process dryers.

45.4.2.1 Phosphate Fertilizers [74–80]

Phosphate Rock Preparation—Domestic phosphate

rocks are essentially fluorapatite admixed with vari-

ous proportions of other compounds of calcium,

fluorine, iron, aluminum, and silicon. Phosphate

rock preparation involves beneficiation to remove

impurities, drying to remove moisture, and grinding

to improve reactivity. Phosphate rock, when very

finely pulverized, has limited direct use as a fertilizer.

However, it is mainly used as a raw material for the

manufacture of phosphate acid, superphosphate,

phosphorus, and phosphorus compounds.

After beneficiation, the washed rock may contain

7 to 20% moisture, which is reduced to between 1 and

2% moisture using direct-fired rotary dryers. Emis-

sions expected from the dryer consist primarily of

fine rock dust. Some sulfur dioxide may also be pre-

sent in the dryer exhaust from the combustion of

sulfur in the fuel. Phosphate rock dryers are usually

equipped with dry cyclones, followed by wet scrubber

systems for control of rock dust. The scrubber



systems will operate at typic al particulat e colle ction

efficien cies of 97 to 98% wi th emis sions ranging from

0.1 to 0.3 kg /t of phos phoric anhydride (P2O5) [77].

Norm al Sup erphosphate Product ion —Norm al

superpho sphate is the mate rial resulting from the

reaction of groun d phos phate rock and 65 to 75%

sulfuric acid. This fertil izer material contain s from

15 to 21% P2O 5. The process includes mixing and

reaction , dr opping into a den, curing, granula tion,

drying, coo ling, and screeni ng.

If the nor mal superph ophate is granula ted, the

material passes through a direct -fired rotar y dryer.

Emission s from the dryer will include gaseou s fluor -

ides, fert ilizer dust, and sulf ur oxides, especia lly if the

dryer is fired wi th high-s ulfur oil. At a typical normal

superpho sphate plant, the emissions from the dr yer

are control led by a cyclone co llector as the prim ary

collector, follo wed by a wet scrubber or baghou se,

with effici encies ranging from 90 to 99% [74, 77]. In

additio n to co ntrolling the particulat e emis sions, the

wet scrubber serves to remove the fluoride emis sions

by scrub bing the off-gases with recycl ed water. Sc rub-

ber types that can be used are cyclon ic, venturi , im-

pingem ent, jet ejecto r, and crossflow-pa cke d spray

scrubbers [76].

Tr iple Superphos phate Pr oduction —T riple super-

phosph ate (TS P) is a fertil izer mate rial with a phos -

phorus co ntent of over 40%, measur ed as phos phoru s

pentoxi de (P2O 5). Two process es have be en used to

produc e tri ple sup erphosphat e: run-of -the-pile (ROP -

TSP) an d granula r (GTSP). Thes e process es involve

reaction , granu lation, drying, cooling , screeni ng, and

conveying to the stora ge buildi ng. In the drying stage ,

the slurr y-wetted granule s are fed to a rotar y gas- or

oil-fired rotar y dryer in which excess water is re-

moved. Em issions from the dryer include particulat es,

sulfur oxides, and fluorides such as silicon tetraflu or-

ide an d hy drogen fluoride. For emis sion co ntrol, the

plant is usuall y equ ipped wi th cyclone separato rs for

remova l of a por tion of the dust before us ing wet

scrubbers to remove fluorides. Typical ly, two scrub-

bers are placed in series. The first is general ly a v en-

turi scrubber that utilizes eithe r gypsum pond wat er

or dilute phosp horic acid as the scrub bing liquor. The

final cleanin g de vice is typicall y a pa cked scrubber

that uses wat er from the gypsum pond to c ontrol

gaseous emissions . The effe ctiveness of the abatem ent

systems for the remova l of fluorides and pa rticulat es

varies from plant to plan t, dep ending on a numb er of

factors [79] : (1) inlet fluor ide concentra tion; (2) outlet

or saturated gas tempe ratur e; (3) co mposition and

tempe rature of the scrubbi ng liquid; (4) scrubber

type an d transfer units ; an d (5) e ffectiven ess of the

entrain ment separat ion. Cont rol efficien cy is en -

hanced by increa sing the number of scrubbi ng stage s
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and by using a fres hwater scrub in the fina l stage .

Reporte d effici encies for fluor ide control range from

<90 to > 99%, dep ending on inlet fluor ide co ncentra -

tion and the system employ ed . The maxi mum allow-

able fluor ide emis sion from triple phosph ate plants is

0.1 kg /t P2O 5 fed [76]. A schema tic diagra m of the

process wi th its emis sion con trol system is shown in

Figure 45.5.

Am monium Phosphat es —Ammonium phosp hates

are prod uced mainl y as either mon oammoni um phos -

phate or diammo nium phosp hate by react ing phos -

phoric acid wi th anhydro us ammoni a. In many

plants, 93 to 98% sulfuric acid is used to co ntrol the

composi tion of the final product. After the reacto r

and the granula tor, the mo ist ammoni um phosph ate

granule s are trans ferred to a ro tary dryer.

Exha ust gases from the dryer co ntain ammoni a,

fluorides, and pa rticulat es. Thes e streams are co m-

monly c ombined and passed through cyclones for

particulat e recover y and then to prim ary scrubbers .

The prim ary scrubbers colle ct ammon ia at effici encies

greater than 99% using a solution of 2 0 to 30% phos -

phoric acid in water. M aterials colle cted in the cyc-

lone and prim ary scrubb ers are return ed to the

process . The exh aust is sent to secon dary scrubb ers

in whi ch recycl ed gypsum pond water is use d as a

scrubbi ng liqui d to control fluoride emis sions; the

scrubber effluent is return ed to the gypsum pond.

Prima ry scrubbi ng eq uipment commonl y includes

venturi and cycloni c spray tow ers. Impingemen t

scrubbers and crossflow-pa ck ed bed spray scrubb ers

are used as secondary controls. Emission control effi-

ciencies for ammonium phosphate plant control

equipment are reported as 94 to 99% for ammonia,

75 to 99.8% for particulates, and 74 to 94% for fluor-

ides [80]. Average controlled emission factors for the

dryer are 0.75 and 0.02 kg/t P2O5 for particulates and

fluorides, respect ivel y [76] . Figure 45.6 sh ows a sche-

matic diagram of the process, illustrating the dryer

and its emission control system.
45.4.2.2 Muriate of Potash [78]

The term potash is generally used to describe com-

pounds that contain the element potassium. In the

fertilizer industry, all potassium values are, by con-

vention, measured in equivalent weight of potassium

oxide. The most popular potassium-based fertilizer is

potassium chloride (KCl); in the fertilizer trade it is

referred to as muriate of potash. The operations in-

volved in the production of muriate of potash from

sylvinite (crude KCl) ore are crushing, scrubbing,

separation, conditioning, flotation, crystallization,

centrifuging, drying, and screening.
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FIGURE 45.5 Granular triple superphosphate process flow diagram with rotary dryer emission control system.
Dryer s in the potash indust ry are the major source

of atmos pheric emis sions. Direct- fired rotar y dryers

are commonl y used and fines are entraine d with the

high exit gas velocity. Parti culate control eq uipment
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FIGURE 45.6 Ammonium phosphate process flow diagram and

� 2006 by Taylor & Francis Group, LLC.
used on potash dryers includes cyclones , wet scrubbers ,

and bag houses. A co mparison of the effectiven ess of

these collectors for con trolling particulat e emis sions

from potash dr yers is illustrated in Table 45.17.
Rotary
dryer

Rotary
cooler

Screens

ond water

Product storage

 stack

emission control system.



TABLE 45.17
Controlled Emissions from Gas-Fired Rotary
Potash Dryers

Dryer

Capacity

t/y

product

Control

Equipment

Controlled

Emissions t/y

Uncontrolled

Emissions t/y

350,000 Dry cyclone 450 7000

200,000 Venturi scrubber 14 —

120,000 Baghouse 0.2 —

Source: From L. Beck, in Handbook of Air Pollution Technology,

S. Calvert and H. Englund (Eds.), John Wiley & Sons, New York,

1984. With permission.
45.4.2 .3 S oap and Detergent s [37,75,81 ,82]

The term ‘‘so ap’’ refer s to a parti cular type of deter-

gent in whi ch the water- soluble group is carboxyl ate

and the posit ive ion is usually sod ium or potass ium.

The term ‘‘syn thetic detergen ts’’ app lies broadly to

cleanin g an d launderin g co mpound s con taining sur-

face-acti ve (surfact ant) co mpounds along wi th oth er

ingredi ents. Syn thetic deterg ents are used in diff erent

cleanin g operatio ns contain ing su rfactants to remove

dirt, builder s to treat water to impr ove the e fficiency

of the surfa ctants by soften ing the water, and addi-

tives to impro ve cleani ng or physica l propert ies.

Additives to detergents include bleaches, anticorrosion

agents, antisoil redeposition agents, foam boosters,

perfume, optical brightners, and fillers.

The main atmos phe ric pollut ion problem in soap

manufa cturin g is odor . Odors emanat ing from the

spray dryer may be control led by scrub bing wi th an

acid solution. The producti on of soap powder by

spray drying is the single large st source of dust in

the manufa cture of synthet ic deterg ents. The large

sizes of the particu lates from synthet ic deterg ent dry-

ing means that high-e fficien cy cyclones install ed in

series can achieve satisfa ctory control . Dust emis sions

from other finishi ng ope ration s can be control led by

dry filters such as ba ghouses. Curren tly, no emission

factors are avail able for soap manufa cturi ng. No in-

formati on on hazardou s a ir pollut ants, VO Cs, ozone

deplet ers, or heavy meta l emissions informat ion were

found for soap manufa cturing [82].

The manu facture of the granu lar de tergents by

spray drying is of paramount inter est. This pro cess

includes three steps : slurr y pr eparation , spray drying,

and granu lar han dling (coo ling, additive blend ing,

and packaging ). The product is dried in either co n-

current -flow or countercur rent spray drying tow ers

with drying air tempe ratur es in the range of 250 to
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400 8 C for con current operati on and from 250 to

350 8 C for co untercur rent ope ration. The noz zle

atomizing pressur e is in the range of 30 to 60 atm.

The exhaust air from the spray dryer contai ns two

main co ntaminan ts. The first is fine deterg ent particles .

These pa rticles co nsist mainl y of detergen t co mpound s

in additi on to some unco mbined phos phates, sulfates ,

and other miner al compo unds. The second co nsists of

organic compou nds vapo rized in the spray dryer.

These organic compou nds originate prim arily from

the surfactant s used in the feed slurr y. The amou nt

vaporiz ed depen ds on many variab les such as tow er

tempe rature and the volat ility of organic s used in the

slurry. Thes e vaporiz ed organ ic material s condense in

the tow er exhaust airs tream into droplet s or particles .

Paraffin alcohol s and amide s in the exh aust strea m

can resul t in a highly visible plume that persi sts afte r

the co ndensed water vapor plume has dissipated.

Opacity and organic emissions are influenced by

granular temperature and moisture at the end of drying,

temperature profiles in the dryer, and formulation of

the slurry. A method for controlling visible emissions

would be to remove offending organic compounds (i.e.,

by s ubs ti tu ti on ) f ro m t he s lur ry . O th er wi se , t owe r pr o-

duction rate may be reduced thereby reducing air

i nl et t em p e ra tu re s a nd e x h a us t t em p e ra tu re s. L o w e ri ng

production rate will also reduce organic emissions.

Se veral separat ion an d co ntrol approach es have

been de veloped to co llect the fine dust and organ ic

compou nds in the spray dryer efflu ent. For the con -

trol of particulat e emissions , cyclon es and c yclonic

impinge ment scrub bers a re frequen tly employ ed as

the prim ary co llectors. Secon dary co llection eq uip-

ment is used to collect fine dust and or ganic aerosol s

that pass through the primary collectors . Cyclon ic

impinge ment scrubbers are usua lly follo wed by mis t

eliminat ors, while cyclones are followe d by wet scrub-

bers, scrubber precipitators, or fabric filters. Spray

chambers, packed scrubbers, as well as venturi scrub-

bers have been used. Problems may be encountered

when filters are used as control devices for detergent

drying towers as the exhaust gas is very humid (near

the dew point) and the product particles are sticky

at high temperatures. These conditions result in the

condensation of water vapor and organic aerosols and

thus binding the filler fabrics. Typical control efficien-

cies and emission factors for various control schemes

for a deterg ent sp ray dryer are shown in Table 45.18.

45.4.2.4 Sodium Carbonate (Soda Ash) [83–85]

Sodium carbonate (Na2CO3), commonly referred to

as soda ash is a lightweight crystalline solid, moder-

ately soluble in water, usually containing 99.3%

Na2CO3. Soda ash is made commercially by four



TABLE 45.18
Particulate Emissions Factors for Detergent Spray
Dryer

Control Device Efficiency, % Emission Factor,

kg/mg of Product

Uncontrolled NA 45

Cyclone 85 7

Cyclone with

spray chamber 92 3.5

packed scrubber 95 2.5

venturi scrubber 97 1.5

wet scrubber 99 0.544

scrubber/ESP 99.9 0.023

Fabric filter 99 0.544

Source: From R. Scherr, in Air Pollution Engineering Manual, A.

Buonicore and W. Davis (Eds.), Van Nostrand Reinhold, New

York, 1992 and U.S. Environmental Protection Agency (EPA),

Compilation of Air Pollution Emission Factors (AP-42), Section

6.8—Soap and Detergents, EPA, Research Triangle Park, NC,

1995. With permission.
different processes: monohydrate; sesquicarbonate;

direct carbonation; and Solvay process. Environmen-

tal issues and increasing fuel costs have been contrib-

uted to the decline in the production of soda ash by

the Solvay process and hence, new soda ash plants are

likely to use the monohydrate or the direct carbon-

ation processes.

Three types of dryers are used for drying in the

monohydrate and direct carbonation processes: ro-

tary steam tube, rotary gas-fired, and steam tube

fluid bed. Sodium carbonate fines are emitted from

all of these dryers. Estimated uncontrolled particulate

emission rates, particulate concentrations, and exit
TABLE 45.19
Uncontrolled Particulate Emissions from Steam Tube Dr
and Direct Carbonation Processes

Steam Tube

Dryer Type

Production

Rate, mg/h

Particulate Emission

Factor, kg/mg Feed

Rotary 23 25.5–33.9

Rotary 63 25.5–33.9

Fluid bed 63 51.5–116

Fluid bed 113 51.5–116

Source: From M. Barboza and N. Haymes, in Air Pollution Enginee

Reinhold, New York, 1992 and U.S. Environmental protection Agency

Proposed Standards—Draft EIS, EPA-450/3-80-029 a, U.S. Environ

Standards, Emission Standards Division, Research Triangle Park, NC,

� 2006 by Taylor & Francis Group, LLC.
gas flow rates extrapolated from EPA test data are

presented in Table 45.19 [83,84].

Particulate emission control equipment applicable

to dryers in soda ash plants includes cyclones, wet

scrubbers, ESPs, and baghouses. Venturi scrubbers

are used to control emissions from rotary steam tube

dryers. Cyclones in series with venturi scrubbers are

used to control emissions from fluid-bed steam tube

dryers. Both venturi scrubbers and ESPs have been

used to control emissions from gas-fired dryers. How-

ever, the use of ESPs or baghouses can result in oper-

ation problems because of the high humidity of the

dryer exit gas and the fact that the collected soda ash

particles are quite soluble and hygroscopic. This wet,

sticky dust adheres to the electrodes and hoppers of the

ESP or blinds and cakes the fabrics in the baghouse.

Controlled emission factors of total PM from rotary

soda ash dryers and fluid-bed soda ash dryers are 0.25

and 0.019 kg/mg of product, respectively [85].
45.4.3 PHARMACEUTICAL INDUSTRY [37,86–90]

The processes and unit operations that are commonly

used in the pharmaceutical industry include chemi-

cal synthesis, fermentation, product recovery and

purification, extraction, formulation, filtration, crystal-

lization, and drying. Drying is applied to pharmaceutical

products to remove excess solvents, as these heat-sensitive

materials are more stable in dry than in wet form.

Because of the importance of product purity and

the presence of toxic and biologically active constitu-

ents, pharmaceutical manufacturing operations must

be very clean and closely controlled. Controlling air

emissions is considered important to avoid the inad-

vertent contamination of products and to prevent

occupational and community exposure to harmful

substances. Using emission controls is also important
yers in the Monohydrate

Particulate Emission

Rates, 1000 kg/h

Exit Gas Particulate

Concentration, g/dNm3

0.581–0.767 69–77

1.62–2.15 69–77

3.27–7.35 42–91

6.08–13.6 42–91

ring Manual, A. Buonicore and W. Davis (Eds.), Van Nostrand

(EPA), Sodium Carbonate Industry—Background Information for

mental Protection Agency, Office of Air Quality Planning and

August, 1980. With permission.
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in recover ing high -priced solvent s often remove d

during the drying ope ration.

Dryer emissions in the pharmac eutic al indust ry are

simila r to those in many chemical process dryers in

that both ga seous and particu late emissions can be

signific ant. However, of greate st concern are VOCs .

Many of these comp ounds are phot ochemic ally react -

ive and co ntribute to troposp heric oz one form ation.

An adde d conce rn is that some of these comp ounds are

toxic; both short-ter m and long-t erm expo sure to them

are unde sira ble and can lead to a dverse hea lth effects.

Typi cal control measur es used in pharmac eutic al

indust ry to reduce VOCs (incl uding odors) are co n-

densation, absorption (spray towers, venturi scrubbers,

packed columns, and plate columns), adsorption (using

activated carbon beds), thermal destruction (flares,

boilers and process heaters, thermal incinerators, and

catalytic incinerators), and vapor containment. Water-

or brine-cooled condensers are the most common con-

trol devices, with carbon adsorbers in occasional use.

Where the main objective is not solvent reuse but is the

control of an odor ous or toxic vapor, scrub bers or

incine rators are used [86] . Typi cal spray dryer syst ems

equipped with therm al and cataly tic incinerator s are

shown in Figure 45.7.

Cycl ones, bag filter s, an d wet scrubb ers are com-

monly used to con trol parti culate emis sions as in

other industries . Ho wever, since the permi tted level s

of particulat e emissions from dryers in the pharma-

ceutica l indu stries have been greatly reduce d in line

with the increa sing de mands for environm ental ly

clean ope rations, ne w design layout s have been devel-

oped to meet these requir ement s and legislat ions.

These syst ems use high-e fficie ncy cyclones and bag

filters or wet scrubbers in series. Expe cted pa rticulate

emission level s from spray dryers for various syst em

layout s are listed in Tabl e 45.20.

Specialized designs have been developed to solve

emission control problems connected with conventional

methods in the pharmaceutical industry. Among these is

closed-cycle drying, which employs recycle of the drying

medium. Closed-cycle drying is recommended if
(d)

FIGURE 45.7 Spray dryer systems for toxic and odorous

� 20
1. Flammab le, toxic , or valuabl e solvents are used

2. No atmos pheric pollut ion due to odor , solvent

vapor, or powder emissions is permi tted

3. Powder-a ir explosio n/fire risks exist

materials emissioncontrol: (a)open-cycle thermal incineration

mode; (b) open-cycle catalytic incineration mode; (c) recycle

thermal incineration mode where indirect dryer air heating is

essential; and (d) recycle thermal incineration mode where

direct dryer air heating is acceptable. (Courtesy of Niro, Inc.)
Fig ure 45.8 and Figure 45.9 show flow sheets for

closed- cycle spray and flash dryers .

Nir o A/ S have developed a specia l design for sp ray

drying a queous feeds that generate eithe r unpl easant

odors during drying, or consist of toxic materials, and/

or form potential explosive powder–air mixtures

within the dryer [90]. This drying system features
06 by Taylor & Francis Group, LLC.
built-in deactivation (incineration) and heat recovery

stages to eliminate residual active/toxic material emis-

sions, while recovering the necessary incineration heat
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FIGURE 45.8 Closed-cycle spray drying system. (Repro-

duced by permission of Niro Inc.)

TABLE 45.20
Particulate Emissions for Various Spray
Dryer Layouts

Plant Layout Particulate Collector Particulate

Emission

Levels,

mg/Nm3

Open-cycle system Cyclone >250

Special cyclone or

vortex flow separator

50–250

Open-cycle system Cyclone þ scrubber 20–100

Special cyclone þ scrubber 5–50

Open-cycle system Bag filter <20

Open-cycle system Cyclone þ bag filter 0.1–5

Open-cycle system Bag filter þ absolute filter 0.1

Recycled systems All types Negligible

Source: From K. Master, Spray Drying Handbook, Longman

Scientific & Technical, New York, 1991 and A/S Niro Atomizer,

Spray Drying Systems for Meeting Environmental Standards, Bulletin

No. 56, A/SNiro Atomizer, Copenhagen, Denmark. With permission.
for reuse in the spray dryer. A flow sheet is shown in

Figure 45.10 to illustrate this drying syst em.

45.4.4 FOOD AND A GRICULTURE INDUSTRY

45.4.4 .1 Gra in Handl ing, Food , and Feed

Pr ocessing [75,91– 97]

Grain ha ndling a nd process ing facilities move grain

from the farm through stora ge an d trans fer locat ions

(grain elevat ors), to the mills and plants that generate
Dryer
duct

Cyclone

Rotary valve

Feed

Steam

Heater

FIGURE 45.9 Closed-cycle flash drying system.

� 2006 by Taylor & Francis Group, LLC.
a varie ty of prod ucts (e.g., flour, star ch, oil, anima l

feed) that can be used as food for the hum ans and

feed for the animals.

M any grain elevators, grain mills, and feed man u-

facturing plan ts use grain dryers to redu ce the mois -

ture content of the grain. In the foo d an d feed

indust ries, whenev er a powd er or dr y crystalline pro d-

uct is desir ed as a resul t of a wet process , the fina l

operatio n is drying. Dri ed foods are easy to transp ort

and store since micro bial growth is control led becau se

free wat er is not available for growth. Thus, quality

and nutri tional values are retain ed during stora ge.

A wide va riety of dryers are us ed in the food and

feed ind ustries (e.g ., spray, fla sh, fluid-bed, rotar y).

The main pollutant of concern in grain han dling

and processing facilities is PM. Also, direct-fired

grain drying operation may emit small quantities of
Fan

Coolant

Solvent

Bleed

Makeup nitrogen

Condenser
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FIGURE 45.10 Spray drying plant, environmental layout. (Courtesy of Niro, Inc.)

TABLE 45.21
Emission Factors for Alfalfa Dehydration Plants

Source Particulate Matter (PM)

Filterable PM,

lb/t

Condensible PM,

lb/t

Triple-pass dryer cyclone:

Gas-fired 4.8 1.0

Coal-fired 7.5 ND

Single-pass dryer cyclone:

Gas-fired 4.1 0.65

Wood-fired 3.1 1.3

ND ¼ No data.

Source: From U.S. Environmental Protection Agency (EPA),

Compilation of Air Pollution Emission Factors (AP-42), Section

9.9.4—Alfalfa Dehydrating, EPA, Research Triangle Park, NC,

1996. With permission.
VOCs and other combust ion pro ducts. Grain dryers

present a difficult problem for air pollut ion control

because of the large vo lumes of air exhau sted from

the dryer, the large cross-sect ional area of the ex-

haust, the low specific gravity of the emitted dust,

and the high moisture con tent of the exh aust stre am.

The emission of PM from grain dryers is pr imarily

depend ent upon the type of grain, the dus tness of the

grain, and the dryer con figuratio n (emi ssion facto r ¼
3.0 lb/t in rack dryers and 0.22 lb/t in column dryers ).

Cross-flow column dryers hav e a lower emis sion rate

than rack dryers becau se some of the dus t is trapped

by the column of grain. In rack dryers , the emission

rate is higher bec ause the turni ng motion of the grain

generat es more ‘‘bees wi ngs’’ (a light flaky material

that br eaks off from the corn kerne l during dry ing

and hand ling). The EPA ’s New Sour ce Perform ance

Standards (NSPS) for grain elevators establis hed

visible emis sion limit s for grain dryers by requir ing

0% opacit y for emis sions from column dryers wi th

column plate perforati ons not to e xceed 2.4 mm

diame ter or rack dryers wi th a screen filter not to

exceed 50 mesh ope nings [94].

The PM con trol devices typic ally used in the grain

dryers a re screens , cyclones , and fabri c filters. In the

food an d feed indust ries, cyclon es, ba ghouses, and

wet scrubbers are used to control solid parti culate

emissions. However, as with any organic dust, food

processing dusts also have a high explosion tendency.

Hence, special care is required to select, size, and

operate the control devices. Emission factors for vari-

ous dryer types utilized in alfalfa dehydration plants
� 2006 by Taylor & Francis Group, LLC.
are given in Table 45.21. Tabl e 45.22 shows the filter -

able PM emission factors developed from available

data on several source/control combinations for corn

wet milling operations.

Flash drying systems, as applied to the feed indus-

try, are usually designed to accomplish drying with

disintegration. During drying, the airborne contam-

inants that may be emitted are dusts, vapors, and

odors. The nature of the emissions is determined by

the material being dried and the operating conditions

of the drying system. Specifications were written to



TABLE 45.2 2
Particul ate Matt er (PM) Emi ssion Factor s for Cor n
Wet Mill ing Opera tions

Source Type of

Control

Filterable PM

Emission Factor,

lb/t

Gluten feed drying:

Direct-fired rotary dryersa Cyclone 0.27

Indirect-fired rotary dryersa Cyclone 0.49

Starch drying:

Flash dryersb Wet scrubber 0.59

Spray dryersb Fabric filter 0.16

Gluten meal drying:

Direct-fired rotary dryersa Cyclone 0.27

Indirect-fired rotary dryersa Cyclone 0.49

Fiber, germ, and

dextrose drying

ND ND

aEmission factors based on weight of PM, regardless of size, per unit

weight of gluten meal or gluten feed produced.
bEmission factors based on weight of PM, regardless of size, per

unit weight of starch produced.

ND ¼ no data

Source: From U.S. Environmental Protection Agency (EPA),

Compilation of Air Pollution Emission Factors (AP-42), Section

9.9.7—Corn Wet Milling, EPA, Research Triangle Park, NC,

1995. With permission.

TABLE 45.23
Particulate Emissions for Natural and Processed
Cheese Manufacturea

Source Pollutant Average Emission

Factor, lb/t

Cheese dryer Filterable PM 2.5

Condensible inorganic PM 0.29

Condensible organic PM 0.44

Whey dryer Filterable PM 1.24

Condensible PM 0.31

aEmission factors for cheese dryers represent average values for

controlled emissions based on wet scrubbers or venturi scrubbers.

Factors for whey dryers are average values for controlled emissions

based on cyclones, wet scrubbers, or fabric filters. PM ¼ particulate

matter.

Source: From U.S. Environmental Protection Agency (EPA),

Compilation of Air Pollution Emission Factors (AP-42), Section

9.6.1—Natural and Processed Cheese, EPA, Research Triangle

Park, NC, 1997. With permission.
deal prim arily wi th the odor prob lem. Bot h scrubb er

systems and thermal combust ion systems a re used

[75]. In general , the higher the air veloci ties used in

the dryer, the greater is the level of parti culate

carryov er in exhau st.

Food produ cts such a s milk powder , coffe e, tea,

corn syrup solids, star ches, potatoe s, eggs, cheese,

fruit and veg etable powder s, and so on are usually

spray dr ied. All dryers can be fitted wi th cyclone

collectors to colle ct the fine parti cles that do not sett le

in the dryer chamber. If necessa ry, the cyclone can be

backed up with a fabri c co llector unle ss the powder is

hygroscopi c, in which case a wet scrubber may be

used. Emiss ion fact ors for cheese drying and whey

drying in natural and process ed cheese manufa cture

are sh own in Table 45.23.

45.4.4 .2 Fish Process ing [98,99]

The process ing of fish is divide d into two main cat-

egorie s. Freshly caugh t fish such as salm on an d tuna

are either frozen or can ned for human co nsumpt ion.

The by-produ cts from these ope rations are proce ssed

by fish meal plants an d the prod ucts from these plants

are us ed for pet food and anima l feed supplem ents.

The fish meal process typic ally is a continuous

operati ng system includi ng cook ing, pressi ng, drying,
� 2006 by Taylor & Francis Group, LLC.
cooling , storage, and shipp ing. Dryi ng is used to re-

duce the mois ture content (or water activit y) of the

fish meal in order to prevent micro bial decompo s-

ition. Two main types of dryers are used : direct-fire d

rotary units and indirect rotary dryers .

The large st odor emission source in fish meal plants

normal ly is the dryer, especi ally direct-fire d dryers that

requir e signi ficant volume s of air for mo isture re-

moval . Thes e dryers contribu te ab out 60 to 8 0% of

the total odor emission from the fish meal process .

Table 45.24 illustr ates the odor emissions from severa l

rotary direct -fired dry ers withou t odor con trol. Direct-

fired dryers also emit smoke an d parti culate. It shou ld

be noted that the exhau st from direct-fire d dryers nor -

mally average s about 95 8 C a nd its mois ture co ntent

ranges between 15 and 25% by volume . PM emission

factors for steam tube dryers an d direct-fire d dryers a re

5.0 and 8.0 lb/t, respect ively [99].

Typi cal dryer exhaust emis sions are sulfur com-

pounds such as hydro gen sulfide, carbon disul fide,

carbonyl su lfide, and methy l and n-propyl merca ptans.

In addition to ammoni a, the onl y amine present is

trimet hyl amine . Since the emis sions from the dryers

contai n con siderable moisture at tempe ratur e of

about 95 8 C, necessa ry means should be provided to

remove most of this mois ture and to cool the air

before furthe r odor treatment . Also, there may be

dust partic les in the cyclone exh aust that should be

remove d be fore effecti ve odor measur es can be ap -

plied. This is normal ly accompl ished by eithe r direct

or indir ect co ntact (e.g ., shell and tube) water- cooled

conden sers. The direct-cont act type includes co -

current flow ven turi scrubbers and cou ntercurren t



TABLE 45.24
Typical Odor Emissions from Rotary Fish Meal Dryers

Feed Rate,

t/h

Type of Fish Temperature of

Dryer Discharge, ˚C

Exhaust Gas

Volume, (sm3/min)

Odor

Units/sm3

10 Tuna 105 524 52 972

15 Mackerel 105 524 52 972

70 Tuna 105 255 24 720

10 Tuna 115 283 52 972

14 Tuna 150 227 141 258

9 Tuna 95 480 88 286

Source: From W. Prokop, in Air Pollution Engineering Manual, A. Buonicore and W. Davis (Eds.), Van Nostrand Reinhold, New York, 1992

and U.S. Environmental Protection Agency (EPA), Compilation of Air Pollution Emission Factors (AP-42), Section 9.13.1—Fish Processing,

EPA, Research Triangle Park, NC, 1995. With permission.

TABLE 45.26
flow spray- type scrubbers . In addition to conden sing

water vapor an d cooling the gas, a specific de gree of

odor redu ction is obtaine d with direct -conta ct co n-

densers since certa in odorous co mpound s are quite

water solubl e (Tab le 45.25) .

Two basic methods of odor co ntrol are ap plied to

emissions from dryers afte r conden sing the water

vapor: boiler incine rati on by direct -flame ox idation

and wet scrubb ing by chemical oxidat ion or the use of

other scrub bing agen ts. In cineration provides the

most pos itive control of nuisance- causing odorous

compou nds. Chl orinat or scrub bers ha ve been found

to be 95 to 99% effec tive in control ling odor s from

fish co okers and dryers [99] . Table 45.26 sh ows the

odor reducti on obtaine d by boiler incine ration .

Recently, new drying technologies have been devel-

oped for the drying of cooked and pressed fish (e.g.,

superheated steam fluid-bed dryer) (Figure 45.11) [100],

which leads to nonpolluting and safe drying at low

energy consumption. In this, the fluid-bed dryer oper-

ates under pressure by circulating steam in a closed

vessel. Water evaporated from the feed material gener-
TABLE 45.25
Odor Removal Ability of Direct Condensers

System Odor Units/1000 sm3 Percent

Removal

Air Temperature, 8C

Inlet Outlet Inlet Outlet

1 4875 670 86 — —

635 127 80 92 35

2 1835 635 65 79 28

Source: From W. Prokop, in Air Pollution Engineering Manual, A.

Buonicore and W. Davis (Eds.), Van Nostrand Reinhold, New

York, 1992 and U.S. Environmental Protection Agency (EPA),

Compilation of Air Pollution Emission Factors (AP-42), Section

9.13.1—Fish Processing, EPA, Research Triangle Park, NC, 1995.

With permission.
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ates steam. As the drying takes place in a closed system,

no pollution by fine particles or odor emission to at-

mosphere will occur. Steam-dried products are easier to

digest and in many cases have a higher nutritive value.
45.5 NOMENCLATURE

45.5.1 CYCLONES

a cyclone gas entry height, m

A inside surface area of cyclone, m2

b cyclone gas entry width, m

B cyclone dust outlet diameter, m

ci inlet dust concentration, g/m3

co outlet dust concentration, g/m3

dp particle diameter, m

d diameter of cyclone cone at the natural

length, m

D cyclone cylinder diameter, m
Odor Removal Ability of Boiler Incineration

System Odor Units/1000 sm3 Percent Removal

Inlet Outlet

1 5085 200 96

635 30 95

2 168 30 82

127 21 83

3 635 42 93

318 35 89

Source: From W. Prokop, in Air Pollution Engineering Manual, A.

Buonicore and W. Davis (Eds.), Van Nostrand Reinhold, New

York, 1992 and U.S. Environmental Protection Agency (EPA),

Compilation of Air Pollution Emission Factors (AP-42), Section

9.13.1—Fish Processing, EPA, Research Triangle Park, NC, 1995.

With permission.
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FIGURE 45.11 Superheated steam fluid-bed dryer: (1) screw

feeder; (2) stationary blades; (3) cylinder; (4) cyclone; (5)

ejector; (6) vanes; (7) heat exchanger; (8) impeller; (9) top

outlet; and (10) screw conveyor. (Courtesy of Niro, Inc.)
De cyclone gas outlet diame ter, m

g accele ration of gravity, m/s 2

G* fricti on factor, 0.005

h cyclone cylin der he ight, m

H cyclone overal l height , m

K cyclone geomet ry pa rameter

l natural lengt h, m

n vortex exponent

Ne numbe r of turns gas makes within cyclon e

NH numbe r of inlet velocity heads

DP pressur e drop, N/m 2

S cyclone gas outlet height , m

Stkc stokes number

Stkc
0 stokes number

ui cyclone gas inlet velocity, m/s

us saltati on velocity, m/s

uT tangent ial gas velocity, m/s

Vs annu lar v olume around the exit duct from S

up to half the inlet height a/2, m 3

Vnl annu lar volume aroun d the cen tral co re from

S down to the natural lengt h l , m3

hi grade effici ency

h overal l effici ency

m gas viscosit y, Pa � s
rg gas density, kg/m 3

rp particle densit y, kg/m 3
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f ratio of maxi mum tangent ial gas velocity to

veloci ty within gas en try
45.5.2 WET SCRUBBERS

C0 Cunni ngham slip correction fact or, dimen-

sionl ess

dc nominal packing diame ter, cm

dh diame ter of sieve plate hol e, cm

dmo molec ular diame ter, cm

dps physica l pa rticle diame ter, m

dpa aerodyn amic diame ter of particle, cm

dpc perfor mance cut diame ter, mA

f empir ical factor

fv volume fraction voids

F foam de nsity, g/cm 3

k Boltzm ann constant ¼ 1.38062 � 10 �23 J/K

Kp inertial impaction parame ter, dimens ionless

Kpo inertial impaction parame ter, dimens ionless

lt venturi throat length , cm

nh number of holes

P gas pressure, kPa

DP pressur e drop, N/m 2, or cm water column

(WC)

DPdry dry plate pressur e drop, cm WC

DPwet wet plate pressur e drop, cm W C

pt penetra tion, fraction

QG gas volume tric flow rate, m 3/s

QL liquid vo lumetric flow rate, m 3/s

rd drop radius , cm

T gas temperatur e, 8C
uG gas velocity relative to duc t, cm/s

uGs superfici al ga s veloci ty, cm/s

uh gas velocity through sieve plate hole, cm/s

ur drop veloci ty relat ive to gas, cm/s

ut drop term inal settli ng velocity, cm/ s

Z height of pack ing

hd effici ency for singl e dro p

lg mean free path of gas molec ules, cm

mG gas viscosit y, g/cm � s
mL liquid viscos ity, g/cm � s
rL liquid de nsity, g/cm 3

rp particle densit y, g/cm 3

s surfa ce tensi on, dyne/cm
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46.1 INTRODUCTION

It has become apparent in recent years that energy

resources, especially natural gas and oil, are limited.

Consequently, all industrial sectors in all parts of the

world need to identify more efficient methods of

energy utilization. Despite periodic fluctuations,

there is a tendency for energy costs to increase and,

consequently, in many cases energy should become an

important element of innovations to drying practice

and changes in equipment technology. Many studies,

publication, and monographs are concerned with
, LLC.
optimized energy utilization; most of these refer to

a specific industry (e.g., chemical, ceramic, and met-

allurgical). However, a process-oriented approach

would be more justified, as it would be based on a

particular equipment or operation regardless of the

branch of industry.

In the case of drying, it is worth noting that in

many technologically feasible cases the initial mois-

ture content of a product can be reduced by using

other methods that are more energy efficient. For

example, water removal from solids by mechanical

devices such as presses or centrifuges and, in the



case of liqui ds, the reuse of the heat in a multistage

evaporat or results in en ergy co nsumpt ion being a p-

precia bly lower overal l. Duri ng the past de cades, the

rise of energy prices was accompan ied by increa singly

stringent legislation on pollution, working conditio ns,

and safety. To meet these req uirements a s well as to

optimize energy con sumption , new ideas in drying

methods and dryer design are requir ed. Consid ering

the problem s en countered in drying (Table 46.1), it is

obvious that this is not an easy task an d, becau se

energy asp ects in drying is a broad subject, this ch ap-

ter is lim ited to the follo wing points :

. Genera l co nsiderations

. Methods of heat recover y

. Noncon vention al e nergy sources (e.g., micro -

waves, radiofreq uency [RF], and inductio n)
. New drying techni ques
. Contro l and monit oring of the drying pr ocess
. Environme ntal problem s.
46.2 GENERAL CONSIDERATIONS

The poten tial for energy reducti on can be con sidered

from severa l poi nts of view, the most impor tant being:

. Method ological : Devel opment of gen eral

methods for reducing energy consumed
. Technolo gical : Utilizati on of seco ndary energy

sources , reductio n of heat losse s to the atmos -

phere, and the like
. Socioecon omi c : Stimulat ion of search for pot en-

tial energy sources
. Organ izational : Coordin ation of pro cesses

aimed at an economic al use of energy
TABLE 46.1
Problems Encountered in Drying

Mode of Heating Condu

Energy sources Coal, oil, natural gas, electr

Pressure High vacuum (freeze drying

Scale From 10kg/h to >100 t/h

Type of apparatus About 100 types of identifie

Process rate limitation Boundary layer, inner diffus

Size and shape of material Powder, granules, foil, film,

Material properties Nonporous, capillary-porou

material, crystalline, fabri

Initial moisture content From almost dry (<1% kg/k

Thermal resistance of the material From material very sensitiv

Value of the product From bulk chemical produc

products (>$150,000/t)

� 2006 by Taylor & Francis Group, LLC.
. Ecologi cal: Focus ing attention on solut ions safe

for the natural en vironmen t:

The general princi ples an d methods of energy

conserva tion have been outlined in a number of com-

prehensi ve monograph s [1–5] . In the past few years,

many articles ha ve been publis hed conce rning the

potential for energy conserva tion in indust rial drying.

The impor tance of energy saving is so great that this

topic needs not only an up-to- date, comprehen sive

literature review, but also a new and generalized ap-

proach to the dryer as energy-consuming equipment.

Industrial dryers consume a significant part of the

total energy used in manufacturing processes, 12% on

the average. For example, the energy used for drying

in selected U.K. industries was estimated to be 128 �
109 MJ/y [6].

Tabl e 46.2 present s the overal l pattern of energy

usage for drying in France [7] and the United King-

dom. The estimated total energy used for drying in

the United States amounts to about 1600 � 109 MJ/y

[8]. Hallström [9] reported a similar result for the

Swedish chemical industry, for which he found that

15% of the total energy was used for drying.

Per capita water evaporation per year is estimated

to be [10]:

United States 1090 kg

Great Britain 800 kg

Czechoslovakia 630 kg

Many industrial users of dryers ignore energy effi-

ciency on the grounds that product quality and

throughput are paramount. However, a proper bal-

ance between these parameters should be maintained.

The process of dryer design and improvement

must be constantly reviewed since many external
ction, Convection, Dielectric, and Radiation

ic energy, waste materials, and solar energy

), vacuum, atmospheric pressure, and high pressure

d dryers are used in the world at present

ion, and boundary layer with inner diffusion

and plate

s, and hygroscopic; solution, syrup, mud, gel, extruded

c, cardboard, and fiber

g dry material) to full saturation (>100% kg/kg dry material)

e to temperature (<308C) to thermally resistant materials (>2008C)

ts (<$70/t of dry material) to pharmaceutical



TABLE 46.2
Overall Pattern of Energy Usage for Drying

Subsector

French Industry

Drying (109 MJ/y)

British Industry

% Due to DryingDrying (109 MJ/y) Total (109 MJ/y)

Food and agriculture 46.3a 35 286 12

Chemicals 8.6 23 390 6

Textiles 1.9a 7 128 5

Paper 38.8 45 137 33

Ceramic and building

materials

15.7 14 127 11

Timber 7.9a 4 35 11

Others 50.3 No data — —

Total �168 128 1103 12

aAdded thermal energy (tons of oil equivalent) and electricity (GWh), extracted from original data.

Source: From A. Larreture and M. Laniau, The State of Drying in French Industry, Drying Technology, 9(1):263–275

(1991); C.G.J. Baker and D. Reay, Energy Usage for Drying in Selected U.K. Industrial Sectors, Proceedings of 3rd

International Drying Symposium, 1:201–209 (1982).
factors may change in the dryer’s ‘‘life.’’ For example,

changes in the properties of the raw materials and the

final products, changes of solvents, and requirements

in both the plant and the general environment con-

cerning devices for dust removal may be the factors. It

is further affected, perhaps most importantly, by the

availability and cost of energy.

46.2.1 INTENSIFICATION OF HEAT

AND MASS TRANSFER

The enhancement of a process affects the energy sav-

ings mainly due to:

. The shortening of process time and machine

length, resulting in the reduction of energy

losses within the shell unit of production
. Supplying of heat precisely to the place at which

it is needed and, as a result, achieving the reduc-

tion of energy wasted in heating peripheral

equipment
. A decrease of drying agent consumption.

In many practical cases, the external and internal heat

and mass transfer are the main influences on drying

process intensity [11]. Having this in mind, it is im-

portant to carry out these transport processes prop-

erly, as for the two cases below:
� 20
1. In the case of external transport (from the wet

material surface to the drying agent), the in-

tensification of heat and mass transfer can be

achieved due to:
06 by Taylor & Francis Group, LLC.
. An increase in the differences in temperature

and concentration of the substance evaporated

in the vicinity and at the surface of the material
. Increase in flow rate and turbulence of the

drying medium, leading to rapid changes of

flow direction, which in turn result in bound-

ary layer renewal
. Changes in the properties of the drying med-

ium or its condition by, e.g., replacing air

with an inert gas or by carrying out the pro-

cess under lower pressure
. The application of electromagnetic wave en-

ergy (e.g., infrared and high frequency)
2. In the case of heat and mass transport inside

the material being dried, intensification can be

achieved by:

. Changes in the material structure prior to or

in the course of drying (if this is technologic-

ally feasible)
. Addition of surface-active substances to the

material that can enhance transport processes
. Control of temperature, moisture content, and

pressure distributions in the material by, e.g.,

varying the rate of energy transfer with time.

In the majority of cases, the most efficient ap-

proach to drying intensification is likely to be a

combination of several methods. Among the methods

for enhancement of heat and mass transfer applied in

drying, the following should be considered: (1) mixing

of the material during drying; (2) periodic changes in

the drying agent flow to the material; (3) application

of high temperatures; and (4) changing conditions,
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FIGURE 46.1 The effect of T1 on hTmax of the single pass of

drying agent in the dryer: (1) T0 ¼ 408C Y0 ¼ 0.010 kg/kg; (2)

T0 ¼ 308C, Y0 ¼ 0.000kg/kg; (3) T0 ¼ 308C, Y0 ¼ 0.010kg/

kg; (4) T0 ¼ 308C, Y0 ¼ 0.020kg/kg; and (5) T0 ¼ 208C, Y0

¼ 0.010kg/kg where Y0 denotes ambient air humidity.
e.g., alternate heating and cooling of the material [12–

17]. Arising from the continuous changes of tempera-

ture in the region of the material surface, as well as

from the flow pulsation [15], heat transfer coefficients

can be 1.5 to 3 times greater than under fixed condi-

tions.

It has been shown that a temperature increase

from 140 to 1808C in textile industrial dryers resulted

in a reduction in energy consumption of 25% [16] and

impulse drying of building and ceramic materials

resulted in 30% reduction [17].

46.2.2 ENERGY EFFICIENCY OF THE DRYING

INSTALLATIONS

The energy performance of a dryer and a drying pro-

cess is characterized by various indices such as volu-

metric evaporation rate, surface heat losses, steam

consumption, unit heat consumption, and energy

(thermal) efficiency. Of all these indices, the energy

efficiency h, is most frequently quoted in technical

specifications. It commonly relates the energy used

for moisture evaporation at the solids feed tempera-

ture (Eev) to the total energy supplied to the dryer (Et):

h ¼ Eev

Et

(46:1)

For low humidity and low temperature convective

drying when the specific heat capacities are constant,

the energy efficiency can be approximated by thermal

efficiency, which is the function of the inlet air tem-

perature (T1), the outlet air temperature (T2), and the

ambient temperature (T0):

hT ¼
T1 � T2

T1 � T0

(46:2)

Equation 46.2 shows that energy efficiency hT

could vary from 0 (for T2 ¼ T1) to 1 (for T2 ¼ T0).

Accepting that the outlet air temperature can not

be lower that the material temperature at any instant

of a drying process, it may be concluded that there is a

maximum efficiency determined by the equation:

hTmax ¼
T1 � Twb

T1 � T0

(46:3)

where Twb is the wet bulb temperature corresponding

to the outlet air conditions.

A maximum efficiency hTmax vs. T1 (at different

values of T0 and absolute humidity of ambient air) for

the simplest case of a single pass of air through the dryer

is shown in Figure 46.1 [18]. From Equation 46.2 and

Equation 46.3 it is clear that the energy efficiency de-
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pends on the inlet and outlet temperatures of the drying

agent, ambient temperature, and air humidity; high

energy efficiencies are attained by the use of high inlet

temperatures and by arranging the outlet air conditions

close to saturation. Hence, the same rotary dryer, e.g.,

operated at low temperature, will have lower energy

efficiency than the one operated at higher temperature.

The energy efficiency also depends on heat fluxes sup-

plied and lost, the number of internal heating zones, air

and material recirculation, and so on. An extensive

review of various expressions for the energy efficiency

along with parametric analysis of various drying condi-

tions is presented by Ashworth [21].

The energy efficiency is usually regarded as a cu-

mulative parameter, calculated from the initial–final

or inlet–outlet data. For batch drying, the energy

efficiency is therefore given as an average value over

a drying time, while for continuous drying the energy

efficiency is averaged over the range of moisture con-

tent or the dryer length. However, the energy effi-

ciency depends on the material moisture content at

any instant because thermal energy is used not only

for evaporation of free moisture, but also for the

removal of bound moisture and eventually breaking

the material–moisture bonds [19]. To account for

variation of the energy efficiency with material mois-

ture content Kudra [20] proposed the concept of an

instantaneous energy efficiency defined as:

«E ¼
energy used for evaporation at time t

input energy at time t
(46:4)

Integration of the instantaneous energy efficiency

gives the cumulative energy efficiency over a given

time interval which is equivalent of the moisture

content range:
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�««E ¼
1

t

ðt

0

«E (t ) dt (46 : 5)

The cumula tive energy efficien cy is iden tical wi th

the one given by Equation 46.2 if the out let air tem-

peratur e is con stant, or the tim e interval is sho rt and

the mois ture content variation is not signi ficant. Con-

versely, Equat ion 46.2 can be used to calcul ate the

instantaneo us en ergy effici ency from tempe rature

data given in term s of temperatur e if the varia tion

of the outlet air tempe rature wi th time or mois ture

content is known. Furtherm ore, the inst antaneous

energy efficien cy, suitab le for dryer perfor mance an-

alysis, can be determ ined from Equation 46.1 if values

of Eev and E t are taken for smal l tim e increm ent.

The e nergy effici ency defined by Equation 46.1

through Equat ion 46.4 indica tes the degree of en ergy

utilizat ion. Depart ure of the real drying process from

the best possibl e trajector y from the energy point of

view can be qua ntified by the drying effici ency given

by the follo wing eq uations, whi ch accou nt for en -

thalpy of the exhaust air:

«D ¼
energy used for evaporation at time t

(input energy � output energy with outlet air) at time t

(46:6)

and �««D ¼
1

t

ðt

0

«D ( t ) dt (46 : 7)

From Figu re 46.2 it is evident that both energy and

drying effici encies de pend on the soli d mois ture co n-

tent althoug h their absolut e values differ signi ficantl y.

A dist inct maxi mum for the instantaneou s drying

efficien cy ca n be attr ibuted to the drying pro cess

being control led by internal mois ture diff usion. In

the init ial drying period, a signi ficant fract ion of

input energy is utilized for mate rial heati ng. As dr ying

proceeds, the sensib le heat in a drying agent is used

for evaporat ion of nonhy groscop ic water near the

material su rface. When this water is evap orated,

the instantaneo us drying efficien cy falls rapidly be-

cause most of the heat is now utilized for ov erheat ing

the alrea dy dry surface layers an d remova l of the

microc apillary water (bound water mois ture co ntent

for grains is abou t 22% wb, wherea s the hygrosco pic

moisture content is abou t 36.5% wb) .

The instantaneou s and cumula tive indice s can be

used to analyze perfor mance of the dryer and thu s

identify avenues to red uce the overal l en ergy con -

sumpt ion [20]. As seen from Figure 46.3, both in-

stantan eous dr ying and energy effici encies attain

maximu m v alues ne ar the dr yer inlet, which resul ts

from high drying rates due to evap oration of surface
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moisture. In this part of a drye r, the outlet air is

complet ely saturated, which practicall y lim its the

drying rate. Further along the dryer, the en ergy and

drying efficien cies dimi nish dramatical ly as a resul t of

the dec reasing drying rate. Alth ough tempe rature

of the out let air remai ns pr actically constant along

the dryer, the relative humidi ty falls sharpl y becau se

of the reduce d evapo ration rate. At the dryer outlet ,

where the material is practi cally dry, the air tempe ra-

ture starts to increa se and the relat ive hum idity drop s

down to 5%. Consid ering the pattern of energy and

drying efficien cy in the dryer, one can con clude that

better drying indice s can be achieve d by reducing the

air-flow rate at the dryer end . In practice, star ting

from 0.5 m from the dryer inlet, the inter nal mass

transfer co ntrols the drying rate, so reducing gas

velocity may lower the energy consumpt ion withou t

significa ntly decreas ing the drying rate. Since the out-

let air is completely saturated at the dryer inlet, higher

air-flow rates are recommended to supply additional

heat for water evaporation and to increase the driving

force for the mass transfer. The higher inlet air tem-

perature in this part of the dryer can also be taken

into account. In conclusion, the improved perform-

ance of this particular dryer both from drying rate

and energy consumption points of view can be

achieved by varying air-flow rate and air temperature
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along the dryer length . Thi s can be done by dividing

the gas plenum into separat e compart ments fed wi th

individ ual air streams. Tem peratures and superfici al

air veloci ties of each air stream can be set upon maxi -

mizing inst antaneou s drying efficien cy throughou t

the dr yer.

For most convecti ve dryers, the en ergy requ ired

for evaporat ion of mois ture togeth er with that lost in

exit airs treams dominat es the en ergy de mand. Statis-

tical data obtaine d from he at balances of co nvective

dryers sho w that 20 to 60% of the heat sup plied to the

dryer is used for mo isture evaporat ion, 5 to 25% for

material hea ting, 15 to 40 % for hea t losses with the

exhaust air, 3 to 10% for heat losse s from dr yer walls

to the atmos phere, an d 5 to 20% for other losse s [18] .

The measur e of en ergy c onsumpt ion in a dry ing

process is the unit energy consump tion for the ev ap-

oration of 1 kg of moisture ( q). Accor ding to so me

authors [22] , in drying chambe rs used for continuou s

timber drying with cou ntercur rent circul ation of the

drying agent the value is 3000 to 400 0 kJ /kg, while in

batch dryers in general it ranges between 2700 and

6500 kJ/kg. Duri ng drying of thin and flexibl e layer s,

e.g., fabrics or pap er, the value of q varie s in the range

from 50 00 to 8000 kJ/kg. Com parable resul ts are

obtaine d for dr ying of fine particulat e soli ds. Highe r

energy con sumption occurs in indust rial co nvective

dryers for pastelike mate rials.

Theor etic ally, the amou nt of heat requir ed for the

evaporat ion of 1 kg of mo isture unde r standar d co n-

ditions is 2200 to 2700 kJ /kg. The uppe r limit of this

value refers to the remova l of bound moisture. The

only drying regim e in whi ch su ch a resul t cou ld be

obtaine d is the adiabat ic equilibrium in which there is

no heating of a soli d body an d accomp anying mois -

ture, i.e., they enter at the evaporat ing tempe ratur e.
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Furtherm ore, no additio nal heat is exchan ged to the

evaporat ed vapor and gas carrier and there is no

heatin g of the dryer body and the a mbient air.

How ever, in practi ce, the process has to be carried

out at a realist ic rate. So, a comp romise between

energy consump tion, therm al effici ency, and drying

rate is inevi table . Mo st engineer s accept that ineffi-

ciencies of the drying process are inevitable and con -

sequentl y they ne glect possibl e en ergy saving s arising

from managea ble losse s.

A compari son of the theoret ical co nsumpt ion of

energy q, refer red to above, and the indust rial practice

shows that the studi es on the reducti on of energy

consumpt ion in dryers are ne eded. Bake r a nd Reay

[6] consider ed various techni que s leadi ng to the re-

duction of en ergy con sumpt ion. The most promi sing

appeared to be he at recover y from the outlet gas

stream as wel l as optim ization of dryer de sign and

of the entire drying process .

Pin ch an alysis as a tool of pr ocess integ ration

could be a pplied here as in most cases drying and all

its down stream and upstre am proce sses are necessa r-

ily bound to form a hierar chical structure, ad equately

repres ented by the ‘‘oni on’’ model [23].

How ever, the first step in any en ergy-savi ng pro -

gram is to balance material and energy flow to and

from the dryer. This often makes it pos sible to reveal

areas in which changes of operating conditions could

result in a significant improvement in the efficiencies

of the dryer operation and can bring about energy

savings amounting to 10 to 30%. The heat balance

measurements required include airflow rate, tempera-

ture, and humidity, as well as material moisture con-

tent at various points of the drying system. An

example of the installation of measuring points is

given in Figure 46.4, showi ng a fluid ized be d dr yer.
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Suc cess in prepari ng the balance of this type de-

pends to a large extent on a prope r selection of meas-

uring points in a given drying syst em and the use of

reliable measur ing devices . Steady state cond itions of

the dry er ope ration should be establis hed before start-

ing the measur ement s.

The calcul ations of energy ba lances aris ing from

such measur ements provide a basis for e stimating

potenti al energy saving s using various options .

These options can be divide d into two categor ies: (1)

those that requir e littl e or no capit al and (2) tho se

that need significant investment (Table 46.3 and

Table 46.4) [24].

As seen from Table 46.5 [24], there are signifi cant

possibilities for reducing energy consumption at a

very little capital expenditure.

The approach described above and the data pre-

sented by Bahu et al. [24] could be applied to the

estimation of energy efficiency of many industrial
TABLE 46.3
Schemes Involving Little or No Capital Expenditure

Reduction of air leaks

Change of product moisture content

Change of dryer air inlet temperature

Change of dryer mass flow rate

Improvement of dryer insulation

Improvement of heater insulation
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dryers. The data obtained allow selection of the

most effectual methods of energy savings, pro-

vide solutions concerning other aspects of dryer op-

eration (i.e., overcoming restrictions of the dryer

output), as well as provide valuable information for

new dryer design.

The experience gathered from such an analysis of

balances for numerous dryers shows the vast possibil-

ities of design and construction improvements for

dryers from the viewpoint of energy savings. In all

cases considered, at least 10% savings were possible

due to the use of an accurate analysis of drying alone

and reached 60 to 70% following modifications to the

dryer. It was surprising to find that the data concern-

ing drying kinetics or equilibrium of the material

being dried were not available. According to Baker

and Reay [6], the most promising options for energy

saving s can then be selec ted (Tab le 46.6).

Results of an extensive study on industrial drying

[8] revealed that the drying efficiency of the 17 types

of dryers ranged from 20% for the continuous direct
TABLE 46.4
Schemes Involving Significant Capital Expenditure

Exhaust gas recycle

Use of exhaust gas to preheat inlet air

Product cooler

Change from indirect to direct heating



TABLE 46.5
Su mmary of Energy- Saving Scheme s

Scheme Cumulative Energy

Saving, kW

Specific Energy

Consumption,

kg Steam/kg Product

Saving Over

Existing Dryer, %

Existing dryer — 0.53 —

Minor capital expenditure

1. Rectify internal steam leak on heater 39 0.46 13

2. Scheme 1 þ reduce air leaks

into dryer

54 0.44 18

3. Scheme 2 þ improve insulation

of heatera
79 0.40 26

4. Scheme 3 þ improve insulation

of dryer and reduce airflow rate

150 0.26 50

5. Scheme 4 þ raise X0 to 4% and

reduce airflow rate

159 0.24 53

Major capital expenditure

6. Scheme 5 þ 60% exhaust air recycle 192 0.20 64

7. Scheme 5 þ waste heat exchange

with no condensation

178 0.22 59

8. Scheme 5 þ waste heat exchange

with condensation

214 0.17 71

9. Scheme 5 þ switch to

direct-fired heaterb
183 0.21 61

aBased upon arbitrary chosen reduction in the loss that does not necessarily correspond to the economic value.
bEnergy saving is given on a primary fuel equivalent basis.

TABLE 46.6
Potential Energy Savings for Selected U.K. Industries

Option Potential Energy Savings Penetration

Ratinga

109 MJ/y % Total

Heat recovery from

dryer exhaust (other

than heat pump)

18.9 15 High

Heat pumps

(closed cycle)

8.9 6 Medium

Vapor compression 26.2 20 Low

Better instrumentation

and control

4.3 3 Medium/

high

Optimization of dryer

design and operation

11.0 9 High

Improved dewatering

of feedstock

5.3 4 High

aPenetration rate is a guess of the degree of penetration of the

potential market for the development that will eventually be

achieved.
(convect ive) tower dryer to a bout 90% for some types

of indirect (conta ct) dryers , e.g., cylinder, drum, ro-

tary (bundle), an d agitated pa n dryers , where heat for

moisture evaporat ion is suppli ed by condu ction from

heated walls, tubes, or vanes (Table 46.7). The dr ying

efficien cy in Tabl e 46.7 is defined as ‘‘the ratio of

evaporat ion actual ly obtaina ble to that theoretical ly

possibl e from that portion of the en ergy su pplied to

the syste m which is available for eva poration ,’’ and

corres ponds to the drying effici ency given by Equa-

tion 46.6. In case of no explicit defi nition, care shou ld

be taken not to confuse drying efficiency wi th the

more wid ely used concept of energy effici ency (e.g.,

Equation 46.1 an d Equat ion 46.2), which general ly

yields a low er value than the drying efficien cy (Figure

46.2). The wei ghted average annual en ergy requir e-

ment for ind ustrial soli d dryers in the United State s is

shown in Tabl e 46.7 [8]. Simi lar data based on the

French indu stry are sho wn in Table 46.8 [7].

The analysis of the above tables shows that few

types of dryers account for >90% of the total energy

consumption of all the types considered. This conclu-

sion, relatively old and approximate data, and only for

U.S. and French industry, can be considered to be a very

good pointer as to which type of dryers must be rede-

signed in order to achieve large overall energy savings.
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W hen new equipment is being purch ased, c ost

and throu ghput infor mation taken in isol ation is

inadequat e for the selec tion an d proper utilizat ion of



TABLE 46.7
Weighteda Average Annual Energy Requirements
and Drying Efficiency for Industrial Solid
Dryers—Based on Surveyed Data

Type of Dryer Energy Requirement,

109 MJ/y

Drying

Efficiency, %

Direct continuous

Tower 137 þ 32 20–40

Flash 528 þ 211 50–75

Sheeting (stenters) 2.8 50–90

Conveyor 1.9 40–60

Rotary (bundle) 66 40–70

Spray 9.5 50

Tunnel <1 35–40

Fluidized bed 23 40–80

Batch

Tray <1 85

Indirect continuous

Drum 2.4 85

Rotary 53 75–90

Cylinder 127 7 53 90–92

Batch

Agitated pan <1 90

Vacuum rotary <11 Up to 70

Vacuum tray <1 —

Infrared <1 30–60

Dielectric <1 60

Total 1261

aWeighted averages were obtained in selective judgment based on

dryer manufacturers’ opinions.

Source: Richardson, A.S. and Jenson, W.M.P. Aerojet-Nuclear

Company Report No. E (10–1)-1375, 1976.

TABLE 46.8
Relative Importance of the Different Equipment

Type of Dryer Energy Consumption

by Equipment 109 MJ/y

Drum dryers (e.g., paper-cardboard

and puree)

32.0

Rotary dryer (e.g., pulp and alfalfa

and aggregates)

27.0

Bin dryer (e.g., corn and malt) 13.2

Spray dryer (e.g., milk and whey) 10.5

Flash dryer (e.g., starch and

wood particles)

8.4

Tunnel dryer (e.g., plaster squares,

plasterboards, and bricks)

7.6

Air floater dryer (e.g., paper

coatings and paper pulp)

7.3

Tube bundle dryer (e.g., meat flour

and fish flour)

4.4

Kiln (e.g., wood) 2.6

Fluidized bed dryer (e.g., PVC

suspension)

1.97

Conveyor dryer (e.g., plywood

panels and vegetables)

1.8

Drying tenter (e.g., fabric) 1.68

Total 118.5

Source: Larreture, A and Laniau, M., Drying Tech., 9(1), 263–275,

1991.
a drying system; it is important that specific energy

consumption should also be considered. In perform-

ing a drying test for this determination, it is necessary

to specify certain test conditions in order to assess the

dryer performance adequately. ‘‘It is also necessary to

specify the type of a drying material and the range of

moisture content as energy efficiency of a given dryer

may drop considerably when drying materials with

high resistance to internal mass transfer. An example

is markedly lower (from 0.36 to 0.4) energy efficiency

of the fluid bed, vibrated bed, and pulsed fluid-

bed dryers when used for drying of osmotically

dehydrated cranberries [25].’’

There is a wide variety of drying materials and

types of equipment, so it is not possible to propose a

generalized method for a standardized determination

of dryer efficiency. Therefore, standard conditions at

which a particular dryer should be tested have to be

specified. This ultimately would lead to establishing

standards for rating dryer capacity and energy per-
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formance. Such standards would allow dryer users to

find out whether their dryers operate at or off the

optimum conditions.

Some proposals to standardize the procedure for

rating dryer capacity and energy efficiency bench-

marking can be found in publications concerned

with grain drying. Bakker-Arkema et al. [26,27] have

proposed a standard index, the Dryer Performance

Evaluation Index (DPEI). This is defined as the total

energy required by a dryer to remove 1 lb of moisture

from the grain during drying under a set of specified

conditions. However, this concept has not been

accepted by the grain dryer manufacturing industry

because of the following reasons:

. Costs involved in accurate field testing are high

due to lack of agreement on the standard field-

testing conditions
. No procedure exists to account for corn hybrids

and nonstandard conditions
. Energy efficiency rating is not (yet) mandatory.

Even within this rather specific range of dryers, to

make valid comparisons possible, experimental and

simulated data on each dryer need to be available. It



has been prop osed that each dryer must be tested

experi mentally unde r con ditions ap proxim ating a set

of standard condition s. In the case of corn, these

standar d conditi ons are tabulated an d the da ta to be

determ ined for a dryer perfor mance evaluat ion a re

listed by Keener and Glenn [28]. Thereaft er, the effe ct

of nonstandar dized ope rating con ditions or the vary-

ing nature of the corn on the capacit y an d energy

efficien cy can be assessed wi th the use of tables

generat ed by computer sim ulation .

Because exhaustive experimental testing of every

dryer model would be extremely expensive, simulation

techniques based on a representation of a drying process

(or a dryer) by a series of mathematical equations have

been developed by Bakker-Arkema et al. [27,29–31].

The predict ed or simu lated en ergy efficiency of a

dryer is always higher than the experi menta lly meas-

ured value. This is due to losse s by radiat ion and

convecti on to the atmos phere, noni deal fuel co mbus-

tion, heat losses through leaks in hot air ducts, and

other factors in the real situati on. Losses vary among

dryer types and among models of the same type. To

accoun t for losse s, the dryer efficien cy fact or (DEF )

can be intro duced. This is the ratio of the experi men-

tally measur ed energy effici ency to the simu lated op-

eration en ergy effici ency. The higher the DE F for a

particu lar dr yer type, the be tter is its constr uction. A

test procedure for ratin g the capacity and the ene rgy

efficien cy of dryers has been prop osed [26]. The steps

of the proced ure sho uld be as follo ws:
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1. Conduct an experi menta l test under approxi-

mately standard con ditions and determine

the capacit y, moisture co ntent reducti on, and

energy effici ency of the dryer.

2. Carry out a simulat ion using the same standar d

condition s wi th respect to cap acity and mois -

ture co ntent reductio n in order to establ ish

DEF of the dryer intr oducing a factor that

takes into account the ch aracteris tic drying be-

havior of the material used for a pa rticular test

(the mate rial drying fact or).

3. Determi ne the effect of varyi ng drying air tem-

perature, ambie nt cond itions, initial mate rial

moisture co ntent, and temperatur e on the

dryer cap acity and dryer efficiency .
The pro cedure has been suggested as a means for

rating the performan ce of grain drye rs, but it may

be app lied wi th equal success to other dryer types or

drying methods .

The questio n who will con duct the experi menta l

and simulat ed dryer tests on new dryers as well as the

existing mod els on the market is sti ll ope n. It seems

that the establis hment of an agreem ent for a standar d

procedu re of experi menta l tests is a task for drying
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working groups in particular co untries or possibly , in

the next stage , for a body such as the Dryin g Working

Party of EFCE or the Inter nationa l Energy Agency .

Dryer manufa cturers and users must also be involve d.

The sim ulation pa rt of the rating scheme can be per-

haps be st obtaine d wi th the aid of univers ities and

research cen ters involv ed in drying process es.

46.3 HEAT RECOVERY METHODS

Data present ed in Tabl e 46 .6 show that heat recove ry

is an important fact or for increasing energy e fficiency

of the drying proce ss. Heat recover y methods com-

monly a pplied in the ind ustry are discussed below .

46.3.1 HEAT R ECOVERY FROM THE DRYER OUTLET

Tradit ional heat recover y included the recover y of

heat from a dryer outlet , from the hot dried produ ct

and/or the outlet gas. Typi cal devices for heat re-

covery are presented in Figu re 46.5. Convent ional

heat exchangers ha ve the followi ng effici ency indice s:

thermal wheel , 75 to 90%; plate exchang er, � 70%;

heat pipe, � 60%; scrubb er, � 60%; an d two-sec tion

exchanger, �50%.

Heat may also be recover ed from a hot pro duct if

this does not cause its rew etting. Heat recover y from

a hot stream of out let gases is not difficult from the

techni cal point of view, pro vided the outlet ga ses

do not co ntain dus t or co ndensable volat iles. Such

conditio ns are en countered in drying of timb er,

paper, an d so on, wher e dust filters and heat exch an-

gers that are easy to disas sembl e an d c lean shou ld be

used. As an alternati ve, scrubbers can be used.

46.3.2 HEAT P UMPS

It is worth rememb ering that if the dryer is working

efficien tly, the outlet g as should have a tempe rature

close to the wet bulb tempe rature and also be at high

humidi ty. Ther efore, the major ity of the gas en thalpy

is the latent heat in mois ture vapor and heat recove ry

should, when possibl e, include mois ture conde nsation

from the drying gas. This method is applie d in he at

pump dehu midifiers.

The principle of the heat pump, which is the same as

that involved in the refrigeration operation, has been

known for over 100 y. In the last three decades, heat

pump applications have been limited only by economics.

Among many types of heat pumps (e.g., vapor compres-

sion, absorption, ejector, Brayton cycle, and thermo-

electric), only the first found wide application because

of its high efficiency and relatively simple construction.

A schema tic diagra m of a heat pump dryer-

dehumidi fier is shown in Figure 46.6a. The foll owing

processes take place in the system: humid gas A leav-

ing the dryer is cooled by an evaporator [5] to a
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tempe rature close to Tev below the dew poin t (B) and

(2) con sequentl y, part of the moisture from the air is

conden sed (F) an d heat recover ed in this way cau ses

the workin g fluid (fr eon) to boil in the evapo rator [5].

With the ad dition of the exter nal work pro vided by

the compres sor (1), the freon increa ses its pressur e

and tempe ratur e; it is then cond ensed in the cond en-

ser (2), thus exchangi ng heat to the air (C) and rais ing

it to the ap propria te tempe ratur e (D). The heated and

moisture- reduced air (E) can be used in the dryer. The

Ramzin–M ollier chart of the a ir cycle is shown in

Figure 46.6b.
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The effici ency of a heat pump is measur ed

by the c oefficien t of perfor mance (COP), and is

defined as:

COP ¼ useful he at output

power inpu t 
(46 : 8)

the lim iting case be ing Car not e fficiency, define d as:

COPCa rnot ¼
Tcondens er

Tcondenser � T evaporator

(46 : 9)
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Practical COPs that are 40 to 50% of the theoretical

Carnot efficiency can normally be achieved [32].

For drying, a better efficiency parameter is the

specific moisture evaporation rate (SMER), defined as

SMER ¼ amount of water evaporated

energy used

kg

kWh
(46:10)

The theoretical maximum SMER for conventional

thermal drying is 1.55 kg/kWh (i.e., the latent heat

of water evaporation at 1008C). A typical value of

SMER achieved by a heat pump is 3 kg/kWh, which

compares very favorably with conventional con-

vective drying, for which values ranging from 0.5 to

1 kg/kWh are the norm.

It is worth noting that since the only energy used

is the mechanical work in the compressor, the heat

efficiency (i.e., COP of this system) is higher than

100%. However, the cost of energy required by the

heat pump drive, usually electricity, may be higher

than the value of the heat recovered. Therefore, the

profitability of the device depends to a large extent on

the relative price of energy. It follows that, in India,

where gas price relative to electricity is expensive, a

change to a heat pump dryer gives a payback period

of from 1.5 to 3 y, whereas in Poland, where coal is

relatively cheap, this is at the verge of profitability.

Because of economics and practical limitations, heat

pumps are currently applied to rather specific appli-
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cations, e.g., in drying of timber and ceramic products

that are easily damaged if subjected to high drying

rates and for which the more gentle regime of heat

pump drying has economic advantages over and

above those associated with energy.

The scope of this chapter does not allow the authors

to present a complete discussion on the optimization of

heat pumps in dryers. However, the most important

conclusions from [33] and [34] are given below:
1. Compressors of heat pump dryers should be

able to operate continuously for several days

2. Heat capacity and working temperature of

the heat pump should be designed to suit the

drying process

3. The heat pump should not necessarily be the

only heating device in the dryer and should be

treated as a moisture-extracting device

4. For optimum performance, the heat pump

should operate at the same heat load (i.e., with

the same amount of moisture condensed and at

a constant temperature), and the compensation

for any changes in dryer operating conditions

should be by other methods

5. The temperature difference between an eva-

porator and condenser for a single-stage vapor-

compression heat pump should not exceed

30 to 408C. This gives practical COP in the

range of 3 to 4.



The co mbination of the he at pum p system wi th

other he at sources impro ves the economic case.

Figure 46.7 shows a coup led heat pump–gas eng ine

used for hea ting of a malt hous e and for drying of

malt [38]. The applic ation of this system reduced

energy consumpt ion by 40%, which resul ted in

£121,6 00 saving s per ye ar [39]. How ever, a numb er

of pr oblems wer e en countered with the gas engine

drives, e.g. , comp ressor seal damage due to vibrat ion,

as well as maint enance costs and corrosi on of the he at

exchanger. Conseq uently , no furth er syst ems have

been install ed [32].

Ele ctrically driven he at pumps are poten tially

very attracti ve as most of the main co mponents were

directly trans ferred from refriger ation techno logy.

This, howeve r, limit ed the early ap plications to the

tempe rature range 60 to 65 8 C. By choosing working

fluids other than R-1 2 and R-2 2 it was possible

to ex tend the range of heat pum ps to tempe ratures up

to 120 8 C, thereby reducing en ergy con sumption and

allowi ng the use of this drying method for a wid er rang e

of material s. Tes ts on batch timber drying co mparing

modern conventi onal kilns an d a heat pump syst em

using R-11 4 showe d that, with the high-t empera ture

heat pump, energy co sts saving s of 40% for dr ying of

hardw oods and 65% for softwoods could be achieve d

with U.K . energy price ratios [32].

The wi der applic ation of the vap or-com pression

heat pump in the future may be jeopardi zed by

concern about the ozon e-deple ting potential of

the working fluids (freo ns) that wer e developed

for high-t empera ture heat pumps (e.g., R-11 4) [40]

(Figur e 46.8) .
Exhaust air

1

4

2

3

P

Refrigerant circuit

Water circuit

FIGURE 46.7 Coupled heat pump–gas engine: (1) evaporator;

engine; (6) engine exhaust gas heat exchanger; and (7) radiator
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One of the worki ng fluids that is extens ively re-

searche d is carbon dioxide used in trans critical con -

ditions [35–37 ]. Tech nically advanced heat pump was

used for drying of severa l mate rials giving promi sing

results. Applic ation of this working fluid is lim ited to

110 8 C by high pressur e at elevate d tempe ratur es that

in turn leads to spe cial con struction of compres sors

and heat exchangers .

Extension of heat pump technology to large-

scale continuous operations and temperatures above

1208C points to water vapor as a working fluid, provided

steam compression can be done efficiently. In such a

system, water evaporated from material being dried is

compressed and used for heating incoming material.

The principle of operation is similar to the well-known

mechanical vapor recompression (MVR) systems. Effi-

ciency of the process will decrease if noncondensable

gases such as air are present with the system.

46.3.3 MECHANICAL VAPOR RECOMPRESSION

MVR technology can be used for concentrating dilute

solutions prior to drying. This technique is chara-

cterized by high efficiency and is used as a mecha-

nical evaporator in many branches of the industry,

e.g., the Carver–Greenfield process for wastewater

utilization [41].

Figu re 46.9 shows an inst allation in whi ch waste-

water is concentrated from 2 to 50% of solid content.

By using MVR, the process has a high efficiency,

giving an energy usage of about 134 kJ/kg water,

which is 20 times better than the typical adiabatic

spray drying.
5

7

6

P P

Inlet air

(2) compressor; (3) condenser; (4) expansion valve; (5) gas

and heat exchanger (P), pump.
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46.4 NONCONVENTIONAL ENERGY
SOURCES IN THE DRYING PROCESS

Alternative energy sources for drying include waste

heat from other processes carried out in the same

plant as the drying. For efficiency, these should be

continuously available and have a sufficiently high

temperature to avoid the need to use some form of

heat accumulator and heat pump. Otherwise, what
By-p
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FIGURE 46.9 Mechanical vapor recompression þ1 (MVR þ 1)

(2) MVR stage; (3) separator; (4) vacuum system; (5) final ev

(8) centrifuge.
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was apparently a ‘‘free’’ heat source becomes uneco-

nomic. A typical successful example is the drying of

bricks prior to firing, in which the flue gases from the

kiln are utilized.

46.4.1 SOLAR ENERGY DRYING

Solar energy can be treated as a free energy, but its

application for drying is limited geographically and
Vent

Dry deoiled
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Carver–Greenfield process configuration: (1) fluidizing tank;

aporator stage; (6) oil separation system; (7) deoiler; and



in general to agricultural products, e.g., ground nuts,

coffee beans, cocoa, maize, cassava, grapes, rice, bar-

ley, wheat, salt, and pepper. The cost of solar drying

varies from 0.1% of product value for coffee beans up

to 15% for cassava [42]. In a temperate climate, solar

energy of countries is limited to the drying of hay and

straw. Various solar dryer system configurations were

studied by Reddy [43]; further information on their

application in agriculture (e.g., grain drying, design

of forage dryers, fruit dryers, lumber kilns, and free

convection dryers) and related topics can be found in

Ref. [45].
46.4.2 BIOMASS ENERGY SOURCE

Agricultural crop residues, as by-products in normal

crop production systems, are among the cheapest,

most readily available energy sources on the farm.

These renewable fuels provide an option for meeting

some part of the future energy needs. Biomass from

agriculture was predicted to make up to 5% of the

U.S. energy needs by the year 2000 [44]. Direct com-

bustion of crop residues and biomass is perhaps the

best way to use its stored energy; this could heat air

for grain drying. Burning is presently the most widely

used technique for converting biomass materials to

energy. According to an analysis [46], the residues

recovered from one hectare of corn should provide

enough heat energy to dry corn from 10 ha or more.
Main supply 415 V, 50 Hz

d

(a) (b)

b

a I

5 V/m

c

FIGURE 46.10 The ROTEK dryer: principle of induction heatin

load 8000 A at 5V/m; (c) secondary bus bar; and (d) silicon iron

extraction duct; (2) feed hopper; (3) flights of fins; and (4) deliv
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46.4.3 INDUCTION DRYING

The dryer shown in Figure 46.10 consists of a slowly

rotating inclined drum, the shell of which is heated by

large electric currents induced in it by induction. The

drum, incorporating a rotating transformer, revolves

around a fixed copper tube carrying a very large

current at low voltage; this large current is transferred

to the stainless steel drum, thus heating the shell wall

and the internal lighting flights.

Because the heating is very efficient and the heat is

produced directly in contact with the product, sub-

stantial savings can be made in some applications.

For example, in the largest copper powder factory in

Europe, the substitution of the existing infrared

dryers by ROTEK gave savings amounting to

£38,000/y and a payback time of 3 y [47].

46.4.4 PULSE COMBUSTION DRYING

Pulse combustion drying combines high economic of

direct fire heating system with high intensity of drying

ofdispersematerial.Typical power consumption is 3,000

to 3,500 kJ/kg H2O evaporated (4,500 to �11,500 for

spray dryer and 3,200 to 6,500 for drum dryer) [48,49].

The main advantages of pulse combustion drying are:

. Improved heat transfer, high difference between

the material and flue gas temperature and high

drying rate
1 2

3

4

g: (a) rotating drum at 15 to 20 rpm; (b) single-turn tertiary

transformer core; (b) cross section of ROTEK dryer: (1) air

ery chute.



. Efficient combust ion wi th low emis sion of toxic

substa nces an d low amo unt of air dischar ged to

atmos phere
. Wide varie ty of feedst ock hand led includi ng

sticky mate rials and heat sensi tive prod ucts
. Better atomi zation and thus no need for atom-

izer or HP nozzle
. Saving on au xiliary equ ipment as comb ustor

delive rs energy to run the dryer and displa ces

fan—t ypically require s less elect rical energy.

The main disadvantage is noise produced by the pulse

combustor and difficult control of the combustor.
46.5 SOME NEW DRYING TECHNIQUES

Special techno logical method s for the reducti on of

energy use during drying include, among oth ers, the

applic ation of sorben ts that interact with the material

being dried [50,51], where the energy- consumi ng pr o-

cess of mois ture evaporat ion is rep laced by the mass

transfer process .

46.5.1 MULTISTAGE DRYING

The therm al effici ency of any dryer de pends on dry-

ing tempe ratur es; theref ore, drying of tempe ratur e-

sensitiv e mate rials su ch as or ganic or biomat erials

is usu ally a more en ergy-con sumin g process . Aft er

the energy cris is, manu facturers of drying eq uipment

modified de signs to improve overal l util ization of

energy. Desi gners c onsider ed that constant -rate dry-

ing that is governed by moisture diffusion in air,

could be carried out in a separate unit wi th high air

tempe rature. The falling rate drying pe riod that is

control led by intern al moisture diffusion, is a much

slower proc ess a nd thus mois ture requir es time to

diffuse out of the mate rial. This second phase of the

process can theref ore take place in a sep arate section

with less deman ding con ditions. This led to the

concep t of the two -stage dryers .

An example is a skimmed drying system that con-

sists o f a spray and vibr ofluidized bed dr yer. Th is low-

er ed the specific energy cons um pt ion to 4 30 0 kJ/kg

from 5550 kJ/kg water evapo rated for the spray

dryer alone [52]. The ne xt substa ntial ad vance in

spray dr yer design was the compact spray dryer. In

this system, a stationar y fluid bed is pos itioned on

the low er part of the spray chamber, form ing the

bottom and dischar ge part of the dryer. Comb ining

two uni ts into one dryer and with a prop er utilization

of the dr ying air gives a mu ch impr oved economy

(3620 kJ /kg) over the conventi onal two-stage

dryer. Thi s design was furth er developed by ap plying
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different air tempe ratures to the sp ray noz zle zon e,

main chamber, and fluid bed part. For the same

material , it was possibl e to decreas e en ergy con sump-

tion to 3550 kJ/kg wat er evap orated.

46.5.2 SUPERHEATED -STEAM DRYING

As de scribed ab ove, under some circum stance s it is

possible to use superhea ted vap or instead of trad-

itional dry air for drying. Thi s woul d be suppli ed to

the dryer at tempe rature s well above 100 8C. By using

superheat ed steam, high er heat trans fer rates can be

achieve d. Cl early, howeve r, there is no effe ct on the

other limit ation of the drying rate, the mo isture dif-

fusion within the material.

It has been shown that, above a certain tempera-

ture, i.e., inversion temperature, the evaporation rate

in a superheated-steam dryer exceeds that in an adia-

batic air dryer [53,54]. The theory indicates that the

inversion temperature can vary from 160 to 3008C.

An economic analysis of a superheated-steam dry-

ing of aluminum oxide from 40 to 2% moisture content

and an output of 2000kg/h showed that the optimum

inlet vapor temperature into such a dryer is 3748C [53].

The dryer cost was lower than that of a comparable

air dryer and the operating costs were lower by about

15%. Figure 46.11 shows a schematic diagram of a

superheated drying system in a sugar factory [55].

In the literature, a number of advantages are

claimed for the method, which include: (1) elimin-

ation of product oxidation; (2) possibility of almost

complete heat recovery from the outlet vapor by its

recompression; (3) smaller dryer size; (4) reduced fire

risk; and (5) improved process control. There are,

however, some disadvantages; e.g., all materials can-

not withstand the elevated temperatures and in some

cases low moisture contents cannot be attained. The

product feed and discharge ports are more difficult to

build because of the need to contain the steam and

prevent the ingress of air.

In general, it is considered that the advantages of

superheated-steam drying are such that over the next

decade the method will be widely adopted [54].

46.5.3 RADIOFREQUENCY AND MICROWAVE

RF and microwave techniques offer the unique feature

of generating heat in the water held in a wet substrate.

Because of this and the fact that no part of the product

is subjected to temperatures in excess of the wet bulb

temperature, efficiencies can be very high. However,

because of the relatively high cost of the equipment, it

is not practical to consider these techniques for large

throughput materials. It is more usual to associate

them with high value, modest throughput items, e.g.,
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wool textiles and certain food products, e.g., biscuits

and breakfast cereals. The economic case is often

strengthened by the fact that very uniform moisture

distributions are obtained within a product, particu-

larly important in paper making [56].

A more recent advance has been the introduction

of the combined RF convective dryer in which RF

heats the volume of the product and, by reducing the

viscosity and surface tension of the water, causes

liquid phase flow to the surface, at which greater

part of the required energy is provided by the con-

vective, normally gas-fired heat. These equipments

are used in a range of industrial applications on

particulates, three-dimensional solids, and works for

which pure RF would not be cost effective. The

overall energy efficiency is very high [57].

46.6 PROCESS CONTROL

In practical applications, from the point of view of

both the product quality and energy savings, control

of the drying process is of significant importance.

For optimization of heat balance, it follows that the

drying should be finished at the maximum material

moisture content that is acceptable.

The quality control of the products is a significant

element in energy savings. For example, if the

required parameters are not achieved, the products

may require additional treatment at extra cost, which

may cause a reduction in the throughput of the dryer

or involve a further process. Moreover, the risk of

environmental pollution and explosion hazards

increases when drying powders to moisture contents

below the optimum condition. The energy consump-

tion may also be reduced considerably by the use

of automatic control of the dryers. These ensure

optimum operating conditions from the point of
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view of both energy consumption and product

quality [58].

A microcomputer controlmakes it possible to adapt

drying conditions to the real material parameters and

usually leads to a decrease in drying time, which pre-

vents product overdrying and limits energy usage. Such

control of drying requires a knowledge of the process

itself, the measurement parameters in real time, as well

as programming skills. The strategy presented in Figure

46.12 is used to develop a microcomputer control of the

process.

The most successful applications of computer-

aided control are based on the experience and know-

ledge of people operating a given dryer type since the

dryer start-up, the constant- and falling drying-rate

periods, as well as completion of the drying process
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requir e different procedu res. For instance, in timb er

drying, whi ch last s for several days, the optimal dry-

ing conditio ns on particular stage s wer e determined

[59] (see so lid line in Fi gure 46.13) [60]. In the early

stages, timber requ ires drying with warm, humid air,

while in the final stage, hot and dry a ir could be us ed.

The goal of computer -aide d co ntrol was to pa ss

smoot hly from one range of co ndition s to another

(see dotted line in Figure 46.13).

An algorithm of a co mputer program control ling

the process star t-up, both drying periods , and pro cess

complet ion was present ed by Little and Toennisson

[60]. The a pplication of such a con troller made it

possibl e to reduce the time of dr ying from 74 to 7 %

moisture content from 43 to 34 days (Figur e 46.14)

[60]. The average estimat ed energy saving s were 6.5% .

Even great er energy saving s can be obtaine d, as

report ed by Ric hard et al. [61] . In the case of a rotary

talc dryer, the app lication of a graduat e con trol loop

involv ed energy saving s of ab out 20% as well as a 40%

increa se of the dr yer through put.

In the case of continuou s dry ers, the monito ring

and co ntrol of the pro cess is usuall y limit ed to main-

tain the con stant moisture co ntent of the fina l prod uct

under varia ble conditio ns, e.g. , with chan ging material

inlet mois ture co ntent an d drying gas humidity.

The major problem faced by the designe r of the

control system is the slow respo nse of the eq uipment
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that measures mo isture con tent of a solid when com-

pared with the process time. This makes direct con -

trol of the process nearly impossibl e an d, theref ore,

indirect measur ement s are made, e.g. , by measuring

the diele ctric constant or electrica l resi stance of ma-

terial being dried. In addition, there is an approach

based on the knowl edge of interrela tions of the fina l

moisture content and tempe ratur e of the product and

the con dition of the out let ga s. These pa rameters are

more ea sily measured in real tim e an d ca n, theref ore,

be used in co ntrol systems.

The most common an d simp le ap plied c ontrol

system (Figur e 46.15) varies with the amount of he at

suppli ed to the dryer in such a way as to maintain

constant outlet gas tempe ratur e [62]. If, howeve r,

an initial moisture con tent of the mate rial varie s,

this techni que does not g ive a constant fina l mois ture

content . In the modificat ion of control systems, the

experi mentally test ed de penden ce of the outlet gas

tempe rature To on the inlet tempe ratur e Ti is

taken into acco unt. For a given mate rial at co nstant

final moisture content , a linea r relat ion To ¼ kTi þ b

occurs for higher tempe ratur es (Figur e 46.16) [62] .

The value of k depends on material properties:

a higher k corresponds to a material that is more

difficult to dry. The linear relation makes it possi-

ble to introduce a simple automatic system with-

out the use of a micro computer . Figure 46 .17 shows
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a dryer with modified automatic control system [62] in

which, unlike the previous control system, propor-

tioning and time delay elements are also used.

Similar considerations can be made for steam-

heated batch and continuous drum dryers. The auto-

matic system presented in [62] also takes into account
Ho

Fuel
3 4

2
TIC

TIC

1

FIGURE 46.15 Flash dryer temperature control: (1) outlet tem

valve; and (4, 5) temperature sensor.
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and compensates for any fluctuations of heating

steam pressure.

Despite the fact that, for a given material and dryer

layout, the automatic system settings may be constant,

it is desirable to install the microcomputer monitoring

system. This may lead to increased knowledge of the
Wet air out

Product

Wet product in

t dry air

5

perature controller; (2) inlet temperature controller; (3) fuel
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process, instantaneous calculation of its efficiency,

and, subsequently, the ability to relate the process

parameters to product quality.

The recent availability of low-cost, powerful

PCs has made it possible to introduce learning of

drying processes based on fuzzy logic theory and
TIC

TIC

1

k
b 6

7

Ti

2

3
Fuel

H
4

FIGURE 46.17 New compensated dryer control system: (1) ou

(3) fuel valve; (4, 5) temperature sensor; (6) linear compensatio
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neutral network concepts [63]. The main control ob-

jective in drying is to minimize fuel consumption and

to keep the moisture content of dried product less

than or equal to a certain value, despite the external

perturbations acting on the process. The computer

program implemented in the controller uses a re-

inforcement scheme to update its action probabilities

according to the response of the environment, in

this case drying, and thus improves its perfor-

mance with time. This control approach does not

need a development of a model for the process to

be controlled. Simulation results demonstrate the

feasibility of using such a control for a phosphate

rotary dryer [64].
46.7 ENVIRONMENTAL PROBLEMS

In general, the recovery of heat and the elimination of

other waste should be considered in terms of both cost

and ecology. Drying may have several impacts on the

environment. First, as a significant user of fuels, it

contributes to atmospheric pollution and global

warming. However, because of a wide variety of en-

ergy sources, dryer constructions, process parameters,
Wet air out
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ot dry air

Wet product in

Product

tlet temperature controller; (2) inlet temperature controller;

n module; and (7) time lag module.



and product prop erties, it is not pos sible to offer a

general solut ion for the ecologi cal prob lems that

arise. The dryer sho uld not necessa rily be regarde d in

isolati on but con sidered as a pa rt of a large r syst em.

For exampl e, althoug h elect ric power may be right ly

consider ed as a clean and environm ental ly a cceptable

source of en ergy at point of use, its producti on may

have impl ications in terms of pollut ion. The coroll ary

is that low-ef ficiency, fuel-fi red syst ems can contrib ute

a great er burden in terms of atmosp heric pollution. In

any case, the whol e of the en ergy inpu t nee ds to be

consider ed since most drye rs have some elect rical load,

albeit mainl y motive power .

The method s of energy supply to the dr ying in-

stallation include co mbustion of fossil fuel, with the

heat from the prod ucts of combust ion be ing direct ly

transferr ed to the prod uct or indir ectly with a he at

exchanger. Intermedia te he at trans fer fluids such as

steam or hot water are somet imes used eithe r from a

heat exchanger or the dryer air from a cen tral plant.

In very large -scale operati ons such as pa per making ,

the plant may have its own power stat ion that allow s

both heat and power to be used , resulting in very high

efficien cies.

The second effect of drying on the en vironm ent

arises from waste streams oth er than products of

combust ion and he at, i.e., dust and nonc onden sable

vapors.

Accor ding to some autho rs [65], in certa in cou n-

tries the increa sed use of nuc lear energy and nontra-

ditiona l renew able sources in place of oil and ga s can

contrib ute to a reduced energy cost for drying.

Havi ng in mind the varie ty of energy supp ly

methods , dry er con structions , ope rating pa rameters,

and propert ies of mate rials it is not pos sible to pr o-

pose a univers al solut ion from the poin t of view of

ecology. The prob lems should be , therefore, solved

individ ually. There are tw o approaches [66]:
� 20
1. The gather ing and possibl e treatment of was te

as it is current ly produce d. This, howeve r, doe s

not redu ce the quantit y to be dealt with unless

it can be put ba ck into the process .

2. A second, more rad ical approach is the devel-

opment of low by-produ ct, energy- saving tech-

nologie s by radically cha nging techni ques (e.g.,

drying). The purp ose of this is to redu ce the

quantity of waste produ ced or to reuse it as a

product in its own right.
The effici ency of drying install ations based on direct

firing dep ends on mini mizing the solid particle emis -

sion wi th co mbustion prod ucts. For exampl e, the re-

placem ent of cha mber furnace s by cyclone furnace s

leads to a reduction in fuel con sumption , improves
06 by Taylor & Francis Group, LLC.
reliabil ity of the eq uipment , and provides a signific ant

decreas e in the quan tity of noxious gases emitted to the

atmosp here. Autom atic combu stion control in

burners used in dryers can result in ene rgy saving s as

well as a decreas e in pollut ion of both the produc t

and environm ent. The exha ust air from text ile dryers

with tempe ratur es above 100 8 C often contai ns dust,

fibers, toluene , form aldehyde, amine s, an d other pol-

lutants. In ord er not to pollut e the heat trans fer area,

these gases are often dumped when they are judged by

the operator to be close to satur ation, wi th the setting

of by pass an d ex haust dum pers often being rather

arbitrary . These gases can be used in heati ng up

of steam boiler s inst ead of direct ing them to heat

exchangers [67].

In additio n to certain increa se in ene rgy cost,

the effici ency of drying ne eds to be con sidered

in the context of global warming and environm ental

protection . Energy consumpt ion, whet her by the bur n-

ing of fossil fuels in power stat ions or in the dryer itself ,

leads to CO2 emission. These indir ect atmosph eric

effects of drying systems will have to be reduced by

more effici ent drying process es. At the same tim e,

environm ental consider ations requir e that the emis -

sion of solvents be mini mized and , as far as is pr actical,

eliminat ed.
46.8 EXAMPLES OF APPLICATIONS OF
SOME ENERGY-SAVING METHODS

Several typic al exampl es of possibl e energy savings

in drying process es applied in various indu stries are

given below. Thes e exampl es a nd Figure 46.18 through

Figure 46.23 are present ed with permi ssion of the

Energy Efficiency Offic e of the U.K . Depart ment

of Energy.

46.8.1 APPLICABILITY OF HEAT EXCHANGERS

Figure 46.18 present s a schema tic diagra m of a heat-

recover y system in the drying section of a pa per ma-

chine [68]. Air , whi ch previous ly was dumped to the

atmosp here, now passes through a highly efficien t

compact heat exchanger in which it heats up inlet air

before it en ters the gas-he ated air heater . The energy

saving in one paper mill was sho wn to amount to

25,000 GJ (i.e., about £66,000).

46.8.2 PROPER INSULATION

Another very simple and inexpensive energy-saving so-

lution used in a paper machine was the fitting of thermal

insulat ion to the d rying c yl in de r end caps (Figure 46.19)

[69]. Measurements revealed that after insulation energy

utilization decreased between 1.7 and 3%. This very
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simple improvement gave savings of about 1 325 G J/y

(i.e ., a bout £3 50 0 f or an inve stm ent of £4 70 0).

46.8.3 APPLICATION OF A R UNAROUND C OIL

HEAT E XCHANGER

As mentio ned above, he at recover y from outlet

vapors is a well-do cument ed method for energy sav-

ing. In Figure 46.20, the applic ation of two run -

around coils in a spray dryer for dyes is sho wn

schema tically [70] . An important feature of this he at

exchanger is the use of glass tubes from whic h it is

easy to remove water- solubl e dy es. The us e of this
1

2

3

FIGURE 46.19 Drying cylinder insulation: (1) drying cylinder

(Courtesy of Energy Efficiency Office of the U.K. Department
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system leads to a redu ction in heat con sumption by

about 16% an d annu al savings of 4,500 GJ (i.e.,

£12,00 0).

46.8.4 APPLICATION OF GLASS-TUBE

HEAT E XCHANGERS

The a dvantage s of glass tube s us ed in a heat exchan -

ger include corrosio n resistance , easy cleanin g, easy

visual inspection, an d goo d resi stance to therm al

shock. The heat-reco very syst ems contai ning glass

tubes (Figur e 46.21) wer e used in a 3-m diame ter

spray dryer used for drying chemicals [71].
2

3

; (2) aluminum cover; and (3) thermal insulation material.

of Energy.)
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FIGURE 46.20 Schematic of two runaround coils in a spray dryer for dyes: (1) spray dryer; (2) exhaust heat exchanger; (3) inlet

heat exchanger; (4) steam heater; and (5) gas burner. (Courtesy of Energy Efficiency Office of the U. K. Department of Energy.)
46.8.5 DRYING OF LARGE OBJECTS AND S TRUCTURES

An unus ual ex ample of a dryer is the one used for

drying of tun dishes that are used for continuous

casting of ingots [72] . In this particular plant, 14

tundis hes, 6 .4 m long, 1.3 m wide, and 0.75 m high

are coated and then dried thoro ughly. The solution

shown in Figure 46.22 consists of setting gas

burners in the plate s coveri ng the tundish es dur ing

drying.

Fol lowing an improvemen t in the constru ction of

burners and the a ddition of a PLC co ntrol, the ene rgy
Gas
1

3

2

4

Feedstock

FIGURE 46.21 Schematic diagram of plant layout including hea

(4) glass-tube heat exchanger; (5) main cyclone; (6) auxiliary cy

Efficiency Office of the U.K. Department of Energy.)
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consumpt ion was red uced by 97% and the average life

of tund ish coati ng was increa sed. Figu re 46.23 shows

the en ergy co nsumpt ion for tundis h drying (in GJ/

week) a year be fore mode rnization and a year afte r.

The capit al exp enditur e was £33,000 an d annual sav-

ings was £6 5,000.

46.9 CONCLUSIONS

At present , the users of drying equipment see their

profit in high-quality products, while excessive energy

consumption is a problem of minor significance.
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t exchanger: (1) air heater; (2) auxiliary fan; (3) spray dryer;

clone; (7) main fan; and (8) scrubber. (Courtesy of Energy
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Thus, energy-saving techniques should be recom-

mended not only for economic reasons, but also to

prevent energy spilling to the environment. The

authors realize that in 1994 energy is not as valuable

as it was during the oil crisis of the 1980s. However,

the sole saving of money is not the most important

objective. Even more crucial is the recognition of the

effect of excessive energy consumption on the natural

environment, emission of the greenhouse effect gas-

ses, and, as a consequence, global warming.

Recommendations in this area are:
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FIGURE 46.23 Energy consumption in a foundry drying system
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. Analyze the existing dryers more thoroughly both

from the point of view of the dryer itself and from

the point of view of material characteristics
. Use advanced models to improve dryer design
. Take advantage of the users’ experience and

knowledge
. Respect energy as a valuable source
. Treat exhaust heat as a factor polluting the

environment and consider energy problems

jointly with ecology.
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Installation
testing and
commissioning
of new burner

1982 1983

before and after installation of new burner. (Courtesy of



SYMBOLS

E energy, J

t time, s

T temperature, K (8C)

T2 outlet air temperature, 8C
X material moisture content (db), kg/kg

X’ material moisture content (wb), kg/kg

y air moisture content (db), kg/kg

�«« cumulative efficiency

�«« instantaneous efficiency

h energy efficiency (lumped parameter)

w relative gas humidity, %

wb wet basis

db dry bases

SUBSCRIPTS

Co condensation

D drying

evevaporation

E energy

t total

T temperature

m material

max maximum

wb wet bulb

0 ambient

1 inlet

2 outlet
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47.1 INTRODUCTION

Heat pum p dryers have been known to be energy

efficien t when used in co njunction with drying ope r-

ations. The princi pal advantag es of heat pump dryers

emerg e from the ability of the he at pum ps to recov er

energy from the exhau st gas as well as their ab ility to

control the drying gas tempe ratur e and humidi ty.

Many research ers have demo nstrated the importance

of prod ucing a range of precise drying con ditions to

dr y a w ide r ang e o f p rod uc ts a nd i mpr ov e t he ir qua li ty .

At the same time, MacArthur (1984) has mentioned

the need to optimize component and system design to

increase energy efficiency in heat pump systems.

Any dryer that uses convecti on as the primary

mode of heat input to the dr yer (w ith or witho ut

supplem entary heat input by other mod es of he at

transfer) can be fitted wi th a suit ably de signed he at

pump (HP). Alth ough batch shelf, tray dr yers, or

kilns (for wood) are the most co mmonl y repo rted

dryers used in conjuncti on wi th heat pumps, other

types may also be used , e.g., fluid beds (Alves-F ilho

and Str fmmen, 199 6; Str fmmen and Jonassen, 1996)

and rotar y dryers . Ho wever, dr yers that requ ire large

amounts of drying air, e.g., flash or spray dryers , a re

not suited for HP operati on. Figure 47.1 displays a

general ized class ification scheme for heat pump

dryers based on the pro cessing mode, num ber of dry-

ing stages, number stage s of heat pum p, types of
Heat pum
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of drying
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FIGURE 47.1 A generalized classification scheme for heat pum
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auxiliary he at input, and he at pump dryer operatio n.

Many of these classes of heat pump dryer have been

proposed and repo rted over the last two dec ades.

However, this flowchart includes some classes that

are proposed here for the first time.
47.2 THE BASICS OF A HEAT PUMP

The basic components of the heat pump system com-

prise an expansion valve, two heat exchangers (evap-

orator and condenser), and a compressor. A schematic

diagram depicting the operation of a heat pump dryer

is shown in Figu re 47.2.

Figu re 47.3 and Figu re 47.4 show the tempe rature–

entropy and pressure–enthalpy diagrams of the heat

pump cycle, respectively. The heat pump cycle works

as follows:

. The cooling and dehumidification of the air

occurs at the evaporator. The refrigerant, mov-

ing from point 1 to 2, absorbs heat from the air

and undergoes a two-phase change from vapor–

liquid mixture to vapor. Evaporation of the

refrigerant is achieved by the gaseous escape of

the molecules from the surface of a liquid while

maintaining its temperature and pressure.
. The refrigerant vapor enters the suction line of

the compressor at point 3. The electrical energy
p dryers
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input to the compres sor is conv erted to shaft

work to raise the pressure of the refr igeran t

vapor to that of the conden ser at point 4. By

increa sing the vapo r pressur e, the boili ng and

cond ensing temperatur es of the refriger ant is

raised to a level higher than that of the he at

sink tempe rature (the surround ing temperatur e).

At this stage , the vapor is in a superheat ed stat e.
. After compres sion, the refr igerant vap or is

directed to the conden ser that is basica lly a

heat exchanger to carry out the con densing pro-

cess. The refriger ant first unde rgoes quick de su-

perheat ing ch ange from superheat ed vapor to

satur ated vapor and then undergo es conden sing

process in the conden ser. At the condenser, the

refriger ant undergoes two-ph ase con densatio n,

changing from vapor to liquid pha se. Duri ng

this pro cess, heat is rejected by the conde nser

to he at the surroundi ng air.
. Heat reco very oc curs when the he at ene rgy

absorbed in the evaporat or and the work en ergy
T
em

pe
ra

tu
re

 (
K
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3
45
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FIGURE 47.3 Temperature–entropy diagram of the heat

pump cycle.
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from the compres sor is ‘‘pum ped’’ to the con -

denser side for sensib le heati ng of the air.
. Once the vapor refriger ant exits the con denser,

it unde rgoes an a dditional stage of subco oling

(point 5 to 6) in another heat exchanger. There

are two advantag es of subcooli ng. First ly, ad d-

itional hea t ca n be reco vered for sensi ble heat-

ing of the air. Secondly, it reduces flashing

when the refriger ant pressur e is reduced in the

throttli ng de vice.
. After t he con densing process, a throttling de-

vice such as a valve , orifice plate, or c apillary

tube is used to expand the liquid refrigerant in

order t o r educe the pressure of the refrigerant

liquid l evel to a boiling temperature below that

of the heat source. After the e xpansion pro-

cess, the refrigerant enters the e vaporator in a

two-phase state.
. The entir e cycle repeat s its elf.
47.3 PRINCIPLE OF HEAT PUMP DRYER

Figure 47.5 repres ents a schema tic layout of various

refriger ation comp onents integ rated with the drying

chamber. The inlet drying air passes through the

drying ch amber at poin t 1 a nd pick s up mois ture

from the product. The mo isture-laden air a t poin t 2

is then directed to the evapo rator coil. Two types of

evaporat or systems exist. One is a direct expansi on

coil wher eby the refr igeran t unde rgoes a two-phase

change from liquid to vapor to co ol and dehumidi fy

the air. The other is a chille d water syst em wherein the

flow of chilled water to the coil is con trolled for cool-

ing and dehumidi ficati on. Duri ng the de humidifi ca-

tion process from point 2 to 3, the air is fir st cooled

sensibly to its dew point. Further cooling results in

condensation of water from the air. Latent heat of

vaporization is then absorbed by the evaporator for
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FIGURE 47.5 Schematic representation of heat pump drying system.
boiling the refrigerant. The recovered heat is

‘‘pumped’’ to the condenser. The cooled and dehu-

midified air then absorbs the heat at the condenser

moving from point 4 to 1 for sensible heating to the

desired temperature.

The energy efficiency of a heat pump is defined

by the coefficient of performance (COP). COP is

given by
COP ¼ useful heat output

power input
(47:1)

The maximum theoretical heat pump efficiency is

given by the Carnot efficiency as

COPcarnot ¼
Tcondenser

Tcondenser � Tevaporator

(47:2)

The COPcarnot cannot be realized physically but is

used as a gauge to determine how far a refrigeration

system is from the ideal system. In practice, the actual

efficiency of the heat pump is usually 40 to 50% of

the theoretical Carnot efficiency (Geeraert, 1976;

Strumiłło and Zyłła, 1985).

A performance indicator that is commonly used to

define the performance of the dryer is the specific

moisture extraction rate (SMER).

SMER is defined as

SMER¼amountof waterevaporated

energyinputtothedryer
,kg=kWh

(47:3)

Alternatively, another parameter known as spe-

cific energy consumption (SEC) that is the reciprocal

of SMER, can be used to compare energy efficiencies

of different types of dryer. There is a relation between

SEC and COP (Strumillo and Zylla, 1985) that is

given by
� 2006 by Taylor & Francis Group, LLC.
SEC ¼ W

GM

¼

Qev

(COP)A � 1

Ma � (v1 � v2)

¼ h1 � h2�
(COP)A � 1

�
(v1 � v2)

(47:4)

47.4 ADVANTAGES AND LIMITATIONS

The key advantages and limitations of the heat pump

dryer are:

Advantages:
1. Heat pump drying (HPD) offers one of the high-

est specific moisture extraction ratio (SMER),

often in the range of 1.0 to 4.0, since heat can be

recovered from the moisture-laden air.

2. Heat pump dryers can significantly improve

product quality by drying at low temperatures.

At low temperatures, the drying potential of

the air can be maintained by further reduction

of the air humidity.

3. A wide range of drying conditions typically

–208C to 1008C (with auxiliary heating) and

relative humidity 15 to 80% (with humidification

system) can be generated.

4. Excellent control of environment for high-

value products and reduced electrical energy

consumption for low-value products.
Limitations:
1. Chlorofluorocarbons (CFCs) are used in refriger-

ant cycles, some of which are not environment-

friendly.

2. Requires regular maintenance of components

(e.g., compressor and refrigerant filters) and

charging of the refrigerant.

3. May incur higher capital costs.



TABLE 47.1
Comparing Heat Pump Drying with Other
Drying Systems

Parameter Hot Air

Drying

Vacuum

Drying

Heat

Pump

Drying

SMER (kg water/KWh) 0.12–1.28 0.72–1.2 1.0–4.0

Drying efficiency (%) 35–40 �70 95

Operating temperature

range (8C)

40–90 30–60 10–65
47.5 ENERGY EFFICIENCY

The ability of heat pum p dr yers to convert late nt heat

of conden sation into sensi ble he at at the hot cond en-

ser mak es them unique heat recover ing devices for

drying ap plications . The en ergy effici ency of HPD

can be reflect ed by the higher SMER values and

drying efficien cy when compared to other drying sys-

tems as sh own in Table 47.1. Conse quently , high er

SMER would then be translat ed to lower ope rating

cost, mak ing the payback period for initial capit al

consider ably shorter.

Operating % RH range Variable Low 10–65

Capital cost Low High Moderate

Running cost High Very high Low

Source: Adapted from Perera, C.O. and Rahman, M.S., Trends

Food Science Technology, 8(3), 75, 1990. With permission.
47.6 DRYING MODE AND DRYER
CONFIGURATION

H ea t pu mp dr y e r c a n o pe ra t e i n d if fe r e nt m od e s ,

e.g., the batch (parallel and cross-flow) and continu-

ous modes. Figure 47.6 shows a batch heat pump

dryer. The products are placed on trays that are

positioned in the drying chamber and removed

once the desired product moisture content is reached.

The drying air can flow parallel or perpendicular

to the product surface. A cross-flow dryer configur-

a ti on is s ho w n i n Fi gu re 4 7 .7 . Ba t c h d ry i ng i s g e ne r -

ally suitable for smaller production rates but entails

higher labor cost.

Fig ure 47.8 shows a drying chamb er designe d to

operate in continuous mode. The products are placed

on trays positioned on the conveyor belt system. The

speed of the conveyor can be varied with a controller-

gears system. Continuous systems involve faster load-

ing and unloading of the drying products and are less

labor-intensive. The selection of the drying mode
Air-cooled

Hot-gas condenser

Product Tray

Circulating
centrifugal fan

FIGURE 47.6 A parallel flow batch mode heat pump dryer.
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largely depends on the drying characteristics of the

product and the required product loading capacity.
47.7 MULTISTAGE HEAT PUMPS

Many of the commercial heat pump dryers consist of

a single-stage vapor compression cycle. In such sys-

tems, only one evaporator is used for cooling

and dehumidifying, and recovering the latent heat of

vaporization from the drying air. A mechanical con-

straint is then imposed on the amount of heat recov-

ered because of the physical area available for heat

transfer. Further, the single-stage heat pump cycle is

not able to produce several streams of drying air

with different drying conditions, both in terms of
Compressor

Expansion valve

Main centrifugal
fan

Evaporator



Drying air in

Perforated plateAxial fan

Air distribution
nozzle

Wet air out

FIGURE 47.7 A perpendicular flow batch mode dryer.
tempe rature and hum idity, to severa l independen t

drying ch ambers . Figure 47.9 shows the impro vement

in ene rgy effici ency for different he at pump confi gur-

ations. It can be obs erved that there is a significa nt

impro vement in the he at pump en ergy effici ency from

a single to tw o-stage dryer.

M ultistag e vapor-c ompres sion syst ems can be

designe d to integrate wi th the dry ing chambers as

shown in Figure 47.10. One addition al advantag e of

the incorpora tion of a mu lti-stage heat pum p cycle is

that it allows a control mechani sm for regulating the

humidi ty of the air to be impl ement ed.

In a two-st age he at pump drye r, the refr igera nt

vapor is spli t into two stre ams at the exit of the

conden ser. One stream enters an expansi on va lve at

a higher dischar ge capacit y to be regula ted to the

‘‘low’’ e vaporat or tempe ratur e whi le the other enters

another expansi on valve to be expanded to a high er
Inlet hopper
Conveyor belt

Condenser

Com

Expansion v

FIGURE 47.8 A continuous mode heat pump dryer.
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tempe rature as shown in Figure 47.11. At both high-

and low-pres sure evaporat ors, the evaporat ion pro -

cesses take place. The pressur e of the refr igeran t

vapor at the exit of the high-pr essure evaporat or is

regula ted by a back pressure regula tor to that of the

low-pres sure evaporat or before mixin g takes place at

a v apor chamber. The pr essure of the mixe d vapor is

then rais ed by the compres sor to that of the con denser.

This two-stage cycle then rep eats itself .
47.8 REAL-TIME CONTROL OF DRYING
ENVIRONMENT

The complex chemical reactions involved in the destruc-

tion of heat-sensitive materials during drying are well

documented. Optimization based on the reduction of

quality degradation of such processes is difficult. The
Outlet hopper

Evaporator

pressor

alve

Product to be dried

Fan
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FIGURE 47.9 Coefficient of performance of various heat

pump configurations. (Adapted from Perry, E.J., Inst.

Refrig. Mtg., 1, 1981.)
traditional approach in food technology is based on

employing well-known technologists who conduct

trial and error tests. Quite often, the task is time con-

suming and arduous. In most competitive industries,

this method is no longer appropriate. Yet modern food

technology makes it imperative that solutions be found

that will allow the optimization of complex processes

with respect to complex quality factors (Karel, 1988).
Con

Drying
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Condensat

Re
Expansion
valve

High-
pressure
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FIGURE 47.10 Two-stage heat pump system coupled with a dr
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On the ba sis of the state-of-t he-art technol ogy, the

direction tow ard so lution to this problem lies in the

combinat ions of line- sensors an d expert syst ems wi th

feedback respon se to allow immediat e quality-r elated

decision to be made. The sensors are placed in stra -

tegic locat ions to measur e real-ti me qua lity param-

eters. The signals are then fed to expert syst ems,

usually compri sing a softwar e system that has the

ability to recei ve an d trans mit decision signals to

control lers. It is wel l know n that the quality de grad-

ation of foo d produc ts, such as browni ng effects and

ascorbi c acid (AA) degradat ion, is mainl y due to the

thermal effect of the drying air. It is thus possible to

reduce these quality effects through a proper feedback

system to regulate the air or product temperature.

Figu re 47.12 shows an exampl e of a real-time

process control strategy for a heat pump dryer to

improve the product color and minimize surface

cracking through time variation of the drying air

temperature. A thermovision camera is used to cap-

ture the surface temperature profiles. On the basis of

predefined constraints on the surface temperature, a

signal from the computer is sent to the PID controller

to tune the temperature of the drying air. In this way,

the quality degradation of the product can be minim-

ized without compromising the drying rate excessively

to achieve the desired final moisture content.

Figu re 47.13 sh ows another exa mple of a real-ti me

process control for the heat pump dryer to reduce

nutrient degradation. Experiments have been carried

out with hypodermic thermocouple needles to measure
denser
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FIGURE 47.11 The refrigeration flow of a two-stage heat pump cycle.
the transient temperature profiles of food products

(Chou et al., 1997). These measured values make it

possible to tune the drying air temperature to prevent

the internal product temperature from reaching a

threshold value, hence reducing thermally induced

nutrient degradation.

47.9 FIXED AND TIME-VARIABLE
OPERATING SCHEMES

In order to reduce the energy consumption per unit of

product moisture, it is necessary to examine different
S
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FIGURE 47.12 An online feedback system for a heat pump dry
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methodologies to improve the energy efficiency of the

drying equipment.One possiblemethod is to apply time-

dependent drying schemes to reduce the drying time

to obtain the desired product moisture content. Time-

dependent drying schemes which imply time-varying

supply of thermal energy for drying in the batch mode

can be classified into the following categories:
SP

P: s

ant 

ontr

uct 

ond

er t
1. Intermittent drying whereby heat is supplied

intermittently rather than continuously. This

can be achieved by interrupting the airflow to the

product or by intermittently heating the drying air.
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FIGURE 47.13 An on-line feedback system for a heat pump dryer to reduce nutrients degradation.
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2. Dryaeration which is a drying process involv-

ing a combination of high temperature, short

drying period, tempering, and slow cooling

concluded by final drying.

3. Air reversal drying which is reversing the direc-

tion of the airflow for a period of time and then

revert it back to its original direction. This is

applied to deep bed drying of particulates.

4. Cyclic drying which is a drying process

whereby the air temperature, humidity, or

even velocity undergoes a specified cyclic pat-

tern variation such as sinusoidal, square-wave,

or sawtooth patterns.
Several experimental studies have been carried out

to investigate various time-dependent drying schemes

and their impacts on dryer energy consumption and

produc t quality. Thes e studi es, summ arized in Table

47.2, have foun d severa l inter esting feat ures of tim e-

dependent drying. These features are:

. Thermal energy savings

. Shorter effective drying time

. Higher moisture removal rates

. Lower product surface temperature
06 by Taylor & Francis Group, LLC.
. Higher product quality; these include reduced

shrinkage, cracking and brittleness, improved

color, and nutrient detention

Studying the effect of regulating the airflow on the

drying process, Ratti and Mujumdar (1993) presented

a simulation study on batch drying of shrinking hy-

groscopic materials in a fixed bed using time-varying

flow rate. Their work has shown that the total air

consumption for drying is reduced with minor or no

increase in drying time. Later, Ratti and Mujumdar

(1995) extended their study to include the case of air-

flow reversal. The results showed that both moisture

and temperature profiles in the bed were flatter when

air reversal was applied to the drying process while the

mean drying curves remained practically unchanged.

Based on the above literature reviewed, it can be

concluded that intermittent and time-varying drying

have significant advantages in terms of reducing the

required drying energy and enhancing the product

quality of heat sensitive products.

In the next few sections, the recent results on HPD

will be presented to demonstrate the advantages of

employing time-varying drying schemes over fixed

operating drying conditions.



TABLE 47.2
Summary of Different Time-Dependent Drying Studies

Study Material and Dryer Type Drying Scheme

Sabbah et al. (1972) Corn (thin layer) Dryaeration: tempering periods: 0–4 h

Troger and Butler (1980) Peanuts Intermittent drying: airflow interrupted at 1 in 4 h

Harnoy and Radajewski (1982) Maize (bin dryer) Intermittent drying: aeration periods: 1–6 min; rest periods: 3–90 min

Giowacka and Malczewski (1986) Wheat (fluidized bed) Sinusoidal heating

Hällstrom (1986) Compound fertilizer

(fluidized bed)

Intermittent drying: drying periods: 2.5–6 s; rest periods: 4.5–6 s

Zhang and Litchfield (1991) Corn (thin layer) Intermittent drying: drying period: 20 min; rest periods: 0–120 min

Hemati et al. (1992) Corn (flotation fluid bed) Intermittent drying: drying period: 20 min rest; periods: 0–60 min
47.9.1 DRYING WITH F IXED OPERATING C ONDITIONS

Most of the indust rial dr ying operati ons are carried

out unde r fix ed drying conditio ns, i.e., the tempe ra-

ture, hum idity, an d veloci ty of the airflow are ke pt

relative ly constant throughou t the entire drying pr o-

cess until the desir ed pr oduct moisture content ha s

been atta ined. Many of these fixed drying co ndition s

have been obtaine d from several trails until the pro d-

uct dryness and desired quality have been obt ained.

Prescrib ing a fixed drying cond ition would indeed

simplify the drying process . Often the optimal set of

fixed ope rating parame ters can not be obtaine d and

since the intrinsi c propert ies of the material change as

moisture is remove d and the mate rial gets heated up,

what may be optim um drying co nditions for initial

drying stage s may not be optim um for later stage s.

With the de velopm ent of advan ced control lers and

process co ntrol techni ques that can incorpora te dif-

ferent prod uct qua lity c onstraints in the feedback

control strategy, drying condition s used in HPD can

now be ‘‘tu ned’’ to produ ce a few ‘‘constant ’’ drying

conditi ons at diff erent stages of the drying. Ther efore,

severa l fix ed operatio ns can be incorpora ted resul ting

in a series of fixed drying operations with favorable

results in drying kinetics as well as product quality.
47.9.2 DRYING WITH INTERMITTENT OPERATION

Three intermittent HPD patterns were used in the

present study and their prescriptions are shown in

Figure 47.14. Thes e inter mittent profiles are pre -

scribed by raising the inlet air temperature for a de-

fined period (t) and dropping the air temperature

back to its original level until the periodic interval.

The intermittency, a, is defined as the fraction of time

during which the inlet air temperature is raised to the

defined cycle time, i.e.,
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a ¼ ton

t
¼ ton

ton þ toff

(47:5)

47.9.3 DRYING WITH CYCLIC OR ARBITRARY

TIME-VARYING OPERATION

Devahastin and Mujumdar (1999) have demonstrated

by a mathematical model the feasibility and advan-

tages of operating a dryer by varying the temperature

of the inlet drying air in terms of reducing drying time

by up to 30%. As technology advances, more options

are available to improve the quality. One potential

avenue in improving quality degradation in food

products during drying is to employ time-varying

temperature profiles that minimize quality degrad-

ation and dry the products to the desired moisture

content within an allowable production time. Several

researchers have studied the degradation of quality of

dried products under sine or square wave tempera-

ture fluctuations (Wu et al., 1974; Kamman et al.,

1981) during storage. However, little work has been

reported to study the effect of temperature pro-

files on quality during convective drying process.

In the following section, we examine several time-

varying drying operations and their impacts on

drying kinetics and product quality.
47.9.4 DRYING KINETICS

47.9.4.1 Intermittent Operation

The limited study on intermittent drying of materials

in a batch dryer have confirmed the potential advan-

tages of time-dependent supply of energy for drying,

e.g., reduced energy consumption, reduced air con-

sumption, and enhanced quality of heat-sensitive

products.
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M.N.A, Mujumdar, A.S., and Ho, J.C., Transactions of the Institution of Chemical Engineers, 78(C), 193, 2000. With permission.)
For HPD systems, intermittent drying can be

classified into three categories:
FIG
Ch

193

� 20
1. Intermittent regulation of the air temperature

2. Intermittent supply of airflow

3. Intermittent regulation of the air humidity
Among the three, the intermittent regulation of

air temperature is considered to have the most signifi-

cant influence on the product drying kinetics and

various quality parameters and is the focus of the

following sections.

47.9.4.2 Mean Moisture Content

Figure 47.15 shows the mean moisture content of the

potato samples conducted under each intermittent
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drying profiles and continuous drying process of tem-

perature 358C. It is evidenced that employing inter-

mittent temperature drying profile can result in saving

drying time by about 25, 48 and 61% for a ¼ 1/4,

a ¼ 1/2, and a ¼ 2/3, respectively. Longer product

tempering period occurs for a ¼ 1/4, resulting in a

flat region in the drying curve. It can also be observed

from Figure 47.15 that, during each tempering pro-

cess, i.e., during toff period, some form of partial

drying occurs, particularly during the earlier stage

of drying. However, toward latter stage, little or no

drying occurs as the mean moisture content curve

tapered following an asymptotic value. Therefore, it

can be inferred from these curves that as substantiate

amount of moisture is removed during the last phase

of drying, product tempering enables to bring about
20 180 240
ime (min)

1. Continuous (35 �C)
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3. Intermittent (a = 1/2)
4. Intermittent (a = 2/3)
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4 180 min

t for various drying profiles. (Adapted from Chou, S.K.,

Transactions of the Institution of Chemical Engineers, 78(C),
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unifor m moisture distribut ion within the produ ct

rather than reducing mois ture con tent.
47.9.4 .3 Su rface Te mperature

Figure 47.16 shows that intermittent heati ng abo ut

the mean tempe rature, Tm ¼ 30 8 C, can produce

lower surface tempe rature than the con tinuous one .

This might be of interest in the drying of sensi tive

material s, particu larly those of biologi cal na ture

(e.g., marine and agricultural products). Gentle time-

vary ing he ating u sing the se hea ting schemes o ffe r

grea te r flexibility in the control of the surfac e tempera -

ture and minimize many product quality p roblems such

as non enz ymatic brown in g (N EB ) an d surface cra cks. It

is inte resting to n ote that surface tempe rature due to

con t inuo us tempe rature dry ing env el ops tho se surface

tempe rature p rofiles d ue t o t ime-temp erature v arying

sche mes espe cially during the i nitial stage of drying .

It is also expected that a longe r surfac e tempering

period a t cooler temperature is o bser ved for a ¼ 1/4.

A comb i nation of lower sur fa ce temp erature and lo nge r

tempering period might be the method to enhan ce the

produc t quality related to product su rface conditio ns.

47.9.4 .4 Su rface Mois ture Cont ent

Figure 47.17 shows the evolut ion of the surface mois -

ture con tent unde r differen t intermit tent tempe rature

drying. On the onset of each tempering pe riod, the

surface moisture content increa ses. The increm ent is

particu larly pro minent for the second tempering

period. For the first tempering period, the produc t

surface is sti ll moisture saturated and vapor flux

continues to be transferr ed from the surfa ce to the
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air. Once the surface becomes partiall y dried, intern al

moisture moves to the surfa ce and an imm ediate

incremen t in surface moisture is obs erved. There

may be an increa sed moisture flux from the intern al

to the surfa ce as drying pro gresses. When the tempe r-

ing period is longer, the allowance tim e for the new

surface mois ture to form is also longer. Therefor e, a

gentle rais e in surfa ce mois ture con tent can be ob-

served when compared with the sampl es with surfac es

subjected to a longer heating period (a ¼ 1/2 and a ¼
2/3). Once tempering is over, the surface moisture re-

sumes its drying process and moisture is rapidly re-

moved again. According to Jumah et al. (1996), the

effect of introducing cooler air, in addition to partial

drying, is able to repeat the initial steep drying curve.

Consequently, high drying rate follows after each heat-

ing period. This favorable supply of more surface mois-

ture during the tempering period enhances the removal

of mo isture from the produ ct and , eventual ly, reduc es

the tim e to obtain the de sired mois ture con tent.

47.9.5 CYCLIC OR ARBITRARY T IME-V ARYING

OPERATION

The ev olution of the mea n moistur e conte nt with time

for drying of banana samples in a heat pump dryer

is shown in Figure 47.18. It can be observed that step-

do wn te mp era tur e p rofi l e i s ab l e t o re du ce t he dry ing

time to reachdesiredmoisture content. Taking themois-

ture content of each product at 240 min as the basis for

comparison, it can be observed that the step-down tem-

perature profile was able to reduce the drying time for

banana samples by 180 min. A noteworthy point is that

step-down temperature profile was more effective in

reducing in the drying time for banana samples.
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The drying rate curves for the banana samples are

portra yed in Figure 47.19. It can be observed from

this figure that stepw ise variation of the air tempe ra-

ture produ ces unusual drying rates. For the step-

down tempe ratur e profi le, tw o con ventio nal, i.e. ,

first and second, falling drying rate curves exist in

tandem . Such findin gs maybe attribut ed to rapid re-

moval of moisture from the satur ated surfa ce dur ing

the initial drying stage , follo wed by the high tempe ra-

ture gradie nt be tween product surface and intern al

once a drop in air tempe ratur e was init iated. Two

drying rate peak s can be de tected for the step- up
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tempe rature pro file. Due to the slow initial drying

resulting rate from reduced sensi ble heat trans ferre d,

the sampl es with high mois ture co ntent were still a ble

to experi ence increa sed drying rate when tempe rature

step increm ent of 58 C was implement ed.

47.9.6 PRODUCT QUALITY A SPECTS

The impact of c onstant temperatur e drying on pro d-

uct quality is wel l known . Mo st of the product quality

par am e ters such as NEB a nd AA cont ent a re oft en

manifested by a progressive loss with increasing
180 240 300
ime (min)

25 8C

Step-up profile

Step-down profile

rying time. (Adapted from Chua, K.J., Mujumdar, A.S.,

rch International, 34, 721, 2001. With permission.)
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temperature. The following sections will discuss the im-

pact of employing the different time-varying drying pro-

files on some product quality parameters during HPD.

47.9.6.1 Color Change due to Nonenzymatic

Browning

Chua et al. (2000a) have demonstrated that a two-

stage heat pump dryer can be controlled to produce

prescribed time-varying air temperature profiles to

study the effect of nonuniform temperature drying

on color change of food products. They have also

shown that by subjecting food products to different

temperature profiles in a heat pump dryer, it is

possible to reduce the change in individual color

parameters as well as in the overall color change in

the food products. High-sugar content product such

as banana favors a time-varying profile with a cold

starting temperature of 308C while high-moisture

product like potato with low sugar content enabled

the use of higher temperature profiles to yield higher

drying rates without any pronounced change in the

overall color change. Prescribing the appropriate

cyclic temperature variation schemes, Chua et al.

(2000a) have shown that the percentage reductions

in overall color change for potato, guava, and banana

were 87, 75, and 67%, respectively.

47.9.6.2 Ascorbic Acid Content

On the basis of an extensive experimental study of the

kinetics of batch drying and AA degradation of guava
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pieces under isothermal as well as time-varying drying

air temperature, Chua et al. (2000b) have shown that

with proper selection of the temperature schedule, the

AA content of the guava pieces can be up to 20%

higher than that in the isothermal drying without

significant enhancement in drying time. Results from

Chua et al. (2000b) indicate that employing reduced

air temperatures at the onset of drying followed by

temperature elevation as drying proceeds yield a bet-

ter quality product. Recently, Pan et al. (1999) have

clearly demonstrated the advantage of intermittent

drying as far as product quality is concerned. They

have shown that in vibrated bed batch drying of

carrot pieces the retention of beta-carotene in the

dried product is higher in intermittent drying while

at the same time the net energy consumption is re-

duced and even the actual drying time is shortened

somewhat.

47.9.6.3 Other Quality Parameters

Ginger dried in a heat pump dryer was found to

retain over 26% of gingerol, the principal volatile

flavor component responsible for its pungency, com-

pared with the rotary dried commercial samples that

have only about 20% (Mason et al., 1994). The higher

volatile retention in heat pump-dried samples is prob-

ably due to reduced degradation of gingerol when

lower drying temperatures are employed compared

with higher commercial dryer temperatures. Since

HPD is conducted in a closed chamber, any compound

that volatilizes will remain within it, and the partial



TABLE 47.3
Energy Performance of a Heat Pump Dryer
for Timber Drying

SMER (kg/kWh) Water Removed (kg)

2.2 1300

2.6 1750

2.9 5200

3.2 7200

Source: Bannister, P., Carrington, G., Chen, G., and Sun, Z.,

Energy Group’s Heat Pump Dehumidifier Research Programme

Report, EGL-RR-02, ed. 1.1, 1999.
pressur e for that compou nd will gradual ly build up

within the ch amber, retard ing furt her volatilizati on

from the pro duct (Perera an d Rahm an, 1 990).

The color an d aroma herb s (e.g ., parsley, rose-

mary, and swe et fennel ) can be impr oved when com-

pared with the co mmercial produ cts. The sensory

values were ne arly doubl ed in case of heat pump -

dried herbs compared with commer cially dried pro d-

ucts. There was no signifi cant difference in the quality

of herbs dried below mo isture con tent of 0.04 for

experi menta l drying tempe ratures (40 and 5 08C) and

relative humidity (0.30 and 0.40) .

The use of modified atmos pheres for drying sen-

sitive mate rials such as food products is an other im-

portant potentia l aspect of the HPD techno logy.

Drying with oxygen -sensitive mate rials such as flavo r

compou nds and fatty acids can undergo oxidat ion,

giving rise to poor flavor, color, and rehyd ration

propert ies. Use of modified atmos pheres to replace

air woul d allow new dry prod ucts to be developed

without oxidative reactions occurri ng (Perera and

Rahm an, 1990).

47.10 SELECTED INDUSTRIAL
APPLICATIONS

Heat pump dryers a re gaini ng reco gnition as ene rgy

efficien t drying devices for producti on of quality

produc ts. The followin g section s are devoted to

selected exampl es of indust rial ap plications of the

heat pum p dryer.

47.10.1 HEAT PUMP DRYERS FOR TIMBER DRYING

HPD can provide effici ent and cost- effective dry ing

of timber, pa rticular ly wher e quality is a key issue . In

the last 10 y, the industry emphasis has been on increas-

ing throughpu t throu gh higher tempe ratur e process -

ing. W ith increa sing concerns about the ability of the

interna tional market to absorb lower grade tim ber,

the cycle is retur ning to exami ne the need to produce

a wid er range of prod uct types of accepta ble qua lity.

In this marke t, HPD can be made compet itive, as it

has distinct c ost advan tages over conven tional heat-

and-vent kilns at lower operati ng tempe ratures and

where higher humidity levels need to be maintained

(Bannis ter et al., 1999). Furtherm ore, heat pump

dryers operate at higher energy effici ency when the

amount of water remove d increases. Table 47.3 shows

the perfor mance of a hea t pump dr yer for timbe r

drying co nducted at the Forest Educa tion Center in

Rotoru a (Bannis ter et al., 1999). It can be observed

that the dr yer performed with better en ergy efficiency

(measu red by SMER) when more water was remove d.

It is expected because of the higher amount of latent
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heat recovered when higher amount of water is re-

moved. This would translate to a shorter payback

period for higher volume of timber dried.

The advantages of HPD for timber include efficient

utilization of recovered heat, and slow and controlled

drying rates resulting in reduction of physical defects.

It is also possible to accomplish simultaneous drying

of different wood species in the same kiln in low-

tempe rature drying. Fi gure 47.20 shows the schema tic

of a heat pump dryer designed for timber drying.

According to Bannister et al. (1999), timbers that

are physically slow to dry, tend to warp, split, or

collapse during drying. These timbers are classified

under ‘‘hard-to-dry’’ woods. Many of these timbers

have high commercial value and so there is a need to

establish a drying schedule that is able to produce

consistent high quality results. Examples of hard-to-

dry timbers in Australia include Red Beech (Notofa-

gus fusca), Hard Beech (Notofagus truncata), and

many Eucalyptus species (Bannister et al., 1999).

Bannister et al. (1999) proposed the following

schedules to improve timber quality by HPD:

. Initial drying at low temperature (less than

308C) and high humidity (85% and higher)
. A ramping period during which air temperature

is increased and its humidity is lowered
. A finishing period at a reasonable temperature

(~508C) and lower humidity (40 to 50%)

Potential benefits of HPD of timber that can be

reaped include (Bannister et al., 1999):
1. Improved quality—this is important since the

present timber market is now driven by quality

2. Reduced drying time resulting in enhanced

productivity.

3. Low energy costs—with energy consumption

of around 2 to 2.5 kg/kWh. This is comparable
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with efficie ncies for de humidifi ers drying easy-

to-dry timbers.

4. Increased throughput by using air with low er

humidity to enh ance drying rate with little

impact on drying- induced stresses .
47.10.2 HEAT PUMP DRYERS FOR FOOD PRODUCTS

There has been a growing inter est in recen t years in

applyi ng HPD technol ogy to foods and biomateri als

where low-temp erature drying an d well- controlled

drying conditio ns are required to en hance the quality

of food pro ducts. High-val ue pro ducts, whi ch are

extremely heat- sensitiv e, are often freez e-dri ed. Thi s

is an extre mely expen sive drying process (B aker,

1997). Recently, there has been great inter est to look

at the HPD system as a substitute system for freeze-

dried prod ucts. Table 47.4 presents a summ ary of

recent work on HPD of selected food products.

In most of the research studies presented in Table

47.4, the common conclusion was that the HPD offers

products of better quality with reduced energy con-

sumption. This is particularly true of food products

that require precisely controlled drying atmosphere

(temperature and humidity). Heat-sensitive food prod-

ucts, requiring low-temperature drying, can take the

advantage of HPD technology since the drying tem-

perature of HPD system can be adjusted from �20 to

608C. With proper control, it is also possible for HPD

to produce freeze-drying conditions at atmospheric

pressure (Prasertsan and Saen-saby, 1998b). As far as

food drying is concerned, HPD offers an alternative

to improve product quality through proper regula-

tion of the drying conditions. Chua et al. (2000a)

have demonstrated that HPD can produce prese-

lected cyclic temperature schedules to improve the
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quality of various agricultural products dried in the

two-stage HPD. They have shown that with appro-

priate choice of temperature–time variation, it is

possible to reduce the overall color change and AA

degradation by up to 87 and 20%, respectively.

The ability of HPD to regulate drying conditions

quickly is another advantage that it offers for food

drying. In countries where the level of the air humid-

ity is high, high spoilage rates occur during the rainy

season when the drying air is very moist. Clearly,

HPD can reduce product spoilage by maintaining

the humidity of the drying air through the regulation

of latent heat removal at the evaporator.

Besides yielding better food quality, Rossi et al.

(1992) has reported that onion slices dried by HPD

used less energy in comparison to a conventional hot

air system. Food products with high water content

can be dried efficiently with HPD. As the drying air

absorbs more of this available energy, this latent heat

energy can be transferred at the evaporators for

higher heat recovery. Lower energy input is then

required at the compressor to enable sensible heating

of the air when it passes through the condenser.

To summarize, when the quality of dried food

products is paramount, HPD offers an attractive op-

tion to enhance product quality and reduces spoilage

through better regulation of the drying conditions.
47.11 HEAT PUMP DRYER
INCORPORATING OTHER
TRANSFER MECHANISMS

Thus far, the research work has been primarily aimed at

the performance of heat pump dryers for different prod-

ucts. Little work has been reported on the performance



TABLE 47.4
Recent Work Conducted on Heat Pump Drying of Selected Food Products

Researchers Application(s) Conclusions

Chou et al. (1997, 1998) Agricultural and marine products

(Mushrooms, fruits, sea-cucumber,

and oysters)

The quality of the agricultural and marine products can be

improved with scheduled

drying conditions

Chua et al. (2000a)(Singapore)

Prasertsan and Saen-saby

(1998a) and Prasertsan et al.

(1997) (Thailand)

Agricultural food drying (Bananas) HPD is suitable for drying high moisture materials and

the running cost of HPD is cheap making them

economically feasible

Theerakulpisut (1990)

(Australia)

Grain An open cycle HPD performed better during the initial

stage when the product drying rate is high

Meyer and Greyvenstein (1992)

(South Africa)

Grain There is a minimum operating period that makes the

HPD more economical than other dryers

Rossi et al. (1992) (Brazil) Vegetable (Onion) Drying of sliced onions confirmed energy saving of the

order of 30% and better product quality due to shorter

processing time

Strfmmen and Kramer (1994)

(Norway)

Marine products (Fish) The high quality of the dried products was highlighted as

the major advantage of HPD and introducing a

temperature-controllable program to HPD makes it

possible to regulate the product properties such as porosity,

rehydration rates, strength, texture, and color
o f he at pu mp d ry er s u sin g ex t er na l e ne rg y s ou rc es to

complim ent it . HPD i s p rim arily a c onvect ive d ryi ng

process. Use o f i nf rar ed (I R ) or radio frequency ( RF)

sources can be incorporated along with the usual HPD to

en h an ce t he dr yin g ra te s w hil e re du c i ng the t he rm al lo ad

on the h eat pump itself.

In the follo wing section s, we look at severa l po-

tential areas of supplem entary heat sou rces to furth er

enhanc e the perfor mance of the conven tional HPD in

terms of lower energy consumpt ion, better prod uct

quality, an d en able the remova l of bound water in

thick mate rials.

47.11.1 F LUIDIZED BED HEAT P UMP DRYER

Fluidi zed be d dry ing (FBD) has found many applic a-

tions for drying of granu lar soli ds in the food, cer-

amic, pharmac eutical, and agric ulture indust ries. For

drying of powder s in the 50 to 2000 mm range, FBD

compet es success fully with oth er more tradi tional

dryer types, e.g. , ro tary, tunnel, conveyor, and co n-

tinuous tray. FBD has the followin g adva ntages

(Mujum dar and Devahas tin, 1999):
� 20
1. High drying rates due to excellen t gas–par ticle

contact leadin g to high heat an d mass trans fer

rates

2. Smaller flow area

3. Higher therm al effici ency

4. Lower capital and maint enance co sts compared

with rotar y dryers

5. Ease of con trol
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Howeve r, FBD suffers from certa in lim itations such

as:
1. High power consump tion due to the need to

suspend the entire bed in gas phase leading to

high pressure drop

2. High potential of attrition, in some cases

granulation or agglomeration

3. Low flexibility and potential of defluidization if

the feed is too wet
A schematic layout of a fluidized bed heat

pump dryer developed at the Norwegian Institute

of Tec hnology (N TN U ) i s s ho wn in Fi g ur e 4 7 .2 1

(Strfmmen and Jonasen, 1996; Alves-Filho and

Strfmmen 1996). The drying chamber receives wet

material and discharges dried product through the

product inlet and outlet ducts. The desired operat-

ing temperature is obtained by adjusting the con-

denser capacity, while the required air humidity is

maintained by regulating the compressor capacity

by frequency control of the motor speed. According

to Alves-Filho and Strfmmen (1996), this setup can

produce drying temperatures from �20 to 608C and

air humidities from 20 to 90%. With these features,

heat-sensitive materials can be dried under convect-

ive air or freeze-drying conditions. It is also pos-

sible to sequence these two operations (convective

and freeze drying). It will be advantageous for

drying of food and bioproducts since freeze drying

causes minimal shrinkage but produces low drying

rates while convective air drying can be applied to
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FIGURE 47.21 A schematic layout of a fluidized bed heat pump dryer. (Adapted from Alves-Filho, O. and Strfmmen, I.,

Drying ’96, Strumillo, C. and Pakowski, Z. (Ed.), Krakow, Poland, 1996.)
e nh a nc e dr y in g r a te s . Th e r e fo r e , a c om bi na t io n of

dr ying pr oc esses, e.g. , freeze dr ying at � 5 8 C
fo l l ow e d by c on v e c t iv e d ry i ng a t 2 0 to � 30 8 C,

e na bl e s t he c on t r ol of qu a li t y pa r am e t e rs s uc h a s

po r os it y , r e hy dr a ti on ra t e s, s t re ng t h, te x t ur e, c ol or ,

a nd ta s t e (A lv e s -F il ho a nd St r f mm en, 1996). Ex -

pe r im e nt s pe rf or me d a t N TN U on v ar i ou s he a t -

s en si ti v e m a t er i a ls su c h a s ph a r m a ce ut i ca l pr od u ct s ,

fr ui ts , an d ve g e t a bl e s ha v e sh ow n th at he a t pu m p

FB D of fe r s a b et t er pr od uc t qu a li ty , bu t at hi g he r

c os t. Si nc e th i s te c hn i qu e pr od uc e s a pr e m iu m

qu a li t y pr od uc t , th e in cr e m e nt a l i nc r e a se in dr y in g

c os t ma y be of fs e t by th e hi g he r m a r ke t v a lu e of

th e pr o du c t.

47.11.2 I NFRARED-ASSISTED HEAT PUMP DRYING

Infrared drying helps to reduce the drying time by

providi ng additional sensib le heati ng to expedit e the

drying process . IR en ergy is trans ferred from the

heatin g elem ent to the produ ct surfa ce withou t heat-

ing the surroundi ng air (Jones, 1992). Several re-

searchers have demonstrated the significant advantages

of IR drying. These advantages (Navarri et al., 1992)

include:
� 20
1. High heat trans fer rates (up to 100 kW m �2 in

paper industry) can be obtaine d with co mpact

heaters.

2. Easy to direct the heat source to drying surfa ce.

3. Quick response times, allowi ng easy and rap id

process co ntrol (if needed).

4. Incorporat ing IR into an existing heat pump

dryer is simple and capital cost is low.
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IR drying has be en the subject of invest igations of

recent resear chers. W orks by Paa kkone n et al. (1999)

has shown that IR drying impr oves the qua lity of herb s

and Dontign y et al. (1992) have de monst rated that IR

drying of graph ite slurry signifi cantly increa ses drying

rate. Zbicins ki et al. (1992) invest igating co nvective air

drying and IR drying hav e suggested intermittent ir-

radiation drying mode co upled with co nvective air

drying for heat-sensi tive material s. Figure 47.22

shows an IR-assist ed HP D system.

To dry heat-sensitive materials, a combined r adia nt–

convecti ve drying method or an inter mittent drying

mode may be app lied. An IR-au gmented he at pump

dryer co uld be used for fast remova l of surface mois -

ture during the initial stage s of drying, foll owed by

intermittent drying over the rest of the drying process .

This mode of ope ration ensures a fast er initial drying

rate. Ther efore, an IR-a ssisted HPD woul d offer the

advantag es of compact ness, simp licity, e ase of con -

trol, and low equipment costs (Mujum dar, 2000a) .

Also, there are the possibili ties of signifi cant energy

savings and enhanced product quality due to reduced

residence time in the drying chamber. On the flip

side, the high heat flux may scorch the product and

cause fire and explosion hazards (Mujumdar, 2000a).

Clearly, good control of IR operation is essential to

achieve the desired results in terms of drying kinetics

and product quality, as well as to ensure safe oper-

ation. So, a good feedback control is the one that

enables the IR power source to cut off if excessi-

vely high temperatures are measured in the chamber,

which may lead to overheating of the product.

No work has been reported on this concept for

HPD to date.
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FIGURE 47.22 Schematic diagram of IR-assisted heat pump dryer.
47.11.3 R ADIO FREQUENCY -ASSISTED HEAT

PUMP DRYING

A lim itation of heat transfer in co nventi onal dry ing

with hot air alone, parti cularly in the falling rate

period, can be ov ercome by combini ng RF heating

with con vention al HP D (Marsh all and Metaxa s,

1998). RF generate s he at volume trically wi thin the

wet mate rial by the co mbined mechani sms of dip ole

rotation and co nduction effects that speedup the

drying pro cess (Meta xas and Meredit h, 1983).

A typic al RF-as sisted heat pum p dryer compri ses a

vapor compres sion he at pump syst em retr ofitted wi th

a RF gen erating system capable of impar ting RF

energy to the drying mate rial at various stage s of

the drying pro cess. Figu re 47.23 shows a schema tic

diagra m of the RF-assis ted hea t pump dryer.

Materials that are difficult to dry with convection

heating alone are good candidates for RF-assisted dry-

ing. Materials with poor heat transfer characteristics,

e.g., ceramics and glass fibers, are traditionally the prob-

lem materials when it comes to heating and drying. RF

he ats a ll pa rts of t he pr oduc t m as s s imul t a n e o u s l y a n d

evaporates the water in situ at relati vely low temper-

atures usually not exceeding 1808 F or 828 C ( Thomas,

1996). Since water m oves through the prod uct in

the form of a gas rather than by capillary action ,

migrati on of solids is avoided. Warping , surfa ce dis-

colorat ion, and cracki ng associ ated wi th con ventio nal

drying methods are also a voided (Thomas , 1996).

The foll owing are some of the charact eristics of

RF-as sisted HPD:
� 20
1. RF-assis ted drying impr oves the color of the

products especially those that are highly sus-
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ceptible to surfa ce color change since RF dry-

ing star ts from the inter nal to the produ ct

surface, minimiz ing an y surfa ce effect.

2 . Cr acking, ca use d b y the stre sse s of une ven shrink-

age in drying, c an be eliminate d by RF-a ss is te d

drying. This is ach ieved in the dryer by even

heating through out the produ ct maint aining

moisture unifor mity from the center to the

surface during the drying pro cess.
The potenti al for direct applic ation of the RF-

assisted HP D in the indust ries is appreci able for the

followin g reason s:
1. Simultaneou s extern al and inter nal drying sig-

nificant ly reduces the drying time to reach the

desired moisture co ntent. The pote ntial for im-

proving the throughput of produ ct is good. For

example, in the bakery ind ustry, the throughp ut

for cracker s and coo kies can be impr oved by as

much as 30 and 40%, respect ively (Clark, 1997).

2. By great ly reducing the mois ture varia tion

throughout the thickne ss of the produ ct, differ-

ential sh rinkage can be mini mized. This pr o-

motes RF-assis ted heat pump dryer for drying

materials with high shrinka ge propert ies.

3. Closer toleran ce of the diele ctric heati ng fre-

quency, (1) 13.56 MHz + 0.05%, (2) 27.12

MHz + 0.60%, and (3) 40.68 MHz + 0.05%

(Clark, 1997), significantly improves the level

of control for internal drying and thus has

potential in industry that produces products

that require precision moisture removal.

4. The moisture-leveling phenomenon of RF

drying ensures a uniform level of dryness
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FIGURE 47.23 Schematic diagram of RF-assisted heat pump dryer.

� 20
throughout the product. In dustries that have

products requir ing unifor m dr ying, such as

the ceram ics, can consider RF drying as a

good alternati ve.
47.11.4 S OLAR -ASSISTED HEAT P UMP DRYING

WITH ENERGY STORAGE S YSTEM

In places where very rich sources of solar energy are

availab le, the incorpo ration of a solar heating syst em

to HPD may furth er impr ove the en ergy efficiency of

the ov erall drying syst em. Such a syst em may also be

approp riate for higher drying tempe rature. Inste ad of

using the conventi onal he ating system to provide for

auxiliary heati ng, the storin g of solar energy in a

phase-c hange mate rial such as paraffin wax for dis-

chargi ng sensi ble en ergy to the drying air leads to a

cheaper means of employ ing higher drying tempe ra-

ture. Fur ther, such a system offers the flexibi lity of

operati ng with the heat pump, solar syst em, or wi th

both syst ems complem enting each oth er. Tr oger and

Butler (1980) hav e experi menta lly evaluated a solar

collector- cum-r ockedbed stora ge syst em for peanu t

drying. Chauhan et al. (1996) have studi ed the dry ing

charact eristic s of co riander in a stationar y 0.5 t/ba tch

capacit y deep-bed dryer coupled to a solar air heater

and a rockbed storag e unit to recei ve hot air during

off sun shine hours. They found that to reduce the

average mo isture of coriander grains from 28.2 (dry

basis) to 11.4% (dry ba sis) requires 27 cumula tive

sunshine hours. Usin g the store d heat from the

rockbed energy storage system, the remova l of
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the same moisture can be acc omplished with just

18 cumula tive sunshine hours.

The solar energy su pply syst em prop osed in this

section consis ts of solar collectors , blow ers, pha se-

change storage tank , air-valv es, an d pipes as sho wn

in Figure 47.24. Depending on the type of drying

material which determ ines the air tempe rature, the

air may be flown with ope n full parti al dischar ge

circulati on or full discharge circul ation mod e.

The advantag es of a solar -assisted HP D can be

summ arized as follows :
1. Easy co nversion of natural energy for storage

resulting in signi ficant saving of energy

2. Environme nt-frie ndly process

3. Easy to impl ement con trol strategy

4. Higher operati ng drying tempe ratur e
How ever, the disadva ntages of suc h syst em can

also be summ arize d as follo ws:
1. Higher capital costs are incurr ed for addition al

solar panels, blow ers, stora ge tank , and valves .

2. Implementation of the system is practical and

cost effective provided the average annual sun-

shine time (approximately greater than 2600 h

[Zhang et al., 2000]) is high and the annual

total quantity of radiation is sufficient (more

than 6 � 106 KJ/m2).

3. The amount of stored solar energy is greatly

subjected to the weather conditions.
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FIGURE 47.24 A solar-assisted heat pump system incorporating energy storage system.
Table 47.5 provides the energy cost figures of

three methods for drying 1 m3 lumber. It is apparent

that steam drying consumes more energy and has the

highest cost. Even though the solar-assisted HPD

consumes more energy than the pure solar system

the energy cost is only slightly higher.
47.11.5 MASS TRANSFER MODE—VACUUM/
ATMOSPHERIC PRESSURE

A very useful way to enhance the quality of heat-

sensitive products and yet achieve a fairly dried
TABLE 47.5
The Consumed Energy and Cost of Three Methods for D

Drying Method Wood Species Plate Thickness

of Lumber (cm)

I

Solar P. Koraensis 5.0

Solar-heat pump dehumidifier P. Strobus 5.0

Steam P. Koraiensis 5.0

Source: Adapted from Zhang et al., 2000.
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product is through the use of a pressure-regulatory

system. The operating pressure range is usually from

vacuum to below atmosphere. A total vacuum system

may be very costly to build because of the need for

stronger materials and better leakage-preventing fa-

cility. Therefore, the system that is proposed here is

recommended to operate above vacuum condition.

The period of operating at lower pressure may be

continuous at a fixed level, intermittent, or a cyclic

prescribed pattern. The suitability of employing the

appropriate type of pressure-swing pattern depends

chiefly on the drying kinetics of the product and its

thermal properties.
rying 1 m3 Lumber

nitial Moisture

Content (%)

Final Moisture

Content (%)

Energy

Consumption

(W/m�3)

Energy

Cost ($/m�3)

31 14 10.5 31.5

38 15 34 59.4

40 12 65.5 85



Most heat-sensitive materials often undergo a

freeze-drying process to minimize any quality degrad-

ation that may arise due to temperature effects. Gen-

erally, freeze drying yields the highest quality product

of any dehydration technique (Mujumdar, 2000b).

However, the cost of freeze drying has been found

to be at least one order-of-magnitude higher than

other drying system such as spray dryer.

According to Nijhuis et al. (1996), freeze drying

(known as a suitable dehydration process for pharma-

ceutical and food products) is not suitable for the

production of homogeneous films because the films

obtained are generally very spongy. Also, a freeze-

dried product tends to be porous and the problem of

rapid rehydration may arise once the product is ex-

posed to a more humid environment. Moreover freeze

drying is very energy intensive. The equipment is also

more expensive than atmospheric pressure dryers. It

is best suited for heat-sensitive materials, or when

solvent recovery is required, or if there are risks of

fire and/or explosion.

Maache-Rezzoug et al. (2001) have recommended

a pressure-swing drying mechanism to produce

homogeneous thin sheets. The experiments they con-

ducted recently to dry a collagen gel in order to obtain

a homogeneous film were carried out using a new

process: dehydration by successive decompression.

Their process involves a series of cycles during

which the collagen gel is placed in desiccated air at a

given pressure and then subjected to an instantaneous

(200 ms) pressure drop to a vacuum (7 to 90 kPa).

This procedure is repeated until the desired moisture

is obtained. A comparative study between this new

drying process and conventional methods indicated

that the drying time was reduced from 480 and 700

for vacuum and hot air drying, respectively to 270 min
Evaporator

Condenser

Centrifugal fan

FIGURE 47.25 Air distribution within the drying chamber.

� 2006 by Taylor & Francis Group, LLC.
for the process (Ph¼ 600 kPa; th¼ 18 s; pv¼ 5 kPa,

and tv¼ 5 s).

Integrating such a pressure-swing system to a heat

pump dryer would significantly improve product

quality, by the use of lower drying temperature, and

at the same time reduce the drying time that would

result in a smaller drying chamber to obtain similar

product throughput.
47.12 AIRFLOW DISTRIBUTION
IN DRYING CHAMBER

The distribution of the drying air within the drying

chamber influences the heat and mass transfer process

between the air and the drying product. It affects the

drying kinetics of the products placed at different

locations in the drying chamber. When the drying

air absorbs moisture from the product, it becomes

gradually saturated. Its potential to remove moisture

from the product placed downstream in the direction

of the airflow diminishes. If the distribution of the

drying air in the drying chamber is not properly con-

sidered then nonuniform drying occurs within the

chamber. Sections of the product that first contact

the conditioned air would be drier than other sections

that interact with a more saturated air. Therefore, it is

essential that the drying air be uniformly distributed

within the drying chamber to minimize the problem

of ‘‘uneven’’ drying within the drying chamber.

Floor racks, sidewall flues, and special ceiling

ducts are common items used to facilitate air circula-

tion. Figure 47.25 shows the example of a cross-flow

air circulation in the drying chamber. The air is first

distributed to a ceiling duct, which discharges the

conditioned air perpendicularly to the product trays.
Product trays

Chamber partitions



The ceiling duct, wall ducts, and a special floor duct

together form a completely closed envelope around

the drying chamber. The fan draws air through the

evaporator and condenser and discharges into a ceil-

ing duct above the trays. From here, it is distributed

to the product on either sides of the wall. It then goes

into the flow duct, which carries the air back to the

heat exchangers. When the wall dividers are in place,

dividing the chamber into three sections, the air cir-

culation pattern is essentially the same because air-

flow is from ceiling to floor and the wall dividers do

not interfere with the circulation pattern. Further,

heat and mass transfer is enhanced for a cross-flow

pattern when compared with parallel flow. Therefore,

less airflow may be required to achieve the amount of

moisture removal resulting in the saving of operating

fan cost.
47.13 REFRIGERANTS

The heat pump dryer depends on the properties of

CFCs and hydrochlorofluorocarbons (HCFCs) to en-

able: (1) heat recovery; (2) sensible heating and cool-

ing; and (3) dehumidification. CFCs and HCFCs are

widely used throughout the food industry as de-

scribed in Table 47.6. The principal CFC refrigerants

in current use are R502 and R12, while the principal

HCFC in use is R22. It is estimated that the total

usage of these refrigerants in the food sector in

Canada is about 1800 t/year (TCEA, 1995).

Issues of the impact of emissions on the Earth’s

stratosphere and its protective ozone layer has led to

the imminent schedule of CFC and HCFC phase-out.

The phaseout of CFCs (and HCFCs in the long-term)
TABLE 47.6
Application of CFC/HCFC in the Food Industry

Application in Food Industry CFC/HCFC

Drying R12 and R22

Transport refrigeration R502

Retail unitary refrigeration–

display/storage

R12, R502, and R22

Retail central refrigeration–

display/storage

R12, R502, and R22

Cold storage R502

Refrigerated storage R12 and R22

Refrigerated vending machines R12 and R22

Source: TCEA, Capitalising on the Energy Saving Opportunities

Presented by CFC and HCFC Phaseout in Nondomestic

Refrigeration, E.A. Technology for the Canadian Electrical

Association, Montreal, 1995.
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will force the food industry to evaluate their refriger-

ation systems for refrigerant replacement. The most

important challenge is the need to develop refrigerant

management plans to convert CFCs to new ozone-

friendly refrigerant alternatives. On the flip side, this

challenge presents an opportunity for the food indus-

try to examine the energy efficiency of their refriger-

ation equipment and to introduce new energy savings

methods at the time of CFC (and HCFC) contain-

ment, conversion, or replacement. There are a large

number of alternative refrigerants on the market.

Table 47.7 lists some of these alternatives.

The present direction in refrigerant management

is to look at naturally occurring fluids as potential

replacements. Hydrocarbons and naturally existing

fluids, e.g., propane and ammonia, are among future

environment-friendly refrigerants with zero global

warming and ozone depletion potentials. The heat

pump dryer with hydrocarbon and natural work-

ing fluids can save significant amounts of energy

while playing the role of an environment-friendly

refrigerant (Strfmmen et al., 1999). Strfmmen et al.

(1999) have also compared the performance of several

refrigerants, e.g., R717, R290, R22, and R134a, in

their heat pump dryers. They found that for lower

air temperature, propane has about 3% higher SMER

than ammonia. However, above 10 to 308C ammonia

has higher SMER than R290, R22, and R134a. Am-

monia was found to be the most favorable refrigerant

for heat pump dryers in the temperature range of

30 to 808C.

Other natural working fluids, e.g., steam and air,

have been proposed for heat pumps. Steam and air

are readily available, cheap and environment-

friendly. Steam was proposed as a heat pump work-

ing fluid for paper impingement drying (Nassikas
TABLE 47.7
Some Alternative Refrigerants

Alternative

Refrigerants

Molecular

Weight

Critical

Pressure

(bar)

Critical

Temperature

(8C)

R12 Alternatives

R134A 102.0 40.7 101.1

R409A 97.5 46.0 107.0

R22 86.48 49.9 96.1

R502 Alternatives

R404A 97.6 36.9 72.4

R507 98.9 37.9 76.1

Natural refrigerants

Ammonia (R717) 17.03 111.5 132.4

Propane (R290) 44.10 42.4 96.8



et al., 1992). An air cycle heat pump was proposed by

Mckay (1993). He showed that the condenser tem-

perature was as high as 2068C and the evapora-

tor temperature was as low as �408C. This wide

range of operating temperature makes the air cycle

heat pump versatile for freeze drying, hot air drying,

and process heating (Prasertsan and Saen-saby,

1998b).
47.14 VERSATILITY OF HEAT PUMP
DRYING SYSTEM

Commercially available heat pump dryers are

designed with both the refrigerating components and

the drying chamber integrated as one complete drying

unit. For such dryers, the required refrigeration cap-

acity of the heat pump to cover the heat duties, both

latent and sensible, is sized according to the size of the

drying chamber and the maximum product loading.

These dryers are inflexible for further scale-up of the

refrigerating equipment to deal with increase in product

drying capacity. This results in the partial or complete

replacement of the refrigerating components. Further-

more, in the event of a component breakdown, the

drying operation has to be terminated, resulting in

downtime of the dryer with significant loss in the

production capacity.

The design of a versatile heat pump system is

proposed here whereby the refrigerating equipments

are assembled exclusively from the air-handling

chamber before they are interfaced through the use

of industrial air couplers. These couplers allow the air

to be received for conditioning and discharge the
Containerized drying chamber

Food trolleys

Air di

FIGURE 47.26 The proposed design of a versatile heat pump fi
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conditioned air to the chamber for drying. The con-

ditioning of the air refers to the air temperature,

velocity, and absolute humidity.

The principal advantage of such a versatile heat

pump system is the flexibility to allow the heat pump

components, assembled as a modular unit with port-

able or transportable features, to be coupled and

decoupled to any portable or transportable chamber

for drying and general air-conditioning applications.

Also, this heat pump design enables easy scale-up of

dryers with varying chamber size and configuration to

meet higher production demands. Lastly, easy main-

tenance and repair work can be carried out on the

heat pump components with little or no production

downtime in the drying process, which minimizes

product spoilage in the storage chambers.

The present design comprises:
strib

eld
1. A heat pump system assembled in a modu-

lar unit comprising two internal evaporators,

one external evaporator, one internal conden-

ser, one air-cooled condenser, two expansion

valves, one backpressure-regulating valve, one

external evaporator, one compressor, and one

circulating fan

2. A chamber incorporating two or more ports to

enable air communication between heat pump

and chamber

3. Two or more industrial air couplers to link the

heat pump system to the chamber
Figure 47.26 shows the proposed design of the

heat pump field dryer. This design is unique because

it allows further scale-up of the drying chamber
Heat pump assembled in chassis

ution fan

Axial  fan

Condenser

Air couplers

Evaporators

dryer.



without changing the position of the coils and other

refrigerating components. For reasons pertaining to

simplicity and cost, a conventional transport con-

tainer can be used as the chamber. The drying cham-

ber is partitioned into two segments by three

partitions. These partitions create a U-channel duct

for the drying air to flow from the ports to the loading

trolleys with product trays before the drying air is

returned to the heat pump by the return ports.

A recirculation fan is installed to provide additional

airflow to the products. The products are first laid in

the product trays with fixed wheels before they are

pushed through the loading door. The product, after

being dried to the desired moisture content, leaves the

drying chamber by the unloading section.

It should be mentioned that the application of this

modular design is not exhaustive, it extends beyond

drying and cold storage applications. The concept of

a coupled and decoupled process, for easy interface

between equipment and air-handling unit, can be

used in many air-conditioning applications through

appropriate selection of expansion valve, compressor,

condensers, evaporators, and refrigerant.
Capital cost of drying plant

£400/kW
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47.15 ECONOMICS OF HEAT PUMP-
ASSISTED DRYING SYSTEM

Potential investors in drying technology need to have

information pertaining to the capital investment, total

operating cost, and breakeven period. Equally im-

portant is the knowledge of the various drying param-

eters that can affect the drying process. Such

information can help them to reduce the operating

cost required to remove per unit of moisture from

the product. The following section examines the

techno-economics of the heat pump dryer.

The total cost of a HPD system is made up of two

kinds of basic costs:

£200/kW

£100/kW
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80004000
Running cost of dryer (h)

FIGURE 47.27 Total cost of drying. Assumption: effective-

ness ¼ 1 l water/kWh. (Adapted from Brundrett, G. W.,

Handbook of Dehumidification Technology, Butterworths,

London, 1987.)
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1. Fixed cost elements. These are items unrelated

to the amount of moisture removed from the

product over the years. The dryer cost is

the primary element because once the dryer is

purchased, interest has to be repaid whether or

not the dryer is actually in use. This item also

includes the maximum demand charges for the

electricity supply.

2. Variable costs. These are costs that progres-

sively increase as the dryer operates. Its main

element is the energy used but it could also

include the dryer maintenance element. The

actual cost is dependent on the product of the

energy cost and the effectiveness of the dryer.
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Therefore, the equation for total cost is

Total cost of removing one liter of water

¼ total variable costþ total fixed cost

total water removed

where

total variable cost ¼ dryer power (kW) � running

time (hours) � energy cost ($/kWh)

and total fixed cost ¼ interest or amortization of the

capital cost.

The total cost of removing 1 L of water from the

product can be portrayed in graphical form as shown

in Figure 47.27. It can be readily observed that if the

dryer is operating for only a short period in a year,

say below 2000 h, then the total cost of extracting a

liter of water from the product is critical. However, if

the operating hours are longer at 8000 h/y, the total

cost of removing a liter of water from the product is

significantly lower. This trend is typical of most heat

recovery systems because greater amount of heat is

recovered for longer operating periods. In the case of

the dryer, the direct translation is then an offset of the

operating cost resulting in lower cost for each unit of

water removed.

Several factors are expected to influence the over-

all economic viability of a heat pump dryer. Some

of these are process or design parameters while

others are economic parameters. Zylla et al. (1982)

in evaluating the potential for heat pumps in drying



systems found that he at pum p dryers can reduce the

operati ng cost as much as 70% in compari son to a

recuperat ive heatin g dryer. Pendy ala et al. (1986)

have fou nd that for typical drying conditio ns with

air tempe ratur e and relative humidi ty in the respect -

ive range of 25 to 65 8 C a nd 40 to 100%, a heat pump

dryer de signed for a drying cap acity of 200 kg/h has a

payback period of 2 to 3 y. Judging from the humidi ty

of the exh aust air, it was furt her observed that pa y-

back period can be shorte ned from 3.2 to 2.0 y if

relative humidi ty of exh aust air increases from 0.4 to

0.7. It can then be dedu ced that the payb ack period

for initial investment is general ly reduced if more

produc t mois ture is avail able for heat recover y.

Also, the payback period is sensitiv e to the operating

pressur e of the evapo rator and cond enser. The min-

imum effecti veness factor sh ould be more than 0.55 if

the pa yback period is less than 3 y.
47.16 FUTURE TRENDS IN HEAT PUMP
DRYING—MULTIPLE DRYERS

Althou gh not repo rted heretof ore, it is possibl e to

design a HP D system that uses a singl e low capacity

HP to supply drying air to severa l different ch ambers

accordi ng to a preprogr amme d schedule. This is feas-

ible be cause many food prod ucts ha ve long falling rate

periods . Ther e a re severa l ad vantage s of operati ng the

heat pump with mult iple drying chamb ers. They are:
Heat pum

Dryer I Dryer

Auxiliary
heating

Axial fan

Air exhaust back
to heat pump

FIGURE 47.28 Schematic layout of multiple-chambers heat pu
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. Improv ed qua lity of products such as su rface

color a nd reduced case hardening
. Improv ed energy effici ency with more laten t

load for heat recover y
. Reduced capital cost and floor space requirement
. Easy tempe ratur e schedule co ntrol for diff erent

produc ts in diff erent drying chambers

W hen only a marginal amou nt of convecti on air is

needed to evap orate moisture, the drying chamb ers

are operate d in sequence. The air from the heat pump

can be direct ed sequ entially to tw o or more cha mbers

or can be divide d accord ing to a preset schedule to two

or more drying chambers , whic h may dry the same or

different products . Thus , the heat pump can be ope r-

ated at near optimal level at all tim es. Even if the

drying tim es for each chamber may increa se due to

the inter mittent he at input, the overal l econ omics

should improve considerably. A smaller HP can

double or triple the drying capacity, especially with

the help of supplementary heating by IR, MW, or RF.

Figure 47.28 shows a schematic diagram of a

multiple-chamber HPD process. When the drying rate

of the product approaches the second falling rate, the

drying air is channeled to the second chamber to dry

the freshly changed product of higher moisture con-

tent. Auxiliary heating may then be used to provide

the thermal requir ement for dr ying. Figu re 47.29

shows the scheduling sequence. Such a scheduling

enables reduction in product temperature, resulting
p

Dryer III II

Air damper

mp drying process.
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FIGURE 47.29 Sequence for multiple heat pump batch drying.
in improved quality and reduces case hardening. Im-

proved energy efficiency of the heat pump system is

also expected because higher latent loading in the

second chamber in the form of product moisture is

available for heat recovery.

From an economic perspective, the most attractive

aspect of multiple-chambers HPD is the reduction in

capital cost, because one heat pump system is capable

of accomplishing the drying task of two or more sep-

arate HPD units. Further, a control strategy can be

easily implemented through control of air dampers.
47.17 CONCLUSION

HPD has evolved to become a mature technology

over the last two decades. However, it is not applied
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as widely as it should or could be. Initial costs as well

as operating costs remain a problem, since few major

vendors of drying systems offer HPD systems. Effi-

cient use of energy in such energy-intensive oper-

ations as drying is crucial to the reduction of net

energy consumption and hence emissions of green-

house gas. With the eventual acceptance of a

carbon/energy tax around the world energy, conser-

vation will become a key concern in many industrial

operations. Heat pumps appear to have attracted

interest as a means of energy recovery since this idea

was first proposed by Lord Kelvin in 1852. Commer-

cial heat pumps based on the vapor compression cycle

or the absorption cycle are operational in numerous

applications. New HP technologies such as the ad-

sorption cycle or the chemical reaction cycle are emer-

ging rapidly, although they have yet to find major



industrial applications. In future, the need to develop

cost-effective heat pumps using environment-friendly

refrigerants (e.g., CO2 and NH3) to replace CFCs

will also impact HPD systems. With more versatile

designs of heat pump dryers in the pipeline, their

applications can be extended to include other air-

conditioning applications, resulting in effective in-

vestment of capital costs. While enough is known

about heat pumps and various dryers, optimal inte-

gration of the technologies remains a challenging

R&D task. It is hoped that more attention will be

paid to this development in the coming decade.
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NOMENCLATURE

(COP)A actual coefficient of performance

h enthalpy of drying air, J/kg dry air

hfg heat of evaporation, J/kg K

HGC hot gas condenser

HP heat pump

HPD heat pump drying

HPE high pressure evaporator

LP low pressure evaporator

Ma mass flow rate of drying air, kg/s

PID Proportional–Integral–Differential

Q power, KW

Qe energy, kJ

SC1 subcooler 1

SC2 subcooler 2

SEC specific energy consumption, kWh/kg mois-

ture

SMER specific moisture extraction rate, kg mois-

ture/kWh

T temperature, 8C
GREEK SYMBOL

a intermittency cycle ratio

v humidity ratio of air, kg water/kg dry air

t profile periodic time, min

SUBSCRIPTS

100% saturation level

a actual
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c condenser

ev evaporator

off nonheating period

on active heating period
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48.1 INTRODUCTION

The statistics of industrial accidents show that drying

should be regarded as a potentially hazardous oper-

ation that has brought a number of reported incidents

with serious results for personnel and equipment [1,2].

The data indicate that the accident rate per 105 work-
, LLC.
ers at risk is considerably greater in the food industry

than, e.g., in the chemical industry. Approximately

8 to 9% of all dust explosions in the food industry is

related to the drying operati on (Figure 48.1). The

other data for the period 1967–1983 in the German

sugar industry indicate that drying contributes to

37% of all accidents [3], whereas in the French milk
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FIGURE 48.1 Distribution of explosion location for dust explosion in the food industry. (From W. Hamm, The Chemical

Engineer, 8–9: 22–25 (1984). With permission.)
industry an average of four major accidents in spray

dryers were reported annually [4]. Based on 89 acci-

dents that happened in 1965–2000, 415 people were

injured and 16 fatalities were reported in The Accident

Database [5]. It is worth to note that in most cases of

spray dryer accident in the food industry fire was

observed whereas an explosion experienced in <10%

[6]. The above reports underline the importance of

safety from fire and explosion hazards in dryers and

in the ancillary equipment.

Drying is particularly prone to fire and explosion

hazards because it is a process in which external heat

sources are applied.

Most of the materials, whether natural products

or synthetic organic products, are combustible or sen-

sitive to heat as well as are exposed to elevated tem-

perature in the air.

All possible ignition sources may be present in

dryers.

There are three factors that influence the potential

for fire and explosion: (1) process; (2) engineering; and

(3) management.

The process factor is associated with the charac-

terization of material being dried and the physical

conditions to which it is subjected. This is a very

important consideration because it enables for the

recognition and assessment of fire and explosion

hazards. For this factor, the basis of safety is the

prevention methods (e.g., drying in an inert atmos-

phere, elimination of the formation of explosive mix-

tures, and rigorous exclusion of all possible ignition

sources).

The engineering factor relates to the plant layout,

its location, the equipment used, and its engineering

standards. Special attention should be paid to the

design stage at which safety and reliability rely upon
� 2006 by Taylor & Francis Group, LLC.
the application of various codes of practice and

standards. This is a basis for prevention of the fire

explosions hazards. Within this factor, the philosophy

of safety is based on the acceptance of the possibility

of fire and explosion and provision of a method for

protecting personnel and equipment from its conse-

quences (protection method).

Usually, each drying plant being part of a chemi-

cal plant is under last protection layer that is emer-

gency response that may essentially mitigate the

impact of a fire or explosion to human, property,

and environment.

Within the management factor, which usually ac-

counts for majority of industrial accidents, the most

important tool is a risk assessment, which examines

the hazards associated with the drying operation and

on that basis safety prevention and protection meas-

ures are designed. Besides these all operating, house-

keeping, and maintenance procedures as well as

training systems are defined by the management

based on the risk assessment.

In view of the diversity of the nature of material

handled and types of dryers, it is not possible to

present any universal answer to the above-mentioned

factors. However, many of the general values regard-

ing the process, engineering, and management factors

are commonly applicable to all types of dryers. These

are given here, but one must remember that each

material and dryer should be assessed individually,

taking all steps possible to provide adequate safety. It

is worth emphasizing that the application of different

precaution methods in drying processes is a statutory

requirement in many countries; e.g., the Factories

Act of 1961 (in the United Kingdom) requires all

practicable precautions to be taken to prevent an

explosion wherever an explosion dust is involved.



Similar requirements are in Germany (Störfall VwV),

the United States, and the other European Union

countries. The EU ATEX Directives 94/9/EC is fully

applicable to dryers [7]. An excellent guide to safety in

drying operations has been prepared and published

in a revised version by the Institution of Chemical

Engineers of Great Britain [8].
48.2 THE PROCESS FACTOR

48.2.1 NATURE OF FIRE AND EXPLOSION HAZARDS

IN DRYERS

The simultaneous presence of three basic condi-

tions is required for fire and explosion to occur

(Figure 48.2)
Igni
sou

FIG

� 20
1. Fuel (e.g., flammable dusts, solvents, or hybrid

mixtures)

2. Oxygen (air)

3. Ignition source with sufficient energy
When any of these three basic conditions is miss-

ing, no explosion can occur.

The majority of powdery, fibrous, and granular

products processed in dryers contain fuels. Moreover,

fine combustible dust, when dispersed in air, can form

a reactive mixture leading to explosion, which may

trigger others as dust is dislodged by a primary event.

Frequently, the material can accumulate within a

dryer in the form of deposits (in places unswept by a

drying agent) or residues because the dryer may not

have been cleaned before start-up. As a result of the

accumulation, the overheating process may take

place. The risk is substantially increased if a flam-

mable solvent is being evaporated from the material

or a mixture of combustible dust and flammable gas

or vapor occurs (e.g., a hybrid mixture).

The air generally used as a drying agent contains

enough oxygen for combustion and also all types of

ignition sources may be present during drying. More-

over, drying is a very complex unit operation that

may include other operations like pneumatic convey-

ing, separation, storage, and direct/indirect heating
Fuel (dust)

Oxidizer Fire/explosiontion 
rce

Confined vessel 
(or partially)

URE 48.2 Fire and/or dust explosion components.
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systems, which by the nature of the process may

bring about a fire and explosion hazard. As a conse-

quence, the following hazards may appear:
1. Fire (i.e., combustion of dust, which means a

chemical reaction of a combustible and gaseous

oxidant with resultant production of flame and

burning gases)

2. A dust explosion (i.e., flame propagation through

a confined dispersed dust with pressure gener-

ation by combustion)

3. A deflagrating or detonating explosion

4. An uncontrolled thermal decomposition of ma-

terial producing extensive damage
Based on the nature of the reaction exhibited

by materials when heated, they may be classified as

follows:
1. Deflagrating or detonating explosives

2. Materials that exhibit violent exothermic reac-

tion even in the absence of air (e.g., certain

peroxides)

3. Materials that undergo exothermic oxidation or

decomposition in layer, bulk, or fluidized form,

or that can disperse into flammable clouds in air
The differentiation between a detonation type of

combustion and deflagration is based on the velocity

of combustion zone. According to NFPA Standard

69 (1986) edition the deflagration is defined as a

propagation of combustion zone at a velocity that is

less than the speed of sound in the unreacted medium.

The opposite feature is characteristic for the deton-

ation type of the velocity combustion.

Types 1 and 2 require a specialized drying tech-

nique and are not discussed in this chapter. The dry-

ing of solids of type 3 can be safely carried out by

proper control of operating conditions and by pro-

viding adequate precautionary measures.

The hazards with combustible materials can be

divided into:

. Ignition of dust clouds

. Ignition of hybrid mixture

. Ignition of dust layer or deposits

. Ignition of bulk powder

Ignitions of dust clouds are due to oxidation reactions

whereas ignitions of dust layer or bulk powder are

due to self-ignition or exothermic decomposition.

The optimum condition for ignition and subse-

quently for the combustion process is when the par-

ticle separation allows sufficient air to get to each

particle, but the particles are close enough for the



heat release to support burning of adjacent particles.

Such conditions are met mainly in a dispersional

dryer in which dust clouds are formed. As a result

of a dust cloud ignition, fire dispersion or explosion in

a confined place or flash fire in open space may take

place. The ignition of a dust layer and bulk powder

results in burning by smoldering or flame. Transition

from fire to explosion and vice versa can readily occur.

An overall assessment of fire and explosion hazards in

dryers is presented in Figure 48.3.

48.2.2 MATERIAL CHARACTERIZATION PROCEDURE

An extensive series of laboratory tests have been

conducted in various countries to enable the investi-

gation of fire and explosion characteristics of

materials to be made. The testing apparatus and

procedures differ from one country to the other,

although there are some common points. The tests

used to be made on a laboratory scale and the results

obtained were extrapolated to full scale, always
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Do explosibility 
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classify dusts

No fire/explosion 
hazard

Fire/explosion
safeguards re
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No
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Can cloud of 
material form in 

dryers or ancillaries?

Does material 
propagate flame?

FIGURE 48.3 Overall assessment of fire and explosion hazards
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giving some uncertainty. Also, the test procedures

may not reflect exactly the condition in a parti-

cular type of dryer. Therefore, it is recommended

that published data may be used carefully and indi-

vidual tests on the particular dust concerned may

be required.

The most comprehensive ranges of tests, which

are already standard in their countries, have been

made in the United Kingdom, the United States,

and West European countries [9–14]. In addition to

these testing methods, there are special methods that

have been developed by specific industries for certain

processes and products. As far as drying operations

are concerned, ICI Ltd. (United Kingdom) [15] and

CIBA-Geigy (United Kingdom) [8] have set up such

procedures.

As a result of these established procedures, data

regarding the explosion characteristics of many prod-

ucts already exist [14–16,19–21]. With the product not

tested previously, the following characterization pro-

cedure is recomm ended (Tab le 48.1) .
Consider 
alternatives

ple 
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hazard

 hazard 
quired
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TABLE 48.1
Material Characterization Procedure

Material
Tests on
explosiveness

Chemical structure

Oxygen balance

Small flammability test

Combustible
materials

Explosive
materials

Incombustible
materials

Unsuitable for
thermal drying

No precaution on
fire/explosion

Tests on
combustibility

Propagation
characteristics

Ignitability

Smoldering

Fire-fighting systems

Tests on dust or
vapor explosion

Explosibiity
MEC/LFL/MOC

Sensitivity
MIT, MIE

Violence
Pmax, (dP/dt)max

Safeguard systems

Tests on thermal
decomposition

Exotherm characteristics
TA, TL, TB, (dT/dt)

Consequence of decomposition
(dP/dt)max, VG

Self-heating
TC, d
48.2.2.1 Explosiveness

In order to identify materials that may be accepted for

drying, it should be determined whether or not they

have properties associated with deflagrating or deton-

ating explosives. Such an initial examination is based

on the laboratory tests concerning the following:
� 20
1. Chemical composition

2. Oxygen balance

3. Small-scale flammability tests
Chemical Composition—The explosibility of a ma-

terial can be attributed mostly to the presence of some

functional groups in its molecular structure. Some of

these functional groups are:
1. Those affecting the explosive nature directly,

e.g., aliphatic and aromatic nitro groups, ni-

trate ester, and nitramine

2. Those indirectly concerned with explosibility,

e.g., azide, azo, nitroso, acetylene, peroxide,

and perchlorate

3. Those that make some contribution to explosi-

bility, e.g., hydroxyl, ether, amino, carbonyl,

and sulfonic acid
It should be noted that this list is not exhaustive.
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Oxygen Balance—An explosive material under-

goes oxidative decomposition in the presence of oxy-

gen under certain conditions of temperature,

pressure, and composition, thereby releasing a lot of

energy and a large volume of simple oxidation prod-

ucts. The oxygen availability within the compound is

often a fairly good estimate of its explosive nature.

Oxygen balance, computed from oxygen availability,

when compared against known explosives, provides

the indication of explosibility.

For a compound with carbon, hydrogen, and oxy-

gen in the ratio given by CxHyOz and stoichiometry of

combustion given by

CxHyOz þ X þ Y

4
� Z

2

� �
O2 $ XCO2 þ

Y

2
H2O

the oxygen balance is defined as

Oxygen Balance ¼ �16� (2X þ Y=2� Z)� 100

molecular weight

Computed values for some of the known explosives

are nitrobenzene, �162.6; trinitrotoluene, �74.0; and

glyceryl trinitrate, þ3.5.



If the oxygen balance of the compound is >�200,

the compound should be considered as being poten-

tially explosive and these materials cannot be ther-

mally dried.

Small-Scale Flammability Tests—The final exam-

ination is made by exposing a small-scale sample (1 to

2 g) to flame. Violent reaction will confirm the neces-

sity of further explosiveness testing. A full account of

the above-mentioned tests is available [8].

Additional information on explosibility of a ma-

terial is provided by thermochemistry. All materials

with endothermic heat of formation can release this

stored energy upon decomposition and must there-

fore be regarded as hazardous substance [20]. A list of

reactive chemicals and their associated hazards is

given by Bretherick [21].

48.2.2.2 Combustibility

Combustibility properties are necessary to assess the

type and magnitude of any fire associated with a

material. These properties can be markedly affected

by physical properties of the material and external

factors. No universally accepted testing method is

available. The basic data on combustibility may be

obtained by a burning test and combustion test [8,9].

The essential information is required on the rate and

type of exhibited propagation (flame or smoldering)

and ignition temperature observed under one set of

conditions may be changed substantially by a change

of condition.

Based on the procedure developed by CIBA-Geigy

[8], the material is rated from 1 to 6 depending upon its

reaction to an electrically heated platinum wire. The

sum of the two ratings is then taken as the overall

index of the drying hazard and subsequently a hazard

classification is determined (Table 48.2). Products with

a hazard class Tr 3 should not be dried in heated

vessels since safe handling of the dry product cannot

be assumed.
TABLE 48.2
Classification of Drying Hazards by
CIBA-Geigy Ltd.

Total Rating Hazard Class Remarks

2–4 Tr 0 No fire hazard

5–7 Tr 1 Slight fire hazard

8–10 Tr 2 Fire hazard

11–12 Tr 3 High fire hazard

Source: From Preventing of Fires and Explosions in Dryers—A

User Guide, 2nd ed., Institute of Chemical Engineers, Rugby,

UK (1990).
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48.2.2.3 Dust Explosion Characteristics

Many dusts, when dispersed in air, form a cloud or

suspension. Clouds of combustible dusts are generally

explosible and, when ignited, result in an explosion in

a confined space (e.g., drying chamber) or a flash fire,

developing little hazardous pressure, in an open

space. For a dust to be explodable, the particle size

must be small enough to give an adequate reactive

surface area, and the dust cloud sufficiently dense and

uniform to propagate the combustion reaction. Par-

ticles greater than about 500 mm in diameter are

unlikely to cause explosions, although during drying

a comminution process may take place that produces

fine powder much smaller in diameter. Generally, the

explosion of a dust cloud can occur only when all the

following conditions are met:
FIG
1. Dust concentration lies within the explosive

limits

2. Required oxygen concentration is available

3. An ignition source of sufficient energy is

present
Flammable dusts mixed with air exhibit an explo-

sive range having upper and lower limits (Figure 48.4).

The upper limit for dusts is difficult to establish; the

lower limit, called the minimum explosive concentra-

tion (MEC), as the lowest concentration of suspended

dust capable of propagating flame, may be in the range

of 0.02 to 0.085kg of product/m3 of air for polyethylene

and coffee, respectively. Such conditions may be met in

all types of dryers except for tray and band dryers. The

range of explosible concentrations is strongly influ-

enced by many parameters, e.g., the particle size, par-

ticle shape, moisture content, the position and nature of

the ignition source, and more. In all dispersional dryers,

in which the material is dispersed in air, it is necessary

to accept that a dust cloud of explosible concentration

can form.

The required oxygen concentration is expressed

by minimum oxygen concentration (MOC) to sup-

port combustion; this varies between 3 and 15% (v/v)
Explosion
risk

Upper
limit

Lower
limit

Flame cannot
be sustained

Flame quenched

Typically
2−10 kg/m3 air

Typically
0.01−0.5 kg/m3 air

URE 48.4 Dust explosivity limits.



as measur ed experi menta lly at 850 8 C, depend ing

on the ch emical nature of the dust, its pa rticle size,

moisture content , an d temperatur e.

The sensi tivity of a dus t cloud to ignit ion is deter-

mined by the mini mum ignit ion tempe ratur e (MIT)

and minimum ignition en ergy (MIE) . The MIT and

MIE are determined by standar d tests describ ed in

detail by Palmer [9] and Field [12] .

The MIT is especi ally relev ant in prob lems involv -

ing a relative ly large heated area of a plant, e.g. , the

surface of a dryer, an d repres ents a maxi mum tem-

peratur e that shou ld never be exceeded. Typical val-

ues have been determ ined to be 3 70, 500, and 575 8 C
for sugar, cocoa, and coal, respect ively.

The M IE is partic ularly relev ant in ignit ion by

sparks. Typical values have be en shown to be 30,

120, an d 50 mJ for sugar, co coa, an d coal, respect -

ively, and are strong ly de pendent on the particle size:

the finer the dust, the more easily it can be ignited

[11]. The main applic ation of MIE is in relation to the

static electrici ty hazard. It has been rep orted that the

majorit y of incide nts occur wi th sparks having igni-

tion en ergy below 25 mJ [13].

The co urse of an explosion of a c ombust ible dus t

in a closed vessel is sho wn in Figure 48.5.

Ther e are two main facto rs go verning the violence

of explosi on: (1) the maximum explosi on pressur e

Pmax and (2) the maxi mum rate of pressur e rise (d P/

dt )max . The severity of explosi on of a dust cloud can
(a) (c)

(b) (d)

t, s

t, s

V = 1 dm3

V = 1 m3

V = 20 m3

Pmax

Slope (dP/dt)max

P
,  

P
a

P
, P

a

P
, P

a
P

,  
P

a

FIGURE 48.5 The course of explosion.
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be descri bed by measur ing the pressure rise occu rs

during an explosion . As can be seen in Figure 48.5a,

the pressur e co ntinues to rise inside the vessel until

explosio n pr essure Pmax ha s been reached. In the

rising por tion of the pressur e curve, an inflec tion

point occurs a t which the slope of the curve is the

greatest. It gives the explosi on rate of pressur e rise

(d P/d t)max . The Pmax for dryers operatin g at atmos -

pheric pressure does not exceed 900 kPa and can de-

velop rates up to 10 kPa/s. The effect of vessel

volume, types of dust, and presence of flammable

solvent is quantitatively shown in Figure 48.5b, Fig-

ure 48.5c, and Figure 48.5d, respectively.

The violence of explosion parameters has been

determined for many years in the United King-

dom and the United States in the Hartmann bomb

apparat us of 1.3- L mm cap acity (Figur e 48.6a) [9].

Today, an alternative method that is generally

preferred, following extensive research and deve-

lopment in Switzerland, is the 20-L sphere test with a

10,000-J chemical igniter [11,14] (Figure 48.6b).

Methods of qualifying explosion severity in the vessel

have been described [22] and widely accepted in

Europe [23].

These test series and data are used to determine an

additional explosion parameter—the maximum rate

of pressure rise normalized to a volume of 1 m3 (Kst).

The explosion parameter is expressed in the form of

the ‘‘cube root’’ law:
t, s

t, s

Dextrin

PVC dust and solvent vapors
simultaneously present

(hybrid mixture)

PVC dust not explosive

Coal dust
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FIGURE 48.6 Apparatus for testing dryer explosion char-
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TABLE 48.3
Dust Classification Systems

Country Test Criterion

Great Britain Horizontal tube

<13008C
Vertical tube

Inflammator

Ignition and flame

propagation

United States Physical properties

of dust

Explosivity index IE

Ignitability

Result of ignition

Federal Republic of

Germany, Switzerland

Sphere test

(volume 1m3)

Dimensional constan

Kst in ‘‘cube root’’
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(d P=dt )max V 1 = 3 ¼ K st

where V is the volume of the vessel and Kst is the

dimens ional constant charact eristic of a particu lar

dust (kPa~ m/s). The maximu m explosi on pressur e

Pmax and the maximum rate of pr essure rise (dP /

dt )max are used to design the exp losion pro tection

system and are discussed be low.

Repo rted values for the ex plosion pa rameter Kst

vary over a range for a pa rticular mate rial, e.g. , from

2.8 � 10 3 to 34 � 10 3 kPa � m� s � 1 for pigme nts and

from 5.8 � 10 3 to 13 � 10 3 kPa � m �s � 1 for milk . The

differences are connected with the variations in chem-

ical formu lation of sampl es and differences in parti cle

size. Accor ding to Bartkne cht [14], the variation in

moisture content may be less signi ficant.

Experimental data on dust explosibility enable the

classification of dust into dust explosion hazard classes.

Such a classification applied in different countries is

presented in Table 48.3. The determination of the

dust explosion hazard class is required not only to

assess dust explosion risk, but also to define statutory

requirements as well as to assist in the identification

of protective measures for different hazard classes.

(Table 48.4) , presents a selec ted data for dus t

explosivity [16-21].

48.2.2.4 Thermal Decomposition Characteristics

In almost all dryers, there is a buildup of deposits on

the inner surface of the drying chamber or an accu-

mulation of dust layer in some dead areas. The

material may also be stored in bulk form at the

bottom of some dryers and in bins, hoppers, silos,

or bags. Ignition of such a material can occur not

only by typical high-temperature sources (i.e., elec-

trical sparks or incandescent particles), but also by
Dust Class Reference No.

Group A (explosive)

Group B (nonexplosive)

9

Group A (weak explosion); IE ¼ 0.1

Group B (moderate); IE ¼ 0.1 to 1.0

Group C (strong); IE ¼ 1.0 to 10

Group D (severe); IE ¼ 10

17

t

law St 0 (nonexplosive); Kst/kPa�m/s

23

St 1 (weak); 0 < Kst < 200 kPa�m/s

St 2 (moderate); 200 < Kst < 300kPa�m/s

St 3 (strong); Kst > 300 kPa�m/s



TABLE 48.4
Explosibility Characteristics of Various Dusts

Type of Dust MEC, kg/m3 MIT, 8C MIE, J Pmax. kPa

105

(dP/dt)max

� 105, kPa/s

Dust Classification

Cloud Layer IE St

Metal powders

Aluminum flakes 0.045 650 760 0.050 5.80 1400.0 >10.0 3

Magnesium 0.040 620 490 0.040 6.40 630.0 10.0 2

Silicon (96% Si) 0.110 790 — 0.100 6.40 840.0 0.9 1

Agricultural products

Cocoa 0.045 470 370 0.030 5.40 211.0 13.7 1

Coffee 0.085 720 — 0.016 6.20 360.0 0.1 1

Grain dust (wheat, maize,

barley, and oats) 0.055 430 230 0.030 9.20 140.0 9.2 1

Corn 0.055 400 — 0.040 7.80 413.0 6.9 1

Corn starch 0.045 400 — 0.040 7.30 516.0 9.5 1

Cotton linters 0.500 520 — 1.920 5.02 275.0 <0.1 1

Egg white 0.140 610 — 0.640 3.99 344.5 <0.1 1

Malt barley 0.055 400 250 0.035 6.54 303.0 5.5 1

Milk, skimmed 0.05 490 200 0.050 6.54 158.0 1.4 1

Potato starch 0.045 440 — 0.025 8.26 551.0 20.9 2

Rice dust 0.051 440 240 0.050 6.50 183.0 2.3 1

Soya protein 0.045 530 460 0.060 6.90 239.0 2.0 1

Sugar, powdered 0.045 370 400 0.030 7.70 352.0 9.6 1

Wood flour, pine 0.035 470 — 0.040 7.78 378.0 9.9 2

Pittsburgh coal 0.055 610 180 — 5.80 160.0 1.0 l

Plastics

Cellulose acetate 0.040 420 — 0.015 5.85 248.0 >10.0 1

Epoxy 0.020 540 — 0.015 6.60 420.0 10.0 1

Nylon 0.030 500 430 0.020 6.70 280.0 10.0 1

Phenolformaldehyde 0.030 490 — 0.010 6.50 775.0 10.0 1

Polycarbonate 0.025 710 — 0.025 5.30 241.0 — 1

Polyurethane foam 0.025 550 — 0.015 6.60 254.0 — 1

Polyethylene 0.020 450 — 0.010 5.50 516.0 10 2

Polypropylene 0.020 420 — 0.030 5.30 356.0 10 1

Polystyrene latex 0.020 500 — 0.015 6.81 482.0 — 1

Polyvinyl acetate 0.040 550 — 0.160 4.75 689.0 — 1

Rayon 0.055 520 — 0.240 7.37 117.0 — 1

Rubber, synthetic 0.030 320 — 0.030 6.40 213.5 — 1

Urea molding comp. 0.085 460 — 0.080 6.13 248.0 1.0 1

Drugs and chemicals

Aspirin 0.050 660 — 0.015 6.06 >689.0 2.3 2

Nitropyridone 0.045 430 — 0.035 7.64 >689.0 >10.0 2

Vitamin B 0.035 360 — 0.060 6.95 413.0 8.3 1

Adipic acid 0.035 550 — 0.060 5.78 >186.0 1.9 1

Benzoic acid 0.030 620 Melts 0.020 5.23 378.9 >10.0 1

Bisphenol A 0.020 570 — 0.015 6.13 585.6 >10.0 2

Diphenyl 0.015 500 — 0.020 5.64 689.0 >10.0 2

Salicylanilide 0.040 630 Melts 0.020 6.13 330.0 5.8 1

Sulfur 0.035 190 220 0.015 5.37 323.0 >10.0 1
low-rat e atmos phe ric oxidat ion (self- heating) or ther-

mal decomposi tion due to ch emical react ion induced

by exposure to heat.

Thes e can take place when the rate of he at gener-

ation in the material QR (which strong ly increa ses
� 2006 by Taylor & Francis Group, LLC.
exponen tially with tempe ratur e acco rding to Arrh e-

nius dep endence) exceed s the rate of he at losses QL

(which increases only linearly with temperature)

as sho wn in Fi gure 48.7. It may lead to run -

away, increases in temperature of the material and
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FIGURE 48.7 Thermal decomposition phenomenon.
subsequently to smoldering combustion that even-

tually may break into flame.

Characterization of an exothermal behavior of the

material involves a determination of the temperature

at which exothermicity is first detected and then the

rate, magnitude, and nature of the subsequent decom-

position. Such data can be produced by the applica-

tion of techniques known as differential thermal

analysis (DTA) and differential scanning calorimetry

(DSC) [11].

These techniques have some limitations connected

with the small scale of the experiments and they dif-

ferentiate between conditions in the experiment and

in the dryer. Therefore, ICI Ltd. of the United King-

dom has developed its own ICI Screening Test based

on the measurement of the temperature at which

exothermic activity is first detected during the heating
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FIGURE 48.8 Distribution of material exothermal temperature T
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of the sample under controlled conditions (an exo-

thermal onset temperature for the material in layer

TL; in bulk TB; and aerated TA) [15]. Test methods

take into account more conditions that can be met in

dryers (e.g., the effect of chemical composition of the

material, physical properties, influence of external air,

effect of bulk or scale, and the time cycle of the heat

exposure).

For material with self-heating capabilities col-

lected and stored in the bulk form, the most import-

ant is the discharge temperature, which cannot exceed

the onset temperatures for self-heating Tc. Detailed

data on the self-heating are given by Bowes [24].

There are also some important practical points of

which one has to be aware:

. Contamination of the material by lubricating oil

from the equipment (e.g., the atomizer in a

spray dryer) decreases MIT
. During start-up and shutdown, some parts of

the dryer may have a higher temperature than

during normal operations
. Any smoldering layer may ignite into a

flame when disturbed and as a consequence

can result in a flash fire or an explosion;

such deposits should be extinguished by a

gentle water spray before cleaning operation

begins

The summarized results of wide research made by

Gibson et al. [15] for the exothermal onset temperat-

ures for >200 samples of different organic chemicals

are shown in Figure 48.8. The obtained data on the

material in the form of bulk powders, layers, and

aerated powders are used for the selection of safe

operating conditions that simultaneously preserve

good product quality.
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48.2.3 HAZARDS WITH FLAMMABLE V APORS

Thermal drying of any combust ible solid or liquid

produc es a vapor that can form a fla mmable mixtu re

with oxygen if only the vapor concentra tion is in the

right range. Simi lar to dus t explosi ons, a vapor ex-

plosio n can occur under the foll owing con ditions:

. A vap or concentra tion is within lower flamma -

bility limit s (LFLs) and upper flamma bili ty

limits (UFLs)
. Minim al oxygen co ncentra tion (MO C) is

reached
. An ignition source of sufficient energy is present

The presence of the flamma ble vap or in air makes the

mixture more susceptible to ignit ion a nd the pro pa-

gation of flame through the mixt ure of reacta nts is

even more rigoro us than that for dusts de pendent on

the ov erall conditio ns.

The general relationshi p be tween flamma bili ty

parame ters of an ideal ized fla mmable air mixture is

shown in Fi gure 48.9, wher eas Table 4 8.5 present s

some flamma bility da ta for selec ted organic liqui ds.

The terms lower explosi bility lim it (LEL) and

upper ex plosibility lim it (UEL) are also used ; they

are syn onymous with LFL and UFL, respectivel y.

The LFL an d UF L can be de termined experi men-

tally and LFL, whi ch is more relev ant to drying for
TABLE 48.5
Flammability Data for Selected Organic Liquids

Compound
Limit of Flammability in Air, % v/v

Flash

Point, 8CLower Upper

Ethanol 3.3 19.0 13

Methanol 6.0 36.0 12

Isopropanol 2.0 12.7 12

Isobutanol 1.7 10.6 28

n-Butanol 1.4 11.2 29

Acetone 2.15 13.0 �20

Diethylether 1.9 36.0 �45

Ethyl acetate 2.0 11.5 �4

n-Hexane 1.1 7.5 �22

n-Heptane 1.05 6.7 �4

n-Octane 1.0 6.5 13

Gasoline 1.4 7.4 �38

Benzene 1.3 7.1 �11

Toluene 1.3 7.1 4

m-Xylene 1.1 7.0 27

aThe data on minimum O2 for ignition are for nitrogen as the inert dilu

Source: From Fire Hazard Properties of Flammable Liquids, Gases

Association, Boston (1977).
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most organic solvents in air, is around 1 to 2% by

volume at room temperature. The flammability limits

can also be calculated on the basis of the stoichiomet-

ric amount required to sustain combustion.

Adequate equations for flash calculation are set

up in Table 48.6.

The LFL is largely independent of the oxygen

concentration in the gas, whereas the upper limit is

strongly dependent. These are also affected by tem-
Boiling

Point, 8C
Autoignition

Temperature, 8C
Minimum O2 for

Ignition (Average), % v/va

78 363 10.5

64 385 10.0

83 399 —

107 415 —

343 —

56 465 13.5

35 160 10.5

77 426 b

69 223 12.0

98 204 —

126 206 —

38–204 180–456 —

80 498 11.2

111 480 —

139 527 —

ent.

and Volatile Solids, NFPA No. 325M, National Fire Protection



TABLE 48.6
Formulas for Calculation of Explosibility Parameters

Description Equation Remarks Reference No.

Flash point of liquids, TFP, 8C TFP ¼ 0:683TBP � 71:7, or Recommended for hydrocarbons;

PFP ¼ vapor pressure at

closed-cup flash point;

25

TFP ¼ f (PFP)
P

1þ (N � 1)4:76

PFP ¼
P

1þ (N � 1)4:76
; TFP ¼ f (PFP)

TBP ¼ boiling point, 8C
N—number of atoms of oxygen for

combustion of one molecule of fuel

Flammability limits of vapor, % v/v LFL ¼ PFP

P
100 M, X, Y ¼ stoichiometric number of

atoms of carbon, hydrogen, and oxygen,

respectively, in molecule of fuel

Recommended for hydrocarbons

26

LFL ¼ 0:55 � 100

4:76M þ 1:19X � 2:38Y þ 1

UFL ¼ 3:50 � 100

4:76M þ 1:19X � 2:38Y þ 1
Deviation for nonorganic compounds

Flammable vapor mixture

LeChatelier’s rule

LFLm ¼
1Pn

i¼1

Yi

LFLj

;UFL ¼ 1Pn
i¼1

Yi

UFLj

Yi ¼ mole fraction of component i

n ¼ number of combustible species

Mixture of flammable vapor (A)

with nonflammable component (B)

LFLm ¼ LFLA

1� XB

100� XB

100

� �

100þ LFLA

XB

100� XB

XB ¼ % v/v of nonflammable

component B in mixture

Flammability limits of vapor LFLT ¼ LFL25[1� 0:75(T � 25)=DHc] DHc ¼ heat of combustion, kcal/mol

Dependence on temperature T, 8C LFLT ¼ LFL25[1þ 0:75(T � 25)=DHc]

Dependence on pressure UFLP ¼ UFLþ 20:6(lgPþ 1) P ¼ absolute pressure, MPa

Minimum oxygen concentration, % v/v O2 MOC ¼ LFL M þ X

4
� Y

2

� �
Stoichiometric relation 25

Minimum oxygen concentration:

dependence on pressure P

MOCP ¼MOC� 1:5(lgPþ 1) P ¼ absolute pressure, MPa

Minimum nitrogen concentration, % v/v N2 MNC ¼ (100� LFL)

4:76 M þ X
4
� Y

2

� �
LFL

� 1

Minimum explosible concentration for hybrid mixture MECH ¼MEC
xG

LFL
� 1

� �
MEC—minimum dust explosible

concentration xG ¼ total % v/v of

flammable vapor
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peratur e (the flamma bility range increa ses linea rly

with the rise of tempe ratur e) an d pressur e (increased

pressur e wi dens the fla mmabili ty limit s).

If the air is diluted wi th an inert gas, e.g., nitrogen

or carbon dioxide , the risk of ignition is reduced .

The MOC for ignition varies from 10 to 13.5% by

volume , dep ending on the type of the vapor and

the inert gas. This featu re ha s been used to develop

self-in ertizing dryers.

The most poten tially hazardo us sit uations are

likely to occur when fla mmable substa nces are used

at tempe ratur es abov e the flash poi nt, which corres -

ponds to the vapor concentra tion at LFL. Thi s sit u-

ation frequent ly occurs for so lvents en countered in

drying becau se most of them ha ve the flash poin t

below room tempe ratur e.

Ther efore, a carefu l c ontrol of the vapor or ox y-

gen concentra tion is requir ed even in a feed contain er

when solvent-we t feedsto cks are han dled.

48.2.4 HYBRID MIXTURES

A co mbination of combust ible dus t and fla mmable

gas or vapor called a hybri d mixt ure is of signi ficance

in certa in drying operatio ns. Such dus t–vapor –air

mixtures are much more suscept ible to ignition and

any resulting explosio n is more viole nt than the dust-

alone exp losion . Research carried out so far has

establis hed that:

. An ex plosion may occur even if the co ncentra -

tion of vapor is wel l be low the LFL and the

dust–ai r mixtu re is nonexplosi ve
. A mini mum vapo r con centration of the order of

0.2% by volume may cause a marked increa se of

Pmax an d (d P/d t) max

. Low energy ignition incap able of ignit ing a given

dust–ai r mixture may easil y cause an ignition of

a hybrid mixture

The pro perties of hyb rid mixture exp losions are

not y et availab le; therefore, until mo re infor mation is

availab le, all such mixtu res should be treat ed with

great con cern.

48.2.5 IDENTIFICATION OF IGNITION S OURCES

All kinds of ignition sources can be present in dryers.

However, for a particular type of dryer, there are

some major sources with a higher risk of occurrence

that should be well recognized, localized, and possibly

eliminated. An identification of all ignition sources and

their conjunction to hazardous areas is particularly

important when a certain type of hazard takes place.

For the areas where flammable vapors and dusts in
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both dispersions and layers can be found, the most

common and hazardous ignition sources include elec-

trostatic discharges and electric frictional sparks. Elec-

trostatic discharges can be reduced substantially by a

careful design and application of the approved codes

of practice [11,27,28]. The accumulation of electrostatic

charge by product and equipment is in many cases

directly associated with the process and operations

involved in industrial production. It represents a

source of ignition that can be hazardous not only

under normal circumstances, i.e., without any kind of

plant upset occurring, but also under abnormal condi-

tions. Dust layers or bulk accumulates are especially

sensitive to self-heating or exothermic decomposition.

The risk may be reduced by ensuring proper operating

conditions or by design like ‘‘deposit-free’’ spray dryer

[29]. Since it is not possible to ensure that all ignition

sources are eliminated, it is necessary to introduce a

proper protection system.

48.2.6 SELECTION OF OPERATING C ONDITIONS

The ope rating con ditions for a ch osen type of dry er

can be selec ted taking into accou nt the type of hazard

that exists, the particu lar part of a drying system

where the hazard takes place, an d the ap propria te

fire and explosio n characteris tics.

A fire hazard may be safel y avoided if the tem-

peratur e of the material is lower than the relevan t

minimum ignit ion or exother m onset tempe ratur e.

The great est risk exist s in the pa rt of the drying

system wher e the produ ct mo isture content is lowest,

such as the separat ion units (e.g., cyclones and bags).

Where dus t de posits can accumul ate, the requir e-

ments are that the maxi mum pe rmissible tempe rature

of the plant surfaces should not exceed two thir ds of

the layer MIT. Also, for the dust layer, the time the

material is exposed to heat should be taken into ac-

count as a controlling factor that will determine

cleaning and removal of deposits.

Therefore, an automatic control system that

monitors the temperature at selected locations is

strongly recommended. The explosion hazards will

be successfully eliminated if the dust concentration

is less than the minimum explosible concentration.

This is difficult to achieve for most dispersional

dryers.

The onset exotherm temperature (e.g., layer or

bulk) is to be lower than MIT (e.g., layer or bulk)

and is proposed for the cases in which the change of

material quality occurs before the ignition takes

place. The summary of recommended conditions for

safe plant operatio n is present ed in Table 48.7.

The above proposal is based on the characteristic

controlling parameters for a certain type of hazard



TABLE 48.7
Selection of Operating Conditions

Ignition Hazard Basic Controlling Parameter Recommended Operational

Temperature T, Dust

Concentration DC, Vapor

and Oxygen Concentration

VC and OC, Respectively

Type of Equipment

Dust–air mixture Minimum ignition temperature MIT T ¼ MIT�508C Spray dryer, fluid dryer,

pneumatic dryer

Onset aerated exotherm temperature TA T ¼ TA�(30–508C) Fluid dryer, band dryer

Maximum permissible oxygen

concentration MOC

OC � (50–70%) MOC Inside dryer and dust recovery

system

Minimum explosible concentration MEC DC < MEC It is not possible to achieve this

for most dryers except for

tray and band dryers

Dust layer or deposits Onset layer exotherm temperature TL T ¼ TL�208C Band and tray dryers and

deposits

Bulk dust Onset bulk exotherm temperature TB T ¼ TB�508C Bins, hoppers, silos, and bags

Flammable vapor Lower explosive limit LFL VC < 25% LFL Whole drying system

Minimum oxygen concentration MOC OC � (50–70%) MOC Whole drying system

Minimum ignition temperature MIT T < MIT Whole drying system
with a significant safety margin. Selection of a max-

imum drying temperature on the basis of the onset

exotherm temperature has been verified extensively by

Gibson et al. [15]; the temperatures specified do not

place an unacceptable restriction on drying operations.

They have continued to be efficient and economic.
48.3 THE ENGINEERING FACTOR

48.3.1 DESIGN CONSIDERATION

Within the design consideration factor, probably the

most important section is plant layout. Taking into

account the possibility of dust explosion and fire, a

question arises whether a certain type of plant may be

located in a particular place or whether some splitting

of the process on particular operations may be re-

quired. The increased scale of many new industrial

plants means that the volume of the plant providing a

risk of explosion is much greater than it was only a

few years ago.

Therefore, there is a tendency for a large plant to

be situated in an open space. The best arrangement is

to put the plant in a separate structure covered only

with a light roof. If this is not possible, attention

should be given to the situation of collection and

storage, units and furnaces. All those units as far as

possible should be outside the building or inside a

fire-resistant enclosure. Also essential is the position

of the central room and electrical switch rooms and

how they will be affected by fire and explosion.
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There are other engineering factors that affect the

fire and explosion hazard, e.g., engineering standards

of the structural steel and foundations, process equip-

ment, heat exchangers, feeding system, fan and

blowers, storage vessels, electrical equipment, instru-

ments, and fire protection and safety equipment. Con-

siderable assistance in design also can be obtained

from relevant codes of practice. The responsibility

for safe operation rests with the manufacturers of

equipment and products as required by national law

(e.g., Factories Act and Health and Safety at Work

Act in the United Kingdom).

48.3.2 FIRE AND EXPLOSION PRECAUTIONS

The basis of safety in plants drying flammable mater-

ials can be prevention and protection of life and

property to the maximum possible extent, assuming

that explosion is inevitable. Fire and explosion pre-

vention can be accomplished by
1. Maintaining the concentration of the flammable

material beyond the range of flammability

2. Maintaining oxygen concentration within

safe limits

3. Excluding all probable ignition sources
Fire and explosion protection can be achieved by
1. Proper venting

2. Containing the severity of explosion

3. Suppressing the fire or/and explosion



It is to be noted that there is no ne ed to duplica te

any method of protection or prevent ion. Method s of

dust exp losion prevent ion and protection are de -

scribed in three Insti tute of Chemical Enginee rs

(IChemE) guides [30–32] and in References 33 and 34.

48.3.3 FIRE AND EXPLOSION P REVENTION

For mate rials undergo ing exo thermic oxidat ion, the

methods given below wi ll be satisfa ctory for exp losion

prevent ion, whereas for mate rials undergoing exo -

thermic decomp osition resulting in the relea se of

large vo lumes of gases, these methods can be used

only to pro tect, not to prevent , exp losion hazards.

48.3.3 .1 Inert ing

The princi ple of inerting is to creat e an en vironm ent

in which combust ion cann ot take place. Some of the

common inert ing agents are N2, CO2, flue ga ses, and

others . The presence of inert gases causes the con cen-

tration of oxygen in the ga seous mixtu re to be re-

duced below the minimum required for susta ining

combust ion, whi ch is used to be wi thin the range of

10% by vo lume. Inerting also decreas es the maximu m

explosi on pressur e a nd retar ds the rate of pressure

rise [14].

The MOC determined in the laborat ory at 850 8 C
is a very safe value for most of the dryer applic ations

in whi ch the ope rating conditio ns are never as severe .

Actuall y, the use of this value resul ts in an unne ces-

sary high con sumption of the inert izing agen t. Hence,

tests sho uld be carried out a t conditio ns that actual ly

exist in the dr yer. Som e data on MOC are presen ted

in Ref erence 9.
Feed
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FIGURE 48.10 Semiclosed cycle (self-inertizing) spray dryer system
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Recyc ling a part of the dryer exhau st gases not

only impr oves the thermal effici ency, but also helps in

reducing the oxyg en co ncentra tion. Such dryers a re

called self -inertizing . An exampl e of such a system is

present ed in Figu re 48.10.

One more impor tant poin t is that, during the

start-up of a self-inertizing dryer, initially and for

some time the oxygen concentration is above the

minimum value desired, so the solid feed should not

be started until the concentration reaches the desired

limit. However, when organic solvents are involved,

the drying air must be substituted by inert gas (e.g.,

nitrogen), which recirculates in a closed-cycle system

(Figur e 48.11) .

48.3.3.2 Avoiding Formation of Dust Clouds

The only safe way of avoiding formation of dust

clouds is to use air velocities at which no entrainment

of dust takes place. In band and tray dryers, the

control of velocity is easier, but this is difficult to

fulfill in dryers that involve suspended-particle pro-

cessing. In general, the nature of the drying operation

is such that dust entrainment is not easy or feasible

for various reasons.

48.3.3.3 Excluding All Ignition Sources

It is imperative to ensure that all the following prob-

able sources of ignition are either removed or con-

trolled to prevent explosion.

Direct Heating Systems—For dryers containing

flammable vapors, direct heating systems are too dan-

gerous to be employed. In such cases, a separate hot

air generator should be provided.
ir
eed

l
s)

Heat
exchanger

crubber/
ondenser

Condensed
water recovery
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FIGURE 48.11 Closed-cycle spray dryer system.
Hot parti cles from a heater can also be a potenti al

risk of ignit ion. Accor ding to accepte d practice, the

followi ng pr ecaution s shou ld be taken:
� 20
1 . If r ecircul ati on o f a par t of the exhaust gas i s

cons ider ed, it is importa nt t o ma ke sure tha t no

dust particles enter the c ombustion c hamber

2. The bur ners should be cleaned pe riodicall y,

and efforts should be made to operate the

burners at a pro per air/fuel ratio to ensure

complete combu stion

3. The prim ary and second ary air fans should be

located to take in dust- free air. If this is not

practical, the inlet side of these fans should

contain dust filters, whi ch sho uld be periodi c-

ally checked and cleaned .
Electrostatic Discharge—Any metal or good

conductor of electricity can store enough, electrical

energy to exceed minimum spark ignition energy

for dust and vapor clouds (25 mJ for most of the hy-

drocarbons). To prevent such charge accumulation, all

the conducting elements should be grounded. Periodic

checks are necessary to ensure proper inert grounding.

Simi larly, noncon ductors of high resistiv ity also

pose a seriou s problem . In such cases, the resi stance

has to be reduced by incorpora ting so me con ductive

elemen ts. For exampl e, the ex tremely high resi stance

of synthet ic fibe rs used in ba g filters may be reduced

by adding some steel or carbo n fibers.

Elec trical Equipm ent—Cont act switche s, fuses ,

circuit breakers , and so on can dischar ge spark ene rgy

greater than MIE, thereby causing explosi on in an

environm ent contai ning fla mmable dus t or vapor. It

is ne cessary to make sure that su ch electrica l eq uip-

ment doe s not come in con tact with dust or flam-

mable vap or.
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Frictional Sparks and Heating—For frictional

sparks and heating, the probable sources of hazards

are: (1) overheated bearings; (2) power drills and similar

tools in which localized heating is likely; (3) frictional

impact with shovels and scoops, which may cause igni-

tion of compounds with low MIE, e.g., peroxides and

sulfur; (4) rotating fan blades touching the casing; and

(5) tramp metals and stones fed with the solid into the

dryer. For all these hazards, standard procedures are

available to take care of various problems [8].

Aut oignitio n—It is worthw hile taking all precau -

tions to ensure that at no stage of drying operation ,

includin g star t-up an d shu tdown , does the mate rial

tempe rature exceed its autoig nition tempe rature

(AIT). The exhaust gas tempe rature is a safe way of

control ling the material tempe ratur e in a dryer.

Als o, ledges , corners , and crevi ces, e.g. , shou ld be

avoided a s far as possibl e to preven t dust layer for-

mation. If una voidabl e, periodi c cleaning of the dus t

deposit is essential .

The decisi on tree for ignit ion sources asses sment is

shown in Figure 48.12.

48.3.4 EXPLOSION PROTECTION

Explosi on pro tection measur es expect the exp losion to

take its course, but ensure that it does so safely without

any effects on the personnel and equipment. The three

possible ways of protection from a fire or explosion

are: (1) venting; (2) containing; and (3) suppressing.

48.3.4.1 Venting

The principle of operation of venting is that at a

predetermined pressure rise Pst the vent in the system

opens up, thereby releasing the explosion products

to a safe area. The course of vented explosion is
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FIGURE 48.12 The decision tree for ignition sources assessment.
shown in Figure 48.13. Venting is a c ommon, often

cheapest, way of protection from e xplosion. In case

the e xplosion products are toxic and c annot be re-

leased in the i m mediat e vicini ty of the pl a nt , the

explosion products are c arried to a safe a rea by

ducts connected to the vents. Si nce most dryers op-

erate at l ow or moderate pressures, a s uitable vent-

openi ng pressure rise is 10 kPa. It is useful to note
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that, when vented ducting is used, the peak pressure can

be increa sed. The increa se in the peak pressur e rise

is direct ly propo rtional to the square of the lengt h of

the duc tings.

The impor tant criteri a for ven t design and

selection are that the vent shou ld open fully at the

designa ted pressur e wi th very little inertia an d shou ld

be pe rfectly seale d when closed. The princi ples and
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practice of venting have been widely discus sed [9–15,

23,25,26, 32–34] . The main question is vent design.

Unfor tunate ly, very littl e informat ion is availab le on

vent design for dryers . Moreo ver, high -temperat ure,

flamma ble dusts, and turbu lent con tact between g as

and solid furt her complicate the use of available in-

formati on on vent de sign in general . Three crit eria

have been developed for ve nt area calculati on: (1)

vent rati o; (2) K factor; and (3) cube root law.

The vent rati o is defined as the ratio of vent a rea

to the volume of the vessel. Based on the maximu m

rate of pressur e rise in a 1.2- L Hart mann bom b, for

vessels up to about 30 m 3, the ve nt rati o can be

selected from Table 48.8. For most carb onaceous

dusts, 1:5 seems to be a safe vent ratio .

For vo lumes exceeding 30 m 3, the vent ratio

should be progres sively reduced to a limit ing value

of 1:25 m �1 for a vo lume of 283 m3.

For estimat ing ven t areas, the co ncept of K facto r

was de veloped by Simm onds and Cubbage [35]. They

defined K as

K ¼ cross-sect ional area of vessel

ven t area 
¼ AC

AV
TABLE 48.8
Recommended Vent Ratio

Maximum Rate

of Pressure

Rise, kPa/s

Vent Ratio, m�1 Dust Example

<35,000 1/7 Wood, coal, flour,

and coffee

35,000–70,000 1/5 Plastics

<70,000 1/3 Magnesium and aluminum
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The value of K depend s upon the designe d stre ngth of

the vessel and the v ent-ope ning pressur e. For a vent-

opening pressure rise of 10 kPa and a maximum ex-

plosio n pressur e rise wi thin the ve ssel of 20 kPa such

that the designe d stren gth of the dryer is 40 kPa (twice

the maxi mum pressur e rise ), the value of K can be

taken as 3. This value is recomm ended for the chem-

ical plant han dling dusts wi th dP/d t values up to 700

to 800 kPa/s measur ed in a 1.2-L Hartmann bomb

[27]. If the de signed stre ngth requir ed for the vessel

decreas es, the value of K has to be reduced. The

variation of maximum pressur e rise with K facto r is

given by Gibs on and Harr is [36] .

In the Unit ed States, German y, and Switzer land,

the recomm ended ven t areas are based on the experi -

menta lly measur ed dependen ce of the rate of pr essure

rise on the vessel volume , the ‘‘cube root law’’ de fined

in Se ction 2.2. Fro m large -scale venti ng ex periments, a

series of normogr ap hs (or a tabula r form ) have been

derive d and incorpora ted in the Germ an standar d

VDI 3 673 [23] . Based on an origi nal work of Bart-

knecht [14], the Natio nal Fire Protection Ass ociation

of the Unit ed State s [34] present s such a series of

normogr aphs that allow the ven t area F to be deter-

mined for the products accordi ng to their exp losion

charact eristics Kst for dus t a nd K G for vapor, vessel

volume V, the ven t ope ning pressur e Pstat, and max-

imum pressur e during ventin g Pred. Typical nor mo-

graphs are shown in Figure 48.14. An adequa te

equati on for the sizing of a relief vent can be found in

the mo nograph of Crawl and Louva r [26]. Table 48.9

present s equatio ns for the ve nt area F1, required for

volume V1, scale d up to that of F 2 for volume V 2.

A wide variety of explosion relief venting is avail-

able to the industry. Bursting disks, displacement

panels, and hinged covers or doors with spring-loaded

or magnetic catches and automatic trigger vents are all

in use. Selection of the specific type should be based on
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FIGURE 48.14 Normographs for the sizing of vent relief explosion. (From Explosion Venting, NEPA No. 68, National Fire

Protection Association, Quincy, MA, 1988 (presently under revision by the NFPA Explosion Protection Systems Committee.)
cost, operating conditions, and vessel type. Figure 48.15

presents some commonly used explosion vents.

It mu st be reco gnized that dur ing the normal

course of ex plosion , a signifi cant volume of fla me

will dischar ge throu gh the vent ope ning. For this

reason, the equipment util izing ven ting should be

located outdoors or close to exter nal walls so that

the ven t duct wi ll be as short as pos sible, avo iding

any bends. Discharge must be to a safe area. Typi cal

location of vents in a selec ted drying syst em is sh own

in Fig ure 48.16.

Ide ally, the be st location for an ex plosion -relief

vent would be as close as pos sible to the source of

ignition; howeve r, predict ing the ignition so urce is
TABLE 48.9
Scale-U p Equatio ns fo r Vent Area Calcul ation

Scale-Up Equations Basis Recommended for

F2/ F1 ¼ V2 /V1 Vent ratio Dust explosions

F2/F1 ¼ A2/A1 K factor Mainly for vapor explosions

F2/F1 ¼ (V2/V1)
2/3 Cube root law Dust and vapor explosions
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nearly impos sibl e. Realist ically, the vent shou ld be

position ed wher e it is least affe cted by inter nal fit-

tings, whi ch cou ld increa se turbul ence if the flame

front has to pass through them. The vent may be on

the side or the top of the eq uipment .

48.3.4 .2 Su ppression

Explosi on suppress ion is a techn ique that is activa ted

when the star t of a dust explosi on is detect ed (usual ly

within the first 10 ms) and arres ted during incipien t

stages, thus prevent ing the de velopm ent of a pressure

that could resul t in an explosi on. The pressur e/time

curve for suppress ed and unsu ppresse d explosi on is

simila r to that for venting (Figur e 48.13).

Com merci ally avail able equipmen t for detection

and dischar ge sup pression has been success fully a p-

plied even for the very large volume s typical of silo s

and spray dryers [32] .

A typical suppress ion system operate s on the

basic pr inciple shown in Figure 48.17. The detecto r

1 placed insi de the dryer casing detect s the pr essure

wave, be fore the outburst of fla mes, and induces the

detonat ing cap valve 2 to blow the exti nguish powd er
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contained in the bin 3 evenly into the apparatus cas-

ing through the ball nozzle 4. The developing explo-

sion is thus so rapidly being attacked that it cannot

reach its fullest extent, and therefore causes a relative

low pressure rise of only 0.1 to 0.6 bar. An efficient

suppression system will keep the maximum explosion

pressure rise below 10 kPa and the number of sup-

pressors depends on the volume of the plant and

airflow rate, and, according to Bartknecht [14], fol-

lows the cube root law (n ~ V2/3). Suitable suppres-

sants are halogenated hydrocarbons or dried powder,

e.g., sodium bicarbonate, fluorides, cryolite, or ammo-

nium phosphate. Generally, powder is more effective

than halogenated hydrocarbons.

Automatic suppression systems are of particular

use when the dust is toxic and safe discharge of the

explosion products from a vent is not permitted. It is
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also important to bear in mind that the suppressant

is not effective against exothermic decomposition

reactions resulting in large volumes of gas.

Generally, a limitation of this technique is the

path along which the suppressants can be expected

to travel with a possibly maximum value of 4 m [12],

although Moore [37] reported a successful testing on

a 250-m3 scale. As a general recommendation, it can

be stated that the explosion–suppression systems

are effective against most solvent-vapor explosions,

hybrid-mixture explosions, fuel-droplet explosions,

and dust explosions, provided that the explosibility

constants Kst and KG are <300 Pa�m/s. For more

severe materials and for weak plants that are located

within a building, e.g., a larger spray dryer plant,

the explosion suppression and the explosion venting

combination are alternatives.
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48.3.4.3 Containment

Containment involves designing the drying system to

sustain the maximum pressure rise. For dryers oper-

ating at or near atmospheric pressure, this may result

in a vessel design pressure exceeding 900 kPa. As

expected, this is an expensive solution and is worth

considering only for small dryers and for some cases

of vacuum drying.
1
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3
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3

FIGURE 48.17 Suppression technique in a fluid-bed dryer.

(1, detector; 2, cap valve; 3, bin; 4, ball nozzle; 5, screen

containing powder; 6, explosion vents).
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48.3.4.4 Explosion Isolation Systems

Suppression or containment systems can be operated

in conjunction with rapid-acting explosion isolation

systems that isolate several interconnected vessels

so an explosion in one vessel does not propagate

through ducting to initiate an explosion in another

vessel. Two types of isolation systems are used: (1)

mechanical and (2) extinguishing, both based on a

fast-acting knife gate valve principle. For details,

please refer Reference 38.

48.3.5 FIRE DUST PROTECTION

Protection against fire can be obtained by all the

means used for explosions and also by typical fire-

fighting systems using appropriate extinguishers. The

following methods may be applied:

. Gentle water spray

. Inert gas blanket

. Steam blanket

. Isolation and an external water spray

The selection of an extinguisher depends on factors

such as the composition of the dust, its situation, and

the presence of other hazardous materials. The most

commonly used extinguisher, water, cannot be used

for fire involving electric equipment or reactive metals

(e.g., aluminum or magnesium). Gases or vapors such



as carbon dioxide, nitrogen, or steam may be used as

extinguishing agents for dust fires, especially for dust

that is contained in a relatively gas-tight volume.

Such a vessel should be cut off from adjacent equip-

ment. An alternative to extinguish fire is to allow it to

burn itself out after isolating the vessel concerned,

keeping a spray of cooling water on the outside of

the vessel.

The application of any fire-fighting systems re-

quires that the dust should not be disturbed into a

cloud because burning material is present and may

cause an explosion.

48.3.6 EXPLOSION HAZARDS AND PROTECTION

IN ANCILLARY UNITS

Almost all dryers have to be provided with some type

of heating system. Moreover, continuous-duty dryers

require feeding and discharging arrangements as well

as dust collection units. Therefore, it is necessary to

consider some of the potential fire and explosion

hazards associated with these systems and steps re-

quired to protect them from the hazards.

A comprehensive summary of explosion hazards

and a respective safety measure are presented in
TABLE 48.10
Explosion Hazards and Safety Measures in Ancillary Un

Heating System

Direct Indire

Major hazard Flame and burning particle No

Ignition source Hot particles No

Safety measures Screen to stop particles Pressure relief

For water-wetted dust Automatic spark

detection system

Extinguishing system

For flammable solvent Not applicable Inerting or sup

Basic design

considerations

Correct air/fuel ratio

Interlocked with

the airflow

Interlocked wi

the feeding

Maintenance

and operation

Purging before start Inlet air filter

Burners cleaning Outside of hea
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Table 48.10. It should be noted that these suggestions

may be changed or modified depending upon the

specific application and dust properties.

48.3.7 RELIABILITY OF THE PROTECTIVE SYSTEMS

An assured level of safety in a drying operation de-

pends essentially on the reliability of the protective

systems. This means that the system should function

at the time of hazard under given conditions without

failure. However, no single system is perfectly reli-

able. A hazard results when a protective system is

called on to act during a dead period (the fraction of

the time that a protective system is inactive).

On the basis of the hazard analysis (Hazan)

[39,40], the mathematical formula for the hazard

rate H caused by failure of the protective system is

given by

H ¼ f nTn�1[1� exp (�DT=nþ 1)]

where f ¼ the failure rate of the protective system to

cope, T ¼ the test interval between maintenance

checks, D ¼ the demand rate, and n ¼ the number

of systems.
its

Feeding System Dust Conveying

and Recovery
ct

Scrap metal and stones Dust deposits

Sparks Static electricity and

self-ignition

valves Magnetic or pneumatic

separators

Venting or suppression

for toxic dust

pression Inerting Inerting or suppression

th

system

Uniform feeding rate

Interlocked with heater

Air velocity at

least 20 m/s in

conveying system

Inlet and outlet Interlocks Bounding and grounding

Effective seal Incorporating carbon

and metal filaments

in fabric filter

cleaning Good house keeping

and inspection

Periodical cleaning

and inspection

ting tubes



Usi ng this form ula and a typica l figure on the

relief valve failure (f ¼ 0.01/y), test interval T ¼ 1

y, de mand rate D ¼ 1/y, and the hazard rate H ¼
0.0039 3 (once in 254 y for n ¼ 1). The value of

demand rate D infl uences the extent of protect ive

measur es to preven t drying hazard, wher eas the fail-

ure rate dep ends on the design an d the maint enance

of the protect ive syste m. When a single protect ive

system is unr eliable, givin g an una cceptabl e hazard

rate, the duplica tion or triplication of the system is

recomm ended. The more accu rate and reliable pr o-

tection syst em may reduce signi ficantl y the safety

margin in ope rating con ditions, which may bring

additio nal econ omic effe cts.

48.3.8 APPLICATION TO SOME COMMON DRYERS

A num ber of papers publis hed so far on safety aspect s

refer to the spray dryer [41–44 ) and the flui d dry er

[45–47]. Few data refer to other types of dryer [48,49],

like the contact dryer, which generally can be safe-

guarded easie r than convecti ve dry ers. Table 4 8.11

provides a summary of the probable hazards associ-

ated with a few industrially common types of dryers

and some hints on the recommended safety measures

to be taken. Once again, it is noted that this tabulated

information on measures and hazards is not exhaust-

ive. The suggested measures may have to be changed

or modified depending upon the specific application

at hand.

48.3.9 A NEW DEVELOPMENT IN SAFETY

DRYER ASSESSMENT

Drying is an operation that may produce a combustible

powder or dust that can cause an explosion under the

drying conditions or produce a flammable solvent that

may form an explosive vapor–gas mixture. As well as

from fluids and gases, hazards can also result from

solids. For such conditions, the machines, equipment

and protection systems are under EU ATEX 10A

Directive 94/9/EC, which is in force since 2003 [7].

There are two main requirements of that directive:
� 20
1. Categorization of the machines, equipment and

assignment of an appropriate level of protec-

tion

2. Compulsory to carry out risk assessment to

identify and evaluate any relevant hazard and

on that basis eliminate or minimize the risk by

an appropriate design measure and protective

devices.
Dryers are ATEX category 1, therefore, level of

protection must be very high. On the other hand, the
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reliability of any safety-critical control system (protec-

tion system) according to standard IEC61,508 [50]must

represent a particular safety integrity level, i.e., ‘‘SIL.’’

There are four SIL numbers from 1 to 4 expressing

the range of probability of failure on demand. For

category 1 (dryers) the overall protection system

SIL3 is assigned, i.e., the probability of failure on

demand is from 10�4 to 10�3/y. These are basic guide-

lines to the risk assessment and selection of particular

protective devices.

The drying risk assessment methodology is dis-

cussed by Rogers et al [51] as well as by Markowski

and Mujumdar [52]. Safety assessment of drying pro-

cesses can also be done using the expert system [53].

48.4 THE MANAGEMENT FACTOR

The normal operation of the plant should be safe,

efficient, and economical. Safety can be effectively

achieved by correct operation and maintenance of

the equipment. Hazardous situations can arise in the

best-designed plant if it is improperly operated or

inadequately maintained, or incorrect instructions

are given. Human error accounts for over 90% of in-

dustrial accidents [51]. Within the management factors,

the most important are the operating and maintenance

procedures, which are common for all industrial equip-

ment. Therefore, there is no special, different recom-

mendation for drying equipment, although each type of

equipment has its own specific characteristics, espe-

cially in terms of operating procedures. Housekeeping

cannot be overemphasized either.

48.4.1 PLANT OPERATION

All employed dryers must be equipped with clear and

comprehensive operating manuals prepared jointly by

the equipment supplier and the plant operating man-

agement. The manual should be learned by the oper-

ators, who are to be trained in recognition of hazardous

situations and risk assessment with the material being

dried. Very useful techniques, known as Hazop (haz-

ard and operability studies) and Hazan (hazard analy-

sis), may be applied successfully in both new and

existing processing plants [39,40].

The operating manual should contain the following:

. Prestart-up checklist

. Start-up procedure

. Normal running

. Normal shutdown

. Emergency shutdown

A special hazard is to be expected during start-

up and shutdown when the process is not in equilibrium



TABLE 48.11
Summary of the Probable Hazards and the Recommended Safety Measures for Some Dryer Types

Spray Pneumatic Fluid bed Rotary

Dust cloud ignition Rotary atomizer Yes Mostly in the upper section and in

the dust recovery section

In the bed, no; just above bed and

in dust recovery section,

probably yes

Within the dryer due to fines

generated as a result of attrition

and breakage

Nozzle atomizer Yes

(countercurrent)

Dust layer ignition Always a probability; hammers or

air blankets are used to prevent

Top bend of dryer is probable

location; sometimes

agglomerates settle at bottom of

tube

In corners if bed is ot properly

fluidized; large agglomerates

may not fluidize at all

Depending upon material

characteristics

Bulk ignition At bottom if discharge mechanism

fails

Base of the cyclone; if product is

discharged in the silo

On failure of the discharge

mechanism; if hot powder goes

to a silo

If drum stops rotating discharge

mechanism fails; hot powder to a

silo

Flammable vapor Whole system Whole system Anywhere in the system Whole system

Ignition sources All those listed in Section 3.3 All those listed in Section 3.3; static

electricity is more likely

All those given in Section 3.3; static

is more likely

All those given in Section 3.3;

friction is likely to be more at the

seals

Safety measures Specially for Flammable vapor and

solid

For flammable vapors, it is the

most feasible

Most practical for flammable

vapor

Recommended for flammable

solvent recovery

Inerting

Venting Top and bottom section of the

vertical tube

On the roof for continuous duty

and side vent for batch

Inlet and discharge hoods (vent

area ¼ dryer cross-section)

At the roof or side doors (weight/

area < 40 kg/m2)

Suppressing Not useful Suitability depends upon airflow

rate and speed of injection

Use limited to small-length dryers

Useful only for dryers with volume

< 100 m3
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Containing Feasible Only for small units Feasible

Process specification Air temperature 508C below MIT Bed temperature 208C below MIT Inlet air temperature 508C below

MIT

Only for small units

Inlet air temperature 508C below

minimum ignition temperature

Dust cloud ignition No, due to low air velocity except

at discharge end

No, due to low air velocity;

probable only during emptying

trays

Weak explosions during drying and

unloading are probable

Mostly depends upon type of

material

Dust layer ignition Material on band and that falls off

edges of band

Product in the tray; product spills

during charging and emptying

Not much of a change On shaft and blades of mixer; on

inner surface of trough

Bulk ignition Discharge system fails; hot powder

to a silo

Product directly bagged If mixing stops; during discharging If shaft stops rotating; if product

goes to a silo directly

Flammable vapor Normally not used Whole system Loading and unloading; during

drying in the vacuum system

Whole system

Ignition sources All those given in Section 3.3 All those given in Section 3.3; self-

ignition is more likely

All those given in Section 3.3 All those given in Section 3.3;

heating and frictional sparks

Safety measures Not feasible Feasible for flammable solvents Can be done Preferred for flammable vapor

Inerting Required only when burners in the

oven; 6 m apart on the roof

Feasible and most preferred Required on the roof for cases of

exothermic decomposition

involving large volumes of gas

On the roof

Venting

Suppressing Can be used Not feasible Can be used Only when large free space between

mixer and roof

Containing Not feasible Not feasible Easier to attain in cylindrical unit Most suitable

Process specification Air temperature 208C below MIT Oven temperature 508C below

layer ignition temperature

Operating temperature 508C below

bulk ignition temperature

508C margin from cross-flow layer

ignition temperature
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FIGURE 48.18 The procedure in safe plant dryer design.
and it is more likely that control may be lost. Very

essential is online controlling equipment, especially

for air and material temperatures and flow rates. For

evaporation of organic solvents, vapor concentration

monitoring is mandatory. Any instrument malfunc-

tioning, dust leakage, or spillage, and any deviation

from an acceptable range of parameters must be

located and removed. Regular safety reviews should

be carried out, particularly when any changes are to be

made in equipment, feedstock, or operating practice.

A full account of the plant operation safety

requirements can be found in Reference 8.

48.4.2 MAINTENANCE AND TRAINING

Fire and explosion hazard in dryers imposes extra

requirements on plant maintenance. It is important

to apply the general policy in a breakdown case or
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prevention measures as well as routine maintenance

and turnaround periods. Special attention should

be paid to maintenance in all safety systems and in

that equipment responsible for the ignition sources.

A work permit should be followed in all maintenance

work, especially performing hot work like welding,

cutting, or soldering.

It is important to appreciate that the main danger

is not necessarily from a primary explosion occurring

within the drying plant. The secondary explosion,

usually caused by dust deposition on surrounding

surfaces, is always devastating; the importance of

good housekeeping cannot be overemphasized.

Adequate training of management and operatives

is necessary to run the plant safely, efficiently, and

economically. The plant should allow not only for

preparation of correct operating procedures, but

also for staff action in emergency conditions.



48.5 THE PROCEDURE FOR SAFE PLANT
DRYER DESIGN

On the basis of process , engineer ing, and mana ge-

ment factors, a procedu re of safe plant design can

be proposed. This proce dure may be divided into 10

stages (Figur e 48.18) and can be us ed as a general

guide with pos sible modificat ions for specia l co ndi-

tions. The selec tion of the dryer type is based on the

economic s of run ning the dryer. The aspect of dus t

fire an d exp losion is not a rest riction for the selec tion.

Howev er, if options are open, selection should be

based on the explosive prop erties of the dust an d the

level of the fire and explosi on hazard (the type of

hazard, the volume of the dust–ai r mixtu re, quantity

of depo sit within the plant, and the design of the heat

supply) . It also should be not ed that it is mo re e co-

nomica l to provide ne cessary safety measur es agains t

a ha zard at the design stage so that safety can be built

into the plant, rather than to ‘‘r etrofit’’ safet y eq uip-

ment, whic h can be very costl y.

If any change hap pens in the operati on of the

plant dryer, feedst ock, or equipment , it is impor tant

to take it into accoun t and consider the plant de sign

process from the new starting point. Change s in the

feedsto ck form ula may have a substa ntial effe ct on its

explosi ve propert ies and minor engineer ing chan ges

may provide a greater accumul ation of dust, which

may e ventually ignite, within the plant.
REFERENCES
1. 
� 200
W. Hamm, Safety and Loss Prevention in Food Indus-

try, The Chemical Engineer , 8–9: 22–25 (1984).
2. 
G.P. Norstrom, Fire/Explosion Losses in the CPI,

Chem. Eng. Prog., 78(8): 80–87 (1982).
3. 
H.D. Beenken, D. Joest, and R. Stein, Brandschutz in

Zuckerfabriken, Zuckerind ., 111(3): 229–234 (1986).
4. 
J . P i n e au , P r o t e ct i o n a g ai ns t F i r e a nd E xp l o s i o n i n

Milk Powder Plants, Proceedings of the 1st Inter-

national Col. on Explosibility of Industrial Dusts, Bar-

anów, Poland (organized by the Polish Academy of

Sciences) (1984).
5.
 The Accident Database, Vol. 4, IChemE, Rugby, UK

(2000).
6.
 F. Alfred and J. Meistes, Detection of Incipient Fire in

Drying Systems. www.safetynet.de.
7.
 Directive 1994/94/EC of the European Parliament and

the Council of 23 March 1994 on the approximation of

the laws of Members of the States concerning equip-

ment and protective systems intended for use in poten-

tially explosive atmospheres.
8.
 Preventing of Fires and Explosions in Dryers—A User

Guide, 2nd ed., IChemE, Rugby, UK (1990).
9.
 K.N. Palmer, Dust Explosion and Fires, Chapman

& Hall, London (1973).
6 by Taylor & Francis Group, LLC.
10.
 M.M. Raftery, Explosibility Tests for Industrial Dusts,

Department of Environment and Fire Research, Tech-

nical Paper No. 21, HMSO, UK (1974).
11.
 J. Cross and D. Farrer, Dust Explosions, Plenum Press,

New York (1982).
12.
 P. Field, Dust Explosions, in Handbook of Powder

Technology, Vol. 4, Elsevier, Amsterdam (1982).
13.
 Recommended System for the Identification of the Fire

Hazards of Materials, NFPA No. 704M, National Fire

Protection Association, Boston (1969).
14.
 W. Bartknecht, Dust Explosions—Course, Prevention,

Control, Springer, New York (1989).
15.
 N. Gibson, D.J. Harper, and R.L. Rogers, Evaluation

of Fire and Explosion Risk in Drying Powders, Plant/

Oper. Prog., 4(3): 181–189 (1985).
16.
 Fire Hazard Properties of Flammable Liquids, Gases

and Volatile Solids, NFPA No. 325M, National Fire

Protection Association, Boston (1977).
17.
 Fire Protection Handbook, National Fire Protection

Service, Boston (1978).
18.
 J.H. Meidl, Flammable Hazardous Materials, Glencoe,

Fire Sciences Series (1978).
19.
 I. Ravenet, Dust Explosion in Silos and Plants—

Causes and Prevention, Bulk Solids Handling, 10(2):

206 (1990).
20.
 D.R. Stull, Fundamentals of Fire and Explosions,

AIChE Monograph Series, No. 10, Vol. 73 (1977).
21.
 L. Bretherick, Handbook of Reactive Chemical Hazards,

3rd ed., Butterworths, London (1985).
22.
 Standard Test Method for Pressure and Rate of Pressure

Rise for Combustible Dusts, ASTM E 1226–88, Vol.

14.02,American Society for Testing andMaterials (1990).
23.
 Druckentlastung von Staubeexplosionen, VDI3673,

VDI-Verlag GmbH, Dusseldorf (1979).
24.
 R.F. Bowes, Hazards in Drying Thermally Unstable

Powders, Institute of Chemical Engineers Symposium

Series No. 115 (1989).
25.
 F.T. Bodurtha, Industrial Explosion Prevention and

Protection, McGraw-Hill, New York (1980).
26.
 D.A. Crawl and J. F. Louvar, Chemical Process Safety:

Fundamentals and Applications, Prentice-Hall, Engle-

wood Cliffs, NJ (1990).
27.
 British Standards Institution, Electrical Apparatus for

Explosible Atmosphere, BS 4683.
28.
 British Standards Institution, Control of Static Electri-

city, BS 5958.
29.
 K. Masters, Deposit-Free Spray Drying; Dream or

Reality? Proceedings of the 10th International Drying

Symposium, IDS’96, in Drying ’96, C. Strumiłło and

Z. Pakowski (Eds.), Krakow (1996).
30.
 C. Schofield, Guide to Dust Explosion Prevention and Pro-

tection, Part 1—Venting, IChemE, Rugby, UK (1984).
31.
 C. Schofield and J. A. Abbott, Guide to Dust Explosion

Prevention and Protection, Part 2: Ignition, Prevention,

Containment, Inerting, Suppression and Isolation,

IChemE, Rugby, UK (1992).
32.
 G.A. Lunn, Guide to Dust Explosion Prevention and

Protection, Part 3: Venting of Weak Explosions and

the Effect on Vent Ducts, 2nd ed., IChemE, Rugby,

UK (1992).



33.
� 200
Explosion Preventing Systems, NEPA No. 69, National

Fire Protection Association, Boston (1978).
34.
 Explosion Venting, NEPA No. 68, National Fire Pro-

tection Association, Quincy, MA (1988).
35.
 W.A. Simmonds and P.A. Cubbage, The Design of

Explosion Relief for Industrial Drying Ovens, IChemE

Symposium Series No. 7 (1960).
36.
 N. Gibson and G.F.P. Harris, Calculation of Dust

Explosion Vents, Chem. Eng. Prog., 72: 62 (1976).
37.
 P. Moore, Explosions Suppression Trials, The Chemical

Engineer, 23–26 (December 1984).
38.
 K. Chatrathi, How to Safely Handle Explosible Dust,

Powder and Bulk Engineering (January 22–28, February

12–18, 1991).
39.
 T.A.Kletz,HAZOPandHAZAN. Identifying andAssess-

ingProcessIndustryHazards,IChemE,Rugby,UK(1992).
40.
 Guidelines for Hazard Evaluation Procedures, Center

for Chemical Process Safety, AIChE, NewYork (1992).
41.
 P. Filka, Safety Aspects of Spray Drying, in Drying ’84,

A.S. Mujumdar (Ed.), pp. 296–301, Hemisphere/

McGraw-Hill, New York (1984).
42.
 N. Gibson and F. Schofield, Fire and Explosion Hazards

in Spray Dryers, IChemE Symp. Ser., 49: 53–62 (1977).
43.
 J. Pisecky, Causes of Fires and Explosions in Spray

Dryers, ed. Niro Atomizer, Denmark.
44.
 K. Masters, Designing Spray Dryers for Safety, Sem-

inar on Safety in Drying, IChemE, Scottish Branch,

Dalry, Scotland, April 10 (1979).
45.
 A.V. Naimpally, B. Sharifzdah, and D. Seletove, Safety

Aspects of Fluid Bed Dryers, in Drying ’86, Vol. 2,

A. S. Mujumdar (Ed.), pp. 646–650, Hemisphere, New

York (1986).
6 by Taylor & Francis Group, LLC.
46.
 R.W. Grafton, Ignition/Explosion Risk in Fluidized

Dryer, IChemE Symp. Ser., 13(82): E44–E52 (1983).
47.
 W. Kelling, Sicherheit-Umweltschutz-GMP. Anforder-

ungen a Wirbelschicht-Anlagen, A.G. Aeromatic (Ed.),

Switzerland, Symposium in Budapest (1978).
48.
 D.W. Rowbotham, J. H. Laird, and G.S.G. Beveridge,

Design and Operation of GlassLined Conical Dryer

Blenders with Reference to the Safety Aspects, Seminar

on Safety in Drying, IChemE, Scottish Branch, Dalry,

Scotland, April 10 (1979).
49.
 D.M. Salden, Contact Drying versus Convection Dry-

ing—Some Environmental and Safety Consideration,

Seminar on Safety in Drying, IChemE, Scottish Branch,

Dalry, Scotland, April 10 (1979).
50.
 IEC 61,508—Functional safety of electrical/electronic/

programmable electronic safety-related systems., part

1–7, International Electrotechnical Commission (IEC)

(1998).
51.
 R.I. Rogers, et al., Risk Assessment of Equipment for

Use in Explosive Atmosphere; The RASE Project, Pro-

ceedings of 10th Symposium on Loss Prevention and

Safety Promotion in the Process Industries, Vol. 1,

pp. 339–360, Elsevier (2001).
52.
 A.S. Markowski and A.S. Mujumdar, Drying Risk

Assessment Strategies, IDS’2002.
53.
 U. Hesener and H.G. Schecker, ExTrA-An expert sys-

tem for the Safety Analysis of Drying Plants, Loss

Prevention and Safety Promotion in Process Industries,

Vol. II, pp. 643–653, Elsevier (1995).
54.
 F.P. Lees, Loss Prevention in Process Industries, 2nd

ed., Butterworth-Heinemann, Oxford (1996).
55.
 S. Grossel, Personal Communication (2006)



49 Control of Industrial Dryers
� 2006 by Taylor & Francis Grou
p
Rami Y. Jumah, Arun S. Mujumdar, and Vijaya G.S. Raghavan
CONTENTS

49.1 Introduction ....................................................................................................................................... 1161

49.2 Scope .................................................................................................................................................. 1162

49.3 Dryer Control System Characteristics................................................................................................ 1162

49.4 Dryer Control System Synthesis ........................................................................................................ 1163

49.5 Conventional and Advanced Dryer Control Systems ........................................................................ 1164

49.5.1 Manual Control..................................................................................................................... 1164

49.5.2 Feedback Control.................................................................................................................. 1164

49.5.3 Feedforward Control............................................................................................................. 1165

49.5.4 Feedforward–Feedback Control ........................................................................................... 1165

49.5.5 Model-Based Control ............................................................................................................ 1165

49.5.6 Microprocessor-Based Control.............................................................................................. 1168

49.6 Typical Industrial Dryer Control Systems ......................................................................................... 1169

49.6.1 Batch Dryers ......................................................................................................................... 1169

49.6.2 Rotary Dryers ....................................................................................................................... 1170

49.6.3 Spray Dryers ......................................................................................................................... 1170

49.6.4 Conveyor Dryers ................................................................................................................... 1171

49.6.5 Flash Dryers.......................................................................................................................... 1171

49.6.6 Fluid-Bed Dryers................................................................................................................... 1173

49.6.7 Continuous Cross-Flow Grain Dryers .................................................................................. 1174

49.7 Intelligent Control Systems ................................................................................................................ 1175

49.7.1 Rule-Based Expert Control Systems ..................................................................................... 1176

49.7.2 Fuzzy Logic Control Systems................................................................................................ 1177

49.7.3 Neural Networks Control Systems........................................................................................ 1177

References .................................................................................................................................................... 1179
49.1 INTRODUCTION

Today, most industrial dryers are equipped with vary-

ing levels of automatic controllers. Often they use

simple control strategies based, for example, simply

on the exhaust-gas temperature for a direct dryer.

Small-scale and slow drying operations are often con-

trolled (or adjusted for process upsets) manually. Very

high production units, those involving very rapid dry-

ing or units that produce products within stringent

quality specifications, must be equipped with some

degree of automatic control. Although commercial

dryers currently use conventional control strategies,

it is expected that within the next decade more and

more industrial dryers will utilize model-based control

(MBC), fuzzy logic control (FLC), or neural nets con-
, LLC.
trol when the dryer performance is highly nonlinear

and difficult to predict with simple mathematical

models. Some improvements in dryer controls became

available because of the development of better sensors

and analyzers, whereas others are by-products of new,

more sophisticated, computer-based control tech-

niques [1]. This chapter provides an introductory over-

view of both the conventional and the emerging

control schemes for industrial drying. Examples are

cited with reference to the more common dryers (e.g.,

spray, flash, fluid-bed dryers). Relevant information is

also provided to the readers interested in intelligent

control systems based on expert systems, fuzzy logic,

or neural nets. It is inconceivable that within this dec-

ade equipment suppliers will market ‘‘smart’’ dryers

that can adjust their operating parameters consistent



with the needs of product quality during drying. How-

ever, such a possibility exists for some dryer types in a

longer term.
49.2 SCOPE

The aim of any industrial drying process is to produce

a solid product of desired quality at minimum cost

and maximum throughput and to maintain these con-

sistently. Good quality implies that the product cor-

responds to a number of technical, chemical, and

biological parameters, each within specified limits.

Thermal drying is an energy-intensive operation

that accounts for up to 15% of all industrial energy

usage. Moreover, conventional dryers often operate

at low thermal efficiency, typically between 25 and

50% but which may be as low as 10% also. Applica-

tion of automatic control technology to industrial

dryers offers an opportunity to improve the dryer

operation and its efficiency. Furthermore, the wide

variety of dried products that are available to the

consumer increases the concern to meet high-quality

specifications. Therefore, the need for optimal-energy

management, with the demand for high-quality prod-

ucts as well as the adoption of more strict safety and

environmental regulations, catalyze the development

of more advanced dryer-control strategies.

The control of dryers is probably one of the least-

studied areas of process control and has not pro-

gressed concurrently with improvements in drying

and dryer design. This may be attributed to various

factors [1–3], including

. The lack of emphasis on product quality in the

past
. An apparent lack of knowledge of the important

role that the dryer control plays in product

quality and drying efficiency
. The lack of a direct, online, reliable method for

sensing product moisture content
. The complex and the highly nonlinear dynamics

of drying processes, leading to difficulties in

modeling the process adequately

The basic objectives of a dryer control system are:

. Maintenance of desired dried-product quality,

irrespective of disturbances in the drying oper-

ation and variations in feed supply
. Maximization of throughput at optimal energy

efficiency and minimum cost.
. Avoidance of overdrying and underdrying;

underdrying may result in spoilage, in the case

of grains and foodstuffs, whereas overdrying of
� 2006 by Taylor & Francis Group, LLC.
the product results in increased energy costs and

reduced yields as the price of some products is

based on a specific moisture content; it may also

cause thermal damage to heat-sensitive products
. Reduction of fire hazard, defective product, and

particle emission
. Suppression of the influence of external disturb-

ances
. Stable drying process
. Optimization of the performance of the drying

process

It is worth pointing out that drying is, in principle,

an inherently self-regulating process and there is no

need for automatic control as long as there are no

input fluctuations and the mass balance and the

process conditions are invariant. However, few real

drying processes ever approach this ideal and

changes do occur, justifying the need for regulation

and control.

As the dryer represents a very complicated plant

for automation with a great number of parameters

affecting product quality, specifying a control system

for the dryer requires the consideration of many pro-

cess factors. These considerations include the process

dynamics; the number of process variables that are to

be controlled or monitored; product handling; oper-

ating ranges of temperature, pressure, humidity; air

and product flows; initial and final moisture contents;

and so on. Additional factors include the protection

of critical process parameters with the use of inter-

locks; data acquisition systems; ease of calibration of

control and sensing devices; and ease of maintenance

and operating reliability. Overall reliability and cost

of the control system are clearly important as well. If

the process is inherently subject to fire or explosion

hazards, then special considerations must apply; how-

ever, these are beyond the scope of this chapter.
49.3 DRYER CONTROL SYSTEM
CHARACTERISTICS

The requirements and characteristics of any industrial

dryer control system are [4]:
1. Accuracy. The exit product moisture content

must be close to the desired value.

2. Stability. The system must not oscillate; other-

wise, large fluctuations in output moisture con-

tent would occur.

3. Speed of response. Any disturbances (e.g., changes

in inputmoisture content) shouldbe quickly offset

by the controller in order to provide acceptable

upset recovery time and system stability.
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4. Robustness. The control system should be able

to operate successfully over a wide range of

process conditions.
49.4 DRYER CONTROL SYSTEM SYNTHESIS

Prior to control system design, control synthesis must

be performed. The synthesis of control configuration

for a multivariable system involves the selection of

controlled and manipulated variables, steady-state an-

alysis, dynamic analysis, loop pairing (pairing manipu-

lated inputs and controlled outputs), and the selection

of best control configuration [5–7]. A good selection of

the control scheme depends on studying the behavior

of the system under different circumstances. This can

be achieved by making some deterministic tests either

in a real plant or in a physical model that properly and

adequately fits the actual process.

In the language of process control, the variables

associated with an industrial drying process can be

divided into two general groups:
1. Input variables, which denote the effect of the

surroundings on the drying process

2. Output or controlled variables, which denote the

effect of the drying process on the surroundings
The input variables can be further classified into

manipulated variables and disturbances or load vari-

ables.

Manipulated variables can be adjusted either manu-

ally or automatically. The most important manipulated

inputs to a dryer are (depending on dryer type):
1. Heating rate (e.g., inlet air or steam tempera-

ture)

2. Solids feed rate (e.g., screw conveyor speed,

discharge rate)

3. Airflow rate (for direct dryers)

4. Rotational speed (for rotary dryers)
Disturbances or load variables cannot be adjusted

by a control system. The most common dryer disturb-

ances are:
1. Ambient air temperature

2. Ambient air humidity

3. Feed moisture content

4. Feed composition
The output or controlled variables may be classi-

fied as measured output variables and unmeasured

(or difficult-to-measure) output variables. Dryer out-

put variables are:
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1. Dried-product moisture content

2. Exhaust air temperature

3. The temperature of the air–product mixture

(for spray dryers)

4. Exhaust air humidity

5. Product quality (color, flavor, textures, activ-

ity, etc.); these properties are generally difficult

(or impossible) to measure online and the cost

is often too high
In general, it is difficult to make online measure-

ment of product quality; it is often an inferred entity

based on experience. The moisture content can be a

measured variable if a suitable moisture sensor is used

in the process. Analyzers are available for moisture

analysis, which can be adapted for automatic, closed-

loop dryer control. The most successful of these units

rely on infrared, microwave, or capacitance detection

[1]. Care must be exercised in the selection to allow

for changes in bulk density or for void spaces, which

will introduce an error. In many industrial-drying

plants, such sensors are not available because either

they are expensive or they have low reliability. Con-

sequently, in such cases the moisture content is an

unmeasured output variable.

The relationship between output, manipulated,

and load variables constitutes the process control

system of the dryer (see Figure 49.1). In particular,

the purpose of a dryer control system is to produce a

desired output by changing the manipulated variables

so as to compensate for changes in the main load

variables (disturbances). Inputs are in the form of

commands, which the output is expected to follow,

and disturbances, which the automatic control is

expected to minimize.

The most desirable drying process output variable

to control is the product moisture content, but this is

often difficult to measure directly. Often, the moisture

content of the dried product can be inferred from the

temperature and humidity of the exhaust gas, though

care must be taken in applying appropriate heat and

mass balances. Moreover, because measuring the

temperature of the exit gas is simple, accurate, reli-

able, cheap, and has significant effects on the drying

rate, dryer manufacturers have used this variable as

the control output variable; and, in fact, the majority

of existing dryers rely on the automatic control of this

variable. However, due to the low correlation be-

tween the temperature and the actual product mois-

ture content, using indirect control (by parameters

such as temperature and humidity) usually results in

poor control of the drying process.

In some special cases, this may even lead to serious

failure if the exhaust temperature is used in isolation

(without concurrent measurement of humidity). For
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FIGURE 49.1 Schematic diagram of drying-process variables.
example, a higher exhaust-gas temperature will be

interpreted by the controller as increased available

dryer capacity, leading to an increase in feed rate.

However, the elevated temperature can result from

poor dryer performance (due to deposits, etc.). Thus

the controller action can worsen the problem.

Direct control and online measurement of the sol-

ids moisture content would enable significant improve-

ments in dryer control by providing an immediate

measure of the moisture content at the dryer exit and

by automatic compensation for factors that disturb the

control action. In certain dryers, these are already

implemented industrially (e.g., in paper dryers).
49.5 CONVENTIONAL AND ADVANCED
DRYER CONTROL SYSTEMS

49.5.1 MANUAL CONTROL

In manual control, expert judgment by the operator is

relied upon to judge the endpoint of the drying pro-

cess. A dryer manual control scheme may be de-

scribed by the following sequence [2,4]:
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1. Turn on the dryer

2. Set the initial throughput

3. Measure the output moisture content and com-

pare measurement with the desired value

4. Based on the difference between the desired

and the measured moisture content value,

make adjustments to the manipulated variables

(e.g., energy input, feed rate) to maintain the

desired moisture content
This type of manual control is simpler and less

expensive, and less expertise is required than auto-

matic control systems. It can be applied to small

plants (mainly batch systems) and on easy-to-dry-
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materials. However, manual control is not recom-

mended in the case of large drying processes and

where good control is required to stabilize the process

against any disturbances. It is also labor-intensive.

49.5.2 FEEDBACK CONTROL

The principle of feedback control is one of the most

commonly used control strategies in dryer control.

The major function of a dryer feedback controller is

to hold the controlled variable at a target value or set

point. The control system receives a measured signal

of the controlled output variable (i.e., moisture con-

tent) and compares it with the set point value, which

generates an error signal. The value of the error is

supplied to the main controller. The controller in turn

changes the value of the manipulated variable in such

a way to reduce the magnitude of the error. Usually,

the controller does not affect the manipulated vari-

able directly but through another device, known as

the final control element, such as a control valve,

motor, fan, or heater, depending on the application.

Ideally, control will result in an exact correction in the

process output variable, forcing it back to the desired

value (set point). A typical feedback control loop is

shown in Figure 49.2.

Three basic types of feedback controller actions are

available: (1) proportional, (2) integral, and (3) deriva-

tive action. Proportional action actuates the manipu-

lated variable in direct proportion to the error signal.

Integral action eliminates any steady-state residual

errors or offsets and it moves the manipulated variable

based on the time integral of the error. The purpose of

the derivative action is to forecast fast changes in the

error signal by using a control mode proportional to

the time rate of change of the error signal.

In industrial dryer control applications, the three

control actions described above can be used indivi-

dually or in combined modes: proportional (P)
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configuration.
controller, proportional–integral (PI) controller, or

proportional–integral–derivative (PID) controller.

However, the derivative action is generally undesir-

able because of the problem of noisy signals [8,9].

The general three-action (PID) controller can be

described by the following equation:

m(t) ¼Kc «(t) þKc

tI

ð
«(t)dt þKc tD

d«

dt 
þBIAS (49 :1)

where

m is the control action, Kc is the proportional gain

of the controller, « is the error signal, tI is the integral

time constant, tD is the derivative time constant, and

BIAS is the controller’s bias signal (i.e., its actuating

signal when « ¼ 0).

Typical feedback controllers in drying applica-

tions have been investigated and reviewed by Robin-

son [2], Marchant [4], and Whitfield [10].

49.5.3 FEEDFORWARD CONTROL

The residence time of the solid material may be rela-

tively long in certain types of industrial dryers (e.g.,

rotary dryers, floater dryers for pulp sheets). Also, in

certain dryers the thermal inertia of the heat-transfer

mode may be long relative to the drying time (e.g., for

drying of newsprint or contact dryers or Yankee

dryers for tissue paper). In such cases, there is a

significant time lag between a change being made to

an input and its effect being felt on the output. If this

dead time is large, it may result in inadequate per-

formance of the feedback controller. To overcome

this problem, a predictive type of control known as

feedforward control is used.

In this control system, process disturbances are

measured and compensation is made for them with-

out waiting for a change in the output variable to

indicate that a disturbance has occurred. The control

scheme is implemented by measuring the disturbance
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or load input (e.g., inlet moisture content) and the

controller uses a system model to determine the rela-

tionship between the disturbances and the manipu-

lated and controlled variables. The objective here is to

keep the value of the controlled output variable at the

desired level by eliminating the impact that the dis-

turbances would have on the output. It is clear that

the effectiveness of the feedforward control system

depends on the accuracy of the system’s mathematical

model in predicting the response of the process to

input and disturbance changes. The principle of feed-

forward control is illustrated in Figure 49.3.

49.5.4 FEEDFORWARD–FEEDBACK CONTROL

From the earlier discussion and from Table 49.1 [11],

we would expect that a combined feedforward–feed-

back control system would retain the superior per-

formance of the feedforward controller and the

insensitivity of the feedback controller to uncertain-

ties and inaccuracies. Figure 49.4 shows the main

components of a feedforward–feedback control sys-

tem; they include the feedforward controller incorp-

orated with the process model, the feedback

controller, and the dynamic compensator. The func-

tion of feedback element is to correct the action of the

feedforward controller in the case of measurement

and modeling inaccuracy. Courtois et al. [12] and

Bruce and McFarlane [13] implemented the combined

feedforward–feedback control system for mixed-flow

grain dryers.

49.5.5 MODEL-BASED CONTROL

MBC has recently become a process-control

approach of much interest. The basic idea is to use

a dynamic model of the process in the control system.

A comprehensive exposition of MBC is beyond

the scope of this chapter; interested readers are



TABLE 49.1
Relative Advantages and Disadvantages of Feedforward and Feedback Controllers [11]

Advantages Disadvantages

Feedforward Controller

1. Acts before the effect of the disturbance has been felt

by the system

1. Requires identification of all possible disturbances and their

direct measurement

2. Good for slow systems or those with significant dead time 2. Cannot cope with unmeasured disturbances

3. Does not introduce instability in the closed-loop response 3. Sensitive to process parameter variations

4. Requires a process model

Feedback Controller

1. Does not require identification and measurement of

any disturbance

1. Waits until the effect of the disturbances is felt by the system

before control action is taken

2. Insensitive to modeling uncertainties 2. Unsatisfactory for slow processes or those with significant dead time

3. Insensitive to parameter changes 3. May create instability in closed-loop response
encouraged to read other references [8,14–17]. Some

of the MBC strategies are:
FIG
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1. Inferential control

2. Internal model control (IMC)

3. Dynamic matrix control (DMC)
Inferential control [11,17,18] is an early model-

based approach for process control. This control

strategy is useful when the main dryer controlled

variable (i.e., product moisture content) cannot be

measured directly due to some technical difficulties

or due to insufficient economic justification for its

measurement. Inferential control uses the values of

measured outputs (e.g., product or gas temperature

and humidity) together with the process model to
Final cont
 elemen
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controlle

Drye
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URE 49.4 Feedforward–feedback control system.
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infer the value of the unmeasured control variable.

These estimates are used to adjust the values of the

manipulated variables in order to keep the moisture

content at the desired levels (Figure 49.5). This con-

trol policy can also be used to counteract the disturb-

ances as it is less expensive to infer these disturbances

from other available process measurements rather

than by measuring them directly.

The basic idea of IMC is to use a process model

and to relate the controller settings to the model para-

meters in such a way that the selection of the specified

closed-loop response yields a physically realizable feed-

back controller [8,17]. IMC is advantageous because

it can be adjusted to balance controller performance

with control system robustness (when either modeling

errors or changes in process dynamics occur). Clearly,
Set point

rol
t

ard
r

r

Feedback
controller

Controlled variable 

anipulated variable



Moisture content
(unmeasured)

Measured
Variables

Disturbance(s)

Manipulated variable

Controller
Estimator:
Computes an estimate of the
value of moisture content

Set point

Dryer

FIGURE 49.5 General structure of a dryer inferential control system.
the effectiveness of IMC depends on the availability of

a reliable model for the dryer.

Panda investigated the performance of IMC in

fluid-bed drying of sand particles, mustard seeds, and

wheat grains [19]. The structure of the IMC system for

the fluid-bed dryer is depicted in the block diagram

shown in Figure 49.6. In this study, IMC uses a pro-

cess-model transfer function (Gm) parallel to the actual

plant transfer function (Gp). A filter is used in the

control system to ensure robustness in performance.

The exit-air temperature is used for set-point tracking

by the IMC. If the system is performed without any

oscillations, the overshoots will be tolerable,

there will be no offset, and the control scheme will

be effective and respond rapidly as described by

Panda [19].
�_

Set point

d

U
�

�

�
−

FBD

Process model

Filter IMC

Y : exit-air temperature
U : voltage to heater
d : feed rate of solids

Gm

GpGcGf

Gd

Y

FIGURE 49.6 Basic structure of internal model control for

a fluid-bed dryer.
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DMC uses a direct, least-squares computational

procedure to find the optimum values of future

changes in the manipulated variables to match future

output responses such that some performance index is

minimized [8]. Panda applied DMC to control the

fluid-bed dryer as mentioned earlier and proved that

DMC gives better control in the presence of measure-

ment noise [19]. The response in the exit-air tempera-

ture does not show much oscillation and settles

quickly.

Al-Haj Ali et al. [5,6] developed different types of

linear time invariant models by system identification,

which adequately represent the fluidized-bed drying

dynamics. MBC techniques such as IMC and model

predictive control (MPC) were used for the designing

of the control system. Simulations with multivariable

MPC strategy provided robust, fast, stable, and non-

oscillatory closed loop responses. A stationary form

of Kalman filter was designed to estimate the particle

moisture content (state observer). Performance stud-

ies showed that the Kalman filter provided satisfac-

tory estimates even in the presence of significant

noise levels and inaccurate initial states feed to the

observer.

Kiranoudis et al. [20] developed a dynamic model

for the simulation of conveyor-belt dryers and pro-

posed a SISO (single-input, single output) control

scheme for the regulation of material moisture con-

tent. In a subsequent work, Kiranoudis et al. [21]

extended the dynamic model of this process to include

MIMO (multiple-input, multiple output) scheme to

control the material moisture content and tempera-

ture. In both works, PI controllers were appropriately

tuned and nonlinear simulations were performed.



Trelea et al. [22] designed and tested a nonlinear,

predictive, optimal control algorithm for a batch corn

dryer. The control algorithm relies on the solution of a

realistic, constrained, optimization problem and

experiments showed that the algorithm was able to

handle important disturbances and failures. Vascon-

celos and Filho [23] developed a supervisory control

strategy for the optimal operation of grain dryers. In

this study, an optimization problem was developed to

function as a supervisory control and predictive DMC

algorithm was used for servo or regulatory control.

The proposed algorithm presented satisfactory results

for the load rejection and set-point variation.

Corrêa et al. [24] conducted control tests in a

spouted bed dryer of paste using a generalized predictive

control (GPC) algorithm. The GPC algorithm is based

on the minimization of deviations between process

variables and nominal (or reference) model variables

using the recursive least-square method. The controller

showed a stable behavior and good performance for

both set point tracking anddisturbance-rejection experi-

ments. Didriksen [25] showed that the performance of a

model-based controller was superior when compared

with traditional feedback control in a simulation study

based on industrial rotary dryer data. An augmented

Kalman filter was used to estimate the disturbances.

MBC had also been used by Altafini and Furini [26],

Harn et al. [27], and Thyagarajan et al. [28].

49.5.6 MICROPROCESSOR-BASED CONTROL

Traditionally, analog instrumentation was used, and

is still used for process control in some cases. How-

ever, the advent of the microprocessor in the early

1970s and the development of digital computers,

coupled with significant reduction in their cost, have

brought about the evolution of computer-based con-

trol systems and controllers capable of providing

more than basic control.

Although the primary task of a computer-based

controller is the implementation of a control algo-

rithm (PID or more sophisticated algorithms), the

presence of a computer makes it possible to achieve

more than basic control and to assign a number of

tasks that are useful in process control. The following

characteristics of modern computer control system

illustrate some of these tasks [8,11,18,29,30]:
� 20
1. Implement classical and advanced control al-

gorithms

2. A single digital computer (or microprocessor)

to service a number of control loops (time-

shared basis)

3. Distribute data processing by which data can

be collected from different process instruments
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and processed for monitoring and control pur-

poses; the computer system can also be con-

nected to local analytical instruments (e.g.,

moisture and humidity meters), which usually

have their own microcomputer

4. Provide static and dynamic displays on moni-

tors or other visual display units

5. Provide mathematical functions

6. Provide data acquisition and storage for dif-

ferent process measurements, such as tempera-

ture, flow rate, pressure, humidity, and moisture

content

7. Provide planning, supervision, optimization,

quality control, and control of mode of

operation
Figure 49.7 shows the structure of a microproces-

sor-based control system. The computer system col-

lects data from the process measurements and

calculates the values of the manipulated variable

and implements the control action on the process,

based on the control algorithm that is already pro-

grammed and stored in the memory of the computer.

Signals are converted by digital to analog (D/A) and

analog to digital (A/D) converters. The operator com-

municates with the control system with a keyboard, a

monitor, and a printer or plotter.

Panda investigated a direct digital control (DDC)

feedback loop to control a continuous fluid-bed dryer

[19]. A PI control algorithm tuned with Cohen–Coon

tuning rule gave satisfactory performance of the drying

of sand, mustard, and wheat for different load vari-

ables, such as solid feed rate. A microprocessor-based

control system for a column-type grain dryer had been

developed by Jaaksoo et al. [31]. Input–output variables

of the plant were specified and a two-input/two-output

state variable model was obtained using experimental

input–output data. The proposed control algorithm

had proven to be reasonably suitable to realize a robust

regulator for a grain dryer.

Sundaramoorthy and Rao designed and imple-

mented a DDC scheme on a batch fluid-bed dryer,

which was drying wet sawdust [32]. The system was

described by a state-space model with parameters that

were estimated from experimental data. The perform-

ance of the designed controller was checked by

closed-loop simulation and then the scheme was

implemented online using the heater power supply

as the final control element to regulate the inlet-air

temperature.

Barker and Christie described a microprocessor-

based control system for the control of textile drying

processes [33]. In addition to the control of the dryer

outlet moisture content, the computer-based system

was used to optimize the energy use of the dryer.
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FIGURE 49.7 Microprocessor-based dryer control system.
Douglas et al. presented a computer-based control

system of particulate dryers, including the required

sensors, a centralized computer system, and the soft-

ware [34]. The work included the development of a

capacitance-type moisture meter. A continuous hori-

zontal conveyor-belt dryer for drying pet food had

been used as an illustration.

Microprocessor-based control system had also

been implemented in a solar-tunnel dryer [35] and a

pneumatic drum dryer [36].

49.6 TYPICAL INDUSTRIAL
DRYER CONTROL SYSTEMS

In this section, we overview some control strategies

for commonly used industrial dryers. It can be noted

that different strategies are possible and, indeed,

actually used in practice.

49.6.1 BATCH DRYERS

Batch drying is a time-dependent and repeatable

process usually used for the drying of small volumes,

sensitive products, or valuable materials (e.g., pharma-

ceutical products). Manual control of batch dryers

requires higher labor costs per unit product through-

put than continuous processes, necessitating the need

of automatic control. The major benefits of automatic

control of batch-drying processes are increased safety,

increased production through a reduction in cycle

time, and increased consistency of product quality. In
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some special cases, preprogrammed temperature or

airflow (or both) can be implemented in the interest

of enhanced quality or energy savings.

Typical automatic batch-dryer control systems use

the exhaust-air temperature as the controlled variable

to determine when to end the drying process. Shinskey

[37] and Fadum and Shinskey [38] have described an

alternative control scheme employing inferential con-

trol. The system has proven to be an effective substitute

for online moisture analysis in terminating drying. This

method is based on the following equation:

Tof ¼ Toc þ K(Ti � Toc) (49:2)

where Tof is the final outlet-air temperature corre-

sponding to the desired moisture content, Ti is the

inlet-air temperature, and Toc is the constant outlet-

air temperature. K is a factor that depends on particle

size and drying rate. The control strategy is to shut

down the process when the outlet temperature reaches

the level defined in Equation 49.2. The moisture

control scheme may be refined to include a dew-

point loop to save energy during the falling drying-

period rate.

Robinson described a control system based on a

temperature-drop model to determine and control the

product moisture content at any appropriate point

inside batch dryers [2]. It is based on the model

M ¼ k1(dT)q � k2(Dt)
r (49:3)



which relates product moisture content M to the tem-

perature drop dT, which is defined as the difference

between the temperature of the entering drying air

and the temperature of the exhaust air. Dt is the

drying time and k values and exponents are constant

for a given product and dryer.

The temperature-drop method enables the calcu-

lation of drying rates and rate of change of drying

rates for the use as controlled variables. As suggested

by Robinson [2], such variables significantly improve

the control of endpoint moisture content because they

are independent of the dryer and process variables.

49.6.2 ROTARY DRYERS

Convective rotary dryers are normally controlled by

the measurement of exit-gas temperature, which is

used to regulate the inlet-air temperature; the pressure

is adjusted by the exhaust damper setting, and the

inlet-air rate is used to control the outlet-air wet-

bulb temperature [39,40]. An alternative control

scheme uses the air rate to control the difference

between the dry- and wet-bulb exhaust temperatures;

these temperatures serve as an indication of the rate

of evaporation [39]. This modified control system is

shown in Figure 49.8.

Douglas et al. have developed a control strategy

to control the outlet moisture content and tempera-

ture by manipulating the airflow rate and rotational

speed of the dryer, respectively [41]. A PI controller is

used to achieve the control objectives. In steam-tube

rotary dryers, the system is controlled conventionally

by regulating the steam-tube pressure. This control
TC

TC

Air
Heater

Product

Rota

FIGURE 49.8 Rotary dryer control system.
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system produces acceptable results for a constant

dryer load; but as load changes, underdrying and

overdrying may occur. To overcome this problem,

Fadum and Shinskey developed a compensated con-

trol system based on the fact that the relationship

between pressure and steam flow must be maintained

in order to control product moisture content [38].

They suggested that this relationship could be re-

duced to a linear approximation,

Po ¼ Rh þ b (49 :4)

where Po is the tube pressure set point, R is the ratio

setting for desired moisture, b is the bias term, and h is

the steam orifice differential pressure.

49.6.3 SPRAY DRYERS

The residence time in spray dryers is short and the

small droplets offer a large surface exposed to heat

and mass transfer, hence drying is rapid. Rapid dry-

ing leads to a short process dead time, allowing good

automatic control. Usually, one of the control object-

ives is to keep the size of the droplets uniform. Three

basic types of control systems are commonly used in

spray-drying installations [42].

Control system A (Figure 49.9) features two quick-

response control loops:
ry d
1. Control of exhaust-air temperature by feed-

rate regulation

2. Control of inlet-air temperature by air-heater

regulation
Feed

Exit air

PC

�
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FIGURE 49.9 Control system A for industrial spray dryers.
Control system B (Figure 49.10) uses air-heater

regulation to compensate for any deviation from the

desired outlet-air temperature. This system also

features manual regulation of the feed rate.
Control system C features two alternatives:
Fue

FIG

� 20
1. Outlet air–temperature control with feedback

from moisture content measurement (Figure

49.11a)

2. Microprocessor-based control (Figure 49.11b)

in which the outlet-air temperature is controlled

by regulating the feed rate, with feedback from

the moisture content measurement and feed-

forward from the atmospheric humidity, feed

specific gravity, and inlet air–temperature

measurements
Control systems A and C are commonly used for

rotary atomizers.Control systems A and B are applic-

able for nozzle atomizers, but control system B is
 Exhaust air

Feed

Pump Atomizer

Air

Air heater

Fan
Filter

Product

Spray drying
chamber

Texit

Exit-temperature controller

l

Feed-rate manual controller

URE 49.10 Control system B for industrial spray dryers.
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preferred when wide variations in feed rate cannot

be handled.

These control schemes are provided with safety

systems that prevent any failure in the feed system in

order to prevent the outlet-air temperature from rising

above a specified safety level. These safety systems can

shut down the air heater or pass water to nozzles

positioned as a safety measure when a certain outlet-

air temperature is reached [42]. Alarms might be added

to detect the potentials for explosion, product plug-

ging, flooding, high temperature, and loss of airflow.

49.6.4 CONVEYOR DRYERS

Various control schemes have been used in conveyor

dryer systems. When a steam heater is used to heat up

the makeup air, the temperature of the circulating air

through the dryer is controlled by adjusting the

steam-control valve [40].

Zagorzycki investigated the technical and eco-

nomic feasibility of humidity control systems applied

to conveyor dryers such as tobacco dryers [43,44].

The humidity at any point in the dryer is controlled

by the adjustment of the volume of exhaust flow. In

this case study, it has been shown that applying con-

trol technology to conveyor dryers offers substantial

cost savings.

49.6.5 FLASH DRYERS

Traditional flash-dryer control systems include con-

trolling the exhaust-air temperature by varying the

inlet drying-air temperature (Figure 49.12). This con-

trol system performs adequately in the absence of

process disturbances, but poor control and overdrying

or underdrying occur in the case of load changes (feed

moisture content) because of the short residence times

of both solids and gases. Alternatively, the flow rate of

wet solids can be controlled with a small response time

[40]. If the product is proved to form deposits, special

care is needed in interpreting the control action.

Shinskey conducted a thorough study of adiabatic

dryers, including flash dryers, and, using material and

energy balances, established the following relation-

ship for product moisture content [37,38]:

Xp ¼ K ln
Ti � Tw

To � Tw

� �
(49 :5)

where Xp is the product moisture content, Ti is the

inlet-air temperature, To is the outlet-air temperature,

Tw is the wet-bulb temperature, and K is the constant

for a particular dryer and product.

From Equation 49.5, it is clear that, in order to

control the moisture content in the dryer, the ratio of
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FIGURE 49.11 Control system C for industrial spray dryers: (a) outlet-temperature control with feedback from moisture

content measurement; (b) microprocessor-based control system.
the driving force at input and output must be kept

constant by varying both input and output temperat-

ures as the load varies. Equation 49.5 can be re-

arranged to give

To � Tw

Ti � Tw

¼ K ¼ constant (49:6)

or

To ¼ KTi þ (1� K)Tw (49:7)
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which gives the required output temperature to keep a

constant moisture content for a given input tempera-

ture and wet-bulb temperature.

However, as it is difficult to measure the wet-bulb

temperature in the case of hot air contaminated with

solids, a program relating To to Ti for a particular

ratio of temperature difference To � Tw/ Ti � Tw has

been established. Linearization results in the follow-

ing equation:

T�o ¼ RTi þ b (49:8)
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where To
* is the desired outlet-air temperature, R is

the slop of To vs. Ti curve, and b is the To axis

intercept or bias.

A control system employing this concept is shown

in Figure 49.13.

49.6.6 FLUID-BED DRYERS

Among the available control strategies, the control

system based on exhaust-air temperature as the con-
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FIGURE 49.13 Compensated flash-dryer control system.

� 2006 by Taylor & Francis Group, LLC.
trolled variable and inlet-air temperature as the ma-

nipulated variable is found to be adequate for most

fluid-bed dryers. This control strategy (Figure 49.14)

performs quite satisfactorily under any load changes

because of the fluid-bed buffer capacity [40]. How-

ever, as this control system responds to exhaust tem-

perature but not to the absolute humidity of the

airstream, it is limited by the ‘‘reverse action’’ [1];

an increase in humidity of the entering air can

cause a reduction in inlet-air temperature instead of
Wet feed

Screw
feeder

 product

r

Mixer

Cyclone

Vent
fan

Rotary valve

Recycle

Exit gas



increasing it. This is because the effect of increased

humidity is to reduce the drying rate, which repre-

sents less heat supply from the air, and therefore

raises the outlet temperature. The controller (TIC)

in Figure 49.14 compensates for this rise in tempera-

ture by lowering the inlet temperature, which further

reduces the drying capacity of the air.

An alternative fluid-bed dryer control system has

been developed based on the temperature-difference

technique [45]. This technique is based upon the fact

that the temperature difference between the material

and the wet bulb is a function of the moisture

content of the material at the instant of temperature

measurement.

Alden et al. extended the method by estimating

the equilibrium relative humidity based on the wet-

bulb temperature (Tw), the partial pressure of water at

the solid’s temperature, and the saturated vapor pres-

sure of water at Tw [46]. Thus, the moisture content of

a given material can be inferred from the estimated

temperature difference (DT) and the equilibrium rela-

tive humidity. This method has been successfully

implemented to control the endpoint in batch fluid-

bed dryer for aqueous and aqueous-alcohol granules.

An empirical method was used to determine the de-

sired DT value by frequent sampling of the dried

material and moisture content determination. The

real-time DT was estimated using a computer pro-

gram based on the temperature measurements; this
Air
heater

Screw
feeder

TIC

Fuel

Air

Set point

Feed

Fan

FIGURE 49.14 A conventional fluid-bed dryer control system.

� 2006 by Taylor & Francis Group, LLC.
value was then compared with the desired value and

used as the drying-endpoint indicator.

49.6.7 CONTINUOUS CROSS-FLOW GRAIN DRYERS

Traditionally, continuous cross-flow grain dryers

have been controlled manually by adjusting the

unloading auger revolutions per minute (rpm),

which controls the residence time of the grain in the

dryer. However, this control often leads to overdrying

and excessive stress cracking of some of the grain.

Feedback control based on the exhaust-air tem-

perature was the first automatic control method used

in cross-flow grain-drying plants. However, due to the

uncertain relationship between the outlet-air tempera-

ture and the outlet grain moisture content, this con-

trol strategy had proven to be ineffective [47,48].

Due to the above-mentioned difficulties with man-

ual and temperature-based feedback controllers, the

control systems based on product moisture content

have been investigated and applied in many grain-

drying installations in recent years. Forbes et al.

compared different control strategies based on the

product moisture content for commercial corn-drying

units [49]. Three control schemes were studied: (1) a

model-based feedforward controller for which the

corn-drying process is represented by an exponen-

tial-decay-type model with the corn-drying character-

istics lumped into a single parameter; (2) a feedback
Vent fan

Dried product

Cyclone

Exit gas



controller; and (3) a feedforward lead/lag controller.

Using simulations, it has been proven that MBC

system functions better than either PID feedback

control or lead/lag feedforward control. This was

attributed to the fact that MBC is able to avoid

instabilities caused by the frequent and large vari-

ations in the feed moisture content without detuning.

A more effective control strategy for cross-flow

grain dryers is the feedforward–feedback controller

[47,48]. The control algorithm consists of a model-

based feedforward controller with feedback correc-

tion and dynamic compensation. In this system, the

controlled variable is the grain outlet moisture con-

tent, the manipulated variable is the auger rpm, and

the major load (disturbance) variable is the grain inlet

moisture content. The control system consists of a

microcomputer, a commercial moisture meter, a tach-

ometer, and the control/dryer model software, which

is shown schematically in Figure 49.15. The function

of the feedback trim is to force the outlet moisture

content back to the desired value (set point) in the

case of any changes in the minor load variables (e.g.,

grain test weight, wind effect), inaccuracy of the pro-

cess model, or imprecise grain inlet moisture meas-

urement. The dynamic compensation is accomplished

by using a pseudo inlet moisture content consisting of

a weighted average of the present inlet moisture con-

tent and the inlet moisture content of the grain cur-

rently in the dryer. The control algorithm has been

successfully tested on several commercial cross-flow

maize dryers for which the average outlet maize mois-

ture content was controlled to +0.5% of the set point.
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FIGURE 49.15 Cross-flow grain dryer control system.
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49.7 INTELLIGENT CONTROL SYSTEMS

The control strategies of industrial dryers, which are

described earlier, are all based on some mathematical

equations or algorithms. Classical control theory gives

differential equations or transfer functions, and a mod-

ern control theory gives a first-order vector-matrix

differential equation based on the state-space method.

In these approaches, one has to represent the know-

ledge and prior information about the system into

some analytical structure. However, many difficulties

are encountered when designing and applying a dryer

control system based on these approaches. These diffi-

culties arise due to one or more of the following reasons:
trolle
C)

RP
1. The drying process is complex, time-variant,

and nonlinear.

2. Some drying variables (e.g., product quality

and color) cannot be measured directly. Other

measurements (e.g., moisture content) may be

inconsistent, imprecise, incomplete, or not to-

tally reliable.

3. Dryer models are generally approximations to

the real process and may require large comput-

ing time.

4. Difficulties are experienced when the process

operates over a wide range of conditions and

suffers from stochastic disturbances.

5. Often, it is not possible to adequately represent

the system characteristics such as nonlinearity,

time delay, time-varying parameters, and over-

all complexity.
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6. Dryers contain controlled and manipulated

variables that exhibit interacting effects.
It is clear that, in order to tackle these difficulties,

there is a growing need for the reevaluation of the

conventional control methods used in drying oper-

ations. This leads us to search for a more general

concept of dryer control, one that includes higher-

level decision-making, planning, sequencing, learn-

ing, logic, and reasoning. These goals present another

dimension to the control of an industrial process, i.e.,

the human element.

The process operators’ control strategy is based

on anticipation, knowledge (know-how), and experi-

ence, and can be considered as a set of heuristic

decision rules or ‘‘rules of thumb.’’ In order to recog-

nize the human’s basic elements and to include the

operator’s control actions in an automatic scheme, a

good user–system interface is required. A useful way

to combine this user–system interface with process

control is to use intelligent control systems.

Three approaches dominate the real-time intelli-

gent control field: (1) expert systems, (2) neural net

controllers (neurocontrollers), and (3) fuzzy logic

controllers [50]. These intelligent control systems are

based on two types of information processing: sym-

bolic and subsymbolic processing [15,51].

The symbolic process consists of production rules,

semantic networks, frames, and objects. Systems built

on this principle are called expert systems and are

useful for reasoning about process state (temperature,

pressure, etc.) and process structures. The subsym-

bolic process is based on a model of biological neural

system. Systems modeled on this principle are called

artificial neural networks (ANNs) and are useful for
Inference 
(control str

Proce

Global data base
(system status)

URE 49.16 Structure of an expert control system.
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reasoning about process trends and the complex

causal interaction of process variables and states.

Fuzzy logic systems grew out of a desire to quan-

tify rule-based expert systems. Fuzzy set theory had

provided us with an effective framework for dealing

with fuzzy information and for translating control

strategies based on an expert knowledge into an auto-

matic control strategy.

Although not common in the control of industrial

dryers, it is anticipated that complex dryers will find

useful applications for such controls within the next

decade. The following sections present a simple out-

line of these control strategies and references pertain-

ing to their basic principles and some applications

(not necessarily in drying). The interested reader is

referred to the literature cited for details.

49.7.1 RULE-BASED EXPERT CONTROL SYSTEMS

An expert system is an intelligent, computerized, know-

ledge-based system that uses symbolic processes and

inference procedures to simulate the decision-making

process that an expert performs to solve a problem.

As illustrated in Figure 49.16, an expert control

system consists of the following [51–54]:
eng
uctu

ss
1. A knowledge base of domain facts, rules, and

heuristics associated with the process. These

can be obtained from the knowledge of the

plant functions, engineering principles, statis-

tical information, and from observing the

skilled human operators. The latter can be

achieved by means of interviews, question-

naires, and online recording of human-initiated

control actions.
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2. An inference engine (or control structure) uses

inference procedures to draw conclusions and

to infer the correct control action based on the

information stored in the knowledge base and

the current state of the process.

3. A global database for keeping track of the

system status, the input data, and the relevant

history of the process.

4. A user interface to provide communication be-

tween the user and the program.
Expert systems can be employed in many process

control–related usages, such as [15,51,53,55]:
1. Process optimization, process management,

trend analysis, alarm processing, control-system

design, and adaptive control

2. Enhancement of classical controller perform-

ance by sensor failure identification, valve sat-

uration, and process constrains

3. Fault detection, diagnosis, and troubleshooting

4. Supervisory control of simple PID-like control-

ler and startup or shutdown procedures
49.7.2 FUZZY LOGIC CONTROL SYSTEMS

The FLC is a knowledge-based control strategy that

uses fuzzy linguistic variables into its rule set to model

a ‘‘human-operator-like’’ control approach to cope

with the uncertainty in process dynamics or the con-

trol environment. In this system, fuzzy logic is used to

convert linguistic variables into precise numerical

control actions.

The use of fuzzy logic in automatic control was

suggested by Zadeh in an attempt to design controllers

for complex or ill-defined dynamic systems [56]. Most

early applications came out from the researches done by

Mamdani and his colleagues [57–59]. Definitions of

some terms used in FLC systems are listed in Table 49.2.

In a typical FLC system, the relation between the

input x and the output f(x) of the process can be

described with a set of linguistic rules of which the

typical form is
BLE 49.2
zy Logic Control Defining Terms [60–64]

zy sets Sets that do not have a crisply defined membersh

zy logic Kind of logic using graded or qualified statemen

in spirit to human thinking and natural langu

effective means of capturing the approximate,

guistic variables Ordinary-language terms that are used to repres

big (PB), positive medium (PM), positive sma

and negative big (NB).
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Ri : If x is Ai, . . . , and y is Bi,

then z ¼ f (x, . . . , y) is Ci

(49:9)

where x, . . . , y are linguistic variables representing

the process-state variables and z is a linguistic variable

representing the process-control variable; Ai, . . . ., Bi,

and Ci are linguistic values of the linguistic variables

x, . . . , y, and z, respectively.

Figure 49.17 shows the basic configuration of an

FLC system, comprising four components: a fuzzifi-

cation interface, a knowledge base, a decision-making

logic (control algorithm), and a defuzzification

interface.

The literature on FLC has been growing rapidly

in recent years, making it difficult to present a com-

prehensive listing of the wide variety of applications

that have been made. Among these are an experi-

mental warm-water plant [65], temperature control

of stirred tank reactor [66], activated sludge waste-

water treatment process [67], cement kiln [68,69],

and startup of catalytic reactor [70]. In drying appli-

cations, FLC systems have been developed for simu-

lated rotary dryers [71–73], deep-bed grain and food

dryers [74–76], fluidized-bed dryers [77,78], and

drum dryers [79].

49.7.3 NEURAL NETWORKS CONTROL SYSTEMS

ANNs are computational paradigms that function in

an analogous way to biological neural systems [64,80–

82]. They consist of massively interconnected, simple,

processing elements (also called neurons or nodes).

The strength of the connection among these neurons

is characterized by its assigned weight. These weights

are adjusted with a training algorithm in order to

reach a desired input/output.

ANNs are of interest to the control community

because they have the potential to treat many prob-

lems that cannot be handled by traditional control

techniques. Bhat and McAvoy [83], Psichogios and

Unger [84], and Ydstie [85] are among many re-

searchers who have investigated the use of ANNs in

process control. A handbook by White and Sofge
ip, but rather allow objects to have grades of membership from 0 to 1.

ts rather than ones that are strictly true or false. It is much closer

age than the traditional logical systems. Basically, it provides

inexact nature of the real world.

ent a particular fuzzy set in a given problem, such as positive

ll (PS), zero (ZO), negative small (NS), negative medium (NM),
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[86], a book by Miller et al. [87], and an article by

Hunt et al. [88] give good reviews of the application of

ANNs in process control. Duchesne et al. [89] and

Yliniemi [90] have investigated the use of neural net-

works and hybrid neural–fuzzy control systems in

rotary dryers.

In addition to process control, ANNs can be used

in many potential applications related to industrial

dryers’ design, operation, and control, such as:
NN controllerFilter

�

�

�

ysp

FIGURE 49.18 Neural network internal model control structure.
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1. Process modeling

2. Qualitative interpretation of process data for

the purpose of control, extraction of control

rules for fuzzy logic controllers, and the like

3. Detection of sensor failure

4. Provision of inferred values for signals that are

difficult to measure in practical situations

5. Estimation of model parameters (e.g., mass

diffusivity) from experimental data
d �

Process

NN model

�

�

u

Disturbance, d

y p

y m



Figure 49.18 illustrates a neural network IMC

system in which both process model and process con-

trol are realized using neural networks.
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50.1 INTRODUCTION

In many industrial processes, solid–liquid separation

operations are combined with drying operations.

Figure 50.1 illustrates a process combining drum fil-

ters, a rotary kiln, a centrifuge, a disk filter, a spray

dryer, and a conveyor dryer. In this combined oper-

ation, the solid–liquid separation enhances the quality

of the product and decreases the thermal energy of
, LLC.
the drying operations. The final product may be ei-

ther the solids in the filter cake or the substances dis-

solved in the filtrate, and these require subsequent

drying in order to obtain the final product. Thus,

solid–liquid separation and drying are complemen-

tary operations in many industrial fields. This chapter

will focus on the industrial practice and equipment

for solid–liquid separation as a pretreatment process

of drying operations. First, the classification and
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FIGURE 50.1 A process combining solid–liquid separation and drying (1, drum filter; 2, drum filter; 3, disk filter;

4, centrifuge; 5, rotary kiln; 6, spray dryer; 7, conveyor dryer). (From Mitsubishi Kakoki Kaisha, Ltd., Catalog 7-1-1 02–

01B-P. With permission.)
selection of nonthermal dewatering equipment are

outlined then, batchwise and continuous filters, filter-

ing centrifuges and expression devices are discussed as

they are commonly used in combination with dryers.
50.2 AN OUTLINE OF SOLID–LIQUID
SEPARATION OPERATION

The diversity of substances and the competitive ef-

forts have evolved into many variants for solid–liquid

separation equipment. Before categorizing the equip-

ment for pretreatment of the feed material to the

drying operation, it is useful to look at the entire

field of solid–liquid separation. It can be divided as

shown in Table 50.1 [1,2].

Conditioning is utilized to alter the properties of

the slurry so that it is easier to separate. For example,

particle size may be enlarged by chemical treatment,

producing flocculation or coagulation. In solids con-
� 2006 by Taylor & Francis Group, LLC.
centration, part of the liquid may be removed by

thickening or hydrocycloning so that the load on the

filter is decreased.

Filterates can be divided into two broad categor-

ies: cake and depth filtration. Cake filtration can be

further classified into centrifugal, and pressure,

vacuum, and gravity (PVG) operations. In cake

filtration, the particles from a slurry are blocked at

the surface of a supporting porous medium whereas

the fluid passes through. In depth filtration, the par-

ticles are captured in the interstices of the medium and

no cake is formed on the surface of the medium. In

many processes, a stage of depth filtration precedes

the formation of a cake. The first particles may enter

the medium and, with very dilute slurries, there may

be a time lag before a cake begins to form. Smaller

particles enter the medium while larger particles

bridge the openings and start the buildup of a surface

layer. In general, depth filtration is used for removing

small quantities of contaminants. Cake filtration is



TABLE 50.1
Stages of Solid–Liquid Separation

Conditioning Chemical Flocculation

Coagulation

Physical Crystal growtha

Freezing and other physical changes

Filter aid addition

Solids concentration Thickeninga Hydrocycloning

Clarification

Solids separation Cake formation Press, vacuum, and gravity Batcha

(PVG) filters Continuousa

Centrifuges Filtering Perforated bowla

Sedimenting Solid bowla

No cake formed Deep granular bed

Cartridges

Posttreatment Filtrate Polishing Membranes

Ultrafiltration

Cake Washing Displacementa

Reslurrya

Deliquoring Drainagea

Mechanical expressiona

aCommonly combined with drying operation.
primarily employed for more concentrated slurries. In

actual processing operations, both PVG filtrations

and centrifugation are encountered. Many separ-

ations can be achieved equally well with either PVG

or centrifugal equipments. Cost, operating, and main-

tenance considerations determine the actual choice.

Posttreatment is also a very important factor in the

selection of equipment. For removing the impurities

from a filter cake, cake washing is performed by perme-

ating the wash liquor through the cake or by reslurring

the filter cake. In general, a low moisture content of the

cake is attained by squeezing mechanically or hydraul-

ically, by blowing with air, or by aiding the drainage on

a rotary vacuum filter by means of steam. However,

capillary pressures for 10-mm particles are so high that

it is difficult to blow air or steam through a cake with

such particles. If a rotary vacuum filter were chosen,

there would be a limitation on moisture reduction for

cakes with small particles unless an additional unit for

mechanical expression was available. In general, it is

essential to balance the additional cost of producing a

dry cake against the thermal requirements of dryers.
50.3 INITIAL CHOICE OF EQUIPMENT

The initial choice of the general class of equipment

should be tentatively made based on the rate of cake

growth. Specific equipment types are related to cake-

formation rate as given in Table 50.2 [1,2].
� 2006 by Taylor & Francis Group, LLC.
Fast-filtering slurries are most often found in min-

eral processing and as products of crystallizers. They

settle rapidly and form a thick cake in a few seconds.

The rapid rates require filtration with continuous

vacuum filters or, for small-scale production, with

batch filters. Medium-filtering slurries are those that

can be kept in suspension by gentle stirring. With

these slurries, a 3- to 5-cm cake is formed with

vacuum in about a minute. Rotary drum, Nutsche,

or batch pressure filters can be used, depending on

the production scale. If a high degree of washing is

required, a plate-and-frame type may be most cost-

effective. Slow-filtering slurries require pressure filters,

generally of a batch type, to increase flow rates.

Dilute slurries include those that do not form a cake

that is quick enough to be discharged from a continu-

ous filter. The selection depends on such factors as the

scale of production, the water content of the cake,

and the amount of washing that is required.
50.4 CAKE FILTRATION

50.4.1 THEORETICAL ASPECTS OF CAKE FILTRATION

In cake filtration, once a layer of solid particles has

formed on the filter medium, its surface becomes the

actual filter medium. As the solids get deposited they

add to the thickness of the cake whereas the clear

liquid passes through. The cake is therefore composed



TABLE 50.2
Guide to Filter Selection

Slurry Characteristics Fast Filtering Medium Filtering Slow Filtering Dilute Very Dilute

Cake-formation rate cm/s >1.0 cm/min 0.12–0.62 cm/min <0.12 cm/min No cake

Normal concentration >20% 10–20% 1–10% <5% <0.1%

Settling rate Rapid, difficult to suspend Fast Slow Slow —

Leaf test rate, kg/(h �m2) >2500 250–2500 25–250 <25 —

Filtrate rate, cm3/(min � cm2) >20 0.8–20 0.04–0.8 0.04–8 0.04–8

Vacuum filters

Multicompartment drum � � �
Singlecompartment drum �
Hopper dewaterer �
Top feed �
Scroll discharge � �
Tilting pan � �
Belt � �
Disk � �
Precoat � �
Batch vacuum leaf � � � �
Batch Nutsche

(vacuum and pressure)

� � � � �

Pressure filters

Plate-and-flame � � � �
Vertical leaf � � � �
Tubular � � � �
Horizontal plate � � � � �
Continuous-pressure precoat � �
Cartridge

Centrifuges

Solid bowl �
Filtering �
Sedimenting �
of a bulky mass of particles, among which irregular

small channels run. The flow of liquid through the

channels is always laminar and can be described by

the following Ruth’s filtration equation:

dV

Adu
¼ p

m[a(W=A)þ Rm]
(50:1)

In this expression, the differential or instantaneous

rate of filtration per unit area (d V / Adu) is given as

the ratio of a driving force, pressure p, to the product

of viscosity m, and the sum of cake resistance a(W/A)

and filter medium resistance Rm. The mass of dry cake

W is related to the volume of filtrate V by a simple

material balance, thus:

W ¼ cV ¼ rs

1�ms
V (50:2)

where c is the mass of dry cake solids per unit volume

of filtrate, r is the density of the filtrate, s is the mass
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fraction of solids in the slurry, and m is the mass ratio

of wet cake to dry cake.

a represents the average specific resistance of the

cake, which is a constant for filtration under constant

pressure. In the usual range of operating conditions, it

can be represented as a function of the filtration

pressure p in the form

a ¼ a0p
n (50:3)

where a0 is a constant determined largely by the size

of the particles forming the cake; n is the cake com-

pressibility, varying from 0 for rigid, incompressible

cakes, such as fine sand and diatomite, to 1.0 for very

highly compressible cakes. For most industrial slur-

ries, n lies between 0.1 and 0.8. Rm represents the

resistance of unit area of the filter medium, but in-

cludes other losses in the system across which the

liquid pressure drops.

The mutual effects of the operating variables can

be seen in Equation 50.1. When the cake is composed



of hard granular particles that make it rigid and

incompressible, an increase in pressure results in no

deformation of the particles or their interstices, i.e.,

n ¼ 0. If filter medium resistance is neglected, Equa-

tion 50.1 becomes

dV

Ad u
¼ p

ma0( W=A) 
(50 :4)

For incompressible cakes, therefore, the flow rate is

directly proportional to the area and pressure and

inversely proportional to the viscosity, to a0, and to

the total amount of cake (or filtrate).

When the cake consists of extremely soft, easily

deformed particles, such as metal hydroxides, n ap-

proaches 1.0. Equation 50.1, with the filter-medium

resistance again neglected, reduces to

dV

Ad u
¼ 1

ma0( W=A) 
(50 :5)

Thus, the rate is independent of pressure for very

compressible cakes.

The effect of pressure shown earlier is modified in

most industrial filtrations in which cake compressibil-

ity usually lies between 0.1 and 0.8. Furthermore,

the resistance of the filter reduces the effects of the

respective variables. It has been found, however, that

an increase in pressure causes a nearly proportionate

increase in the flow rate in the filtration of granular

or crystalline solids. Flocculent or slimy precipitates,

on the other hand, have their filtration rates increased

only slightly by an increase in pressure. Some mater-

ials have a critical pressure above which a further

increase results in an actual decrease in flow rate.

Cake thickness is an important factor in determin-

ing the capacity and design of a batch filter and it

determines the cycle of operation. In constant-pres-

sure filtration, the integration of Equation 50.1, with

the medium resistance neglected, yields

V

A

� �2

¼ K u (50 :6)

K ¼ 2p(1 � ms)

mar s 
(50 :7)

where K is Ruth’s constant-pressure filtration

coefficient. V/A is proportional to W/ A, and thus to

the thickness of the cake. It may be noted, as a

consequence of these relationships, that the filtration

time for a given quantity of filtrate is proportional

to the square of the thickness of the cake at the

end of the filtration. Maximum filter productivity

W/ A( u þ ud) under batchwise constant-pressure

filtration, with the medium resistance neglected, is
� 2006 by Taylor & Francis Group, LLC.
obtained when the filtration time u is equal to the

downtime ud, which is the sum of the time required

to remove the product cake and to prepare the

medium for the next cycle. The greater the resistance

of the filter medium and the longer the preparation

downtime, the longer is the optimum filtration time

and the thicker is the optimum cake.

The effect of viscosity is as indicated by Equation

50.1 the filtrate flow rate at any instant is inversely

proportional to the filtrate viscosity.

The effect of temperature on the filtration rate of

incompressible solids is principally evident through

its effect on viscosity. Higher temperatures permit

higher filtration rates. Compressible sludges are

affected in more complicated ways by temperature

increases, but the general effect is inclined to be in-

creased filtration rate.

Particle size significantly affects cake and medium

resistances. Even small changes in particle size have

an effect on the coefficient a0 for cake resistance in

Equation 50.3, and larger changes affect the com-

pressibility n. Decreased particle size results in lower

filtration rates and higher moisture content of the

cake, and sometimes in better washing efficiency. It

is important, therefore, that close control be kept of

the particle size in the feed to the filter. Degradation

of particle size by violent agitation or pump action

must be avoided. Conditioning of a slurry by both

physical and chemical means can make the separation

easier by increasing the particle size. Changing the

temperature, recrystallization, aging, and freezing

are sometimes effective physical techniques. The add-

ition of certain electrolytes such as alum, lime, and

iron salts may effect particle-surface changes and act

as coagulants or flocculants. The addition of high-

molecular-weight polyelectrolytes is often a successful

pretreatment for entrapping fine particles forming a

flocculation structure. Control of pH may affect the

surface charge or zeta potential of the particles.

When a filter cake is washed, the rate of wash

throughput is generally the same as the final rate of

filtration, if (1) the washing pressure is the same as the

final filtration pressure, (2) the wash liquid and the

filtrate have similar physical properties, (3) the wash

liquor does not interact with the filtrate, and (4) there

is no rearrangement of the cake.

50.4.2 BATCH F ILTER

50.4.2 .1 Fil ter Press

There are two basic types of the filter press: (1) the

plate-and-frame type and (2) the recessed-plate type.

The plate-and-frame filter press (Figure 50.2) consists

of a skeleton framework made up of two end supports
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Movable head
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wheel
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Filter cloth
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Filtrate

FIGURE 50.2 Plate-and-frame filter press. (From M. Shirato, T. Murase, E. Iritani, F.M. Tiller, and A.F. Alciatore, in

M.J. Matteson and C. Orr, Eds., Filtration—Principles and Practice, Marcel Dekker, New York, 1987, pp. 299–423. With

permission.)

Filter
cake

Filter
cloth Recessed plate

Feed

Filtrate

FIGURE 50.3 Recessed-plate filter press. (From M. Shir-

ato, T. Murase, E. Iritani, F.M. Tiller, and A.F. Alciatore,

in M.J. Matteson and C. Orr, Eds., Filtration—Principles

and Practice, Marcel Dekker, New York, 1987, pp. 299–

423. With permission.)
connected by two horizontal parallel bars. On the

bars, a varying number of filter chambers are assem-

bled that consists of medium-covered plates alter-

nating with frames that provide space for the cake.

The chambers are closed and tightened by a screw or

hydraulic ram, which forces the plates and frames

together, making a gasket of the filter cloth. The

charge enters the filter press under pressure and

fills each chamber approximately simultaneously.

The liquid passes through the filter medium, which

in turn retains the solids. The clear filtrate is removed

at a discharge outlet. The filter cake builds up until

the frames are full—judging by filtering time, decrease

in feed rate, or rise in backpressure. Once the frames

are full of cake, filtering is stopped and wash liquid

is applied if necessary; deliquoring the cake may

follow.

The recessed-plate filter (Figure 50.3) has no frame;

each plate serves as both plate and frame. The feed

slurry enters through a large central port, and filter

cake begins to form in the recess in each side of the

plate. In order to minimize the strain on the filter cloth,

the depth of the recess is usually about 16 mm, giving a

maximum cake thickness of about 32 mm.

The advantages of a filter press are adaptability to

high pressures, production of a dry washed cake,

durability, easy alterability of media and frames,

and flexibility. Disadvantages include high labor

cost (unless mechanized), leakage, and exposure of

product to air during discharge. The provision of

mechanized systems to move the filter plates and to

open and close the filter press at the end and com-

mencement of the filtration cycle can reduce the op-

erating workforce requirements.
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50.4.2 .2 Ta nk Leaf

The tank-leaf pressure filter (Figure 50.4) features a

number of leaves (filtering elements) suspended

within a closed vessel. Common variations involve

the arrangement of the tank and leaves into various

vertical and horizontal combinations. Vertical tanks

normally contain vertical leaves whereas horizontal

tanks may have either vertical or horizontal leaves.

The leaves are hollow shells fitted with support grids

and covered with a metal gauze or woven fabric. They



may be stationary or rotating and may be square,

rectangular, trapezoidal, circular, a segment of a cir-

cle, or elliptical in shape. They have filtering surfaces

on both faces. Spacing varies from 50 to 150 mm

center to center, but is rarely less than 75 mm. Drain-

age outlets may be located at the bottom, top, and

center or in various combinations. Each leaf design

lends itself to several discharge methods. For wet

discharge, elements may be cleaned by a stationary,

rotating, oscillating, or traveling sluice; or the

element may be rotated past a fixed sluice. Sluice

action may be coupled with sparge or vibration.

Dry discharge may be accomplished manually or

mechanically, using sudden shock, vibration, air, or

centrifugal spinning. With some filters, the leaves

are rotated slowly against a brush to assist in cake

release. In other designs, the tank or leaves are
Filter
leaves

Feed

Flow
direction

Filtrate

Discharge
and drain

FIGURE 50.4 Vertical tank, vertical leaf filter. (From

M. Shirato, T. Murase, E. Iritani, F.M. Tiller, and

A.F. Alciatore, in M.J. Matteson and C. Orr, Eds., Filtra-

tion—Principles and Practice, Marcel Dekker, New York,

1987, pp. 299–423. With permission.)
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sometimes rotated 908 after filtration and before

discharge. Filtration is accomplished with the leaves

in a horizontal position, and discharge is carried on

with the leaves in a vertical position to take advan-

tage of gravity.

50.4.2 .3 Plat e Filter

The horizontal multiple-plate pressure filter (Figure

50.5) consists of a number of horizontal, circular,

drainage plates and guides placed in a stack in a

cylindrical shell. Flow is downward; the cake builds

up on the filter medium, which rests on a plate. A

scavenger plate permits more complete recovery. The

horizontal filter is good for applications in which

small quantities of cake or intermittent flow rates

are involved and in which cleanliness or sterile condi-

tions are essential, as in food and pharmaceutical

industries. Disadvantages are high labor cost and

size limitations. Normally, plates are designed for a

maximum pressure of 0.35 MPa.

50.4.2 .4 Tra y Filter

The tray filter (Figure 50.6) consists of a series of trays

in a horizontal tank open at one end. Each tray is

normally drained through an individual outlet to a

manifold outside the tank. Piping is arranged so that

the liquid may be transferred from the bottom of the

tank to the top tray and to the other trays by over-

flow. The tray filter, having an enclosed tank, pro-

vides an efficient drying cycle. This allows the almost

complete recovery of solids and filtrate. Because of

the horizontally formed, tray-held cake, the filter may

be run intermittently without the cake moving or

falling off the tray. Batches may be run up to the

cake-holding capacity of the tray. If required, solids

may be dissolved or melted in the tray. The primary

advantage of the tray filter is that the complete recov-

ery of solids and liquid is practical. There are three

disadvantages: (1) filtration occurs on the upper sur-

face of the tray only, (2) it is size-limited, and (3)

operating costs are higher than for two-sided filtra-

tion units.

50.4.2.5 Tank Tube

A tank-tube filter (Figure 50.7) is essentially the same

as vertical-leaf type, except that hollow tubular elem-

ents are mounted in a pressure vessel. This type may

be competitive with the vertical-leaf type, when a dry-

cake discharge is not required. Filtrate flows through

the filtering tubes into a discharge manifold whereas

solids deposit outside. The tubes may be made of

porous carbon, porous ceramic, plastic, sintered metal,
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FIGURE 50.5 Horizontal plate filter. (From M. Shirato, T. Murase, E. Iritani, F.M. Tiller, and A.F. Alciatore, in

M.J. Matteson and C. Orr, Eds., Filtration—Principles and Practice, Marcel Dekker, New York, 1987, pp. 299–423. With

permission.)
or screen-wrapped perforated pipe. Some types of

tubes may be fabric-covered; others are made flexible

so that mechanical movement or backpressure can be

used to detach the cake. A major advantage of this

type over the vertical-leaf type is that a relatively

high-pressure backwash can be utilized for dischar-

ging the cake and cleaning the medium. Its tubes must

be uniformly cleaned by backwashing to prevent the

ensuing problems. Dry discharge is not generally feas-
Filtrate

Cake space

Filter septum

Vent

Drain

Inlet

FIGURE 50.6 Horizontal tray filter. (From M. Shirato, T.

Murase, E. Iritani, F.M. Tiller, and A.F. Alciatore, in M.J.

Matteson and C. Orr, Eds., Filtration—Principles and Prac-

tice, Marcel Dekker, New York, 1987, pp. 299–423. With

permission.)

� 2006 by Taylor & Francis Group, LLC.
ible, except for some designs. The construction of the

tube must be able to withstand repeated, reverse-flow,

backwash action.

50.4.2 .6 Nut sche

Similar in operation to the well-known Buchner

funnel, the Nutsche filter is usually constructed as a

cylinder divided into two parts by a horizontal

filter plate covered with a convenient medium. Slurry

is placed in the upper chamber and filtration is

accomplished by gravity, vacuum, or pressure. A

major field of application is for small-scale or pilot-

plant production rates on free-filtering materials. A

Nutsche filter has the advantages of simplicity of

construction and operation, effective displacement

washing, suitability for testing procedures and pilot-

plant studies, suitability for free-flowing crystalline

materials, and suitability for corrosive materials. Its

use demands a high labor cost for cake removal, and

it occupies a large floor space per unit filtering area. It

may be constructed of a wide range of materials

including reinforced plastic or ceramics.

In recent years, this unit has frequently been pre-

ferred because of its great adaptability to various

filtration processes. With the intention of decreas-

ing high labor requirements, several developments

have occurred that have automated the operation.

Figure 50.8 is a new type of Nutsche filter, which

automatically carries out cake filtration, dewatering,



FIGURE 50.7 Tubular filter. (From M. Shirato, T. Murase,

E. Iritani, F.M. Tiller, and A.F. Alciatore, in M.J. Matteson

and C. Orr, Eds., Filtration—Principles and Practice, Marcel

Dekker, New York, 1987, pp. 299–423. With permission.)
washing, drying, and discharge. During filtration,

cracks may occur in the filter cake; they can be

smoothed out by an agitator or discharge device.

50.4.2 .7 Vac uum Leaf

The vacuum leaf is an open-leaf filter operating under

suction. An early version, the Moor filter, consists of

a number of rectangular leaves manifolded together

and carried by an overhead crane. The leaves are

dipped successively in a slurry tank, where vacuum

filtration takes place; a holding tank, where cake

washing occurs; and a receiving container, where

cake discharge is performed, usually by backblowing.

If the slurry is agitated sufficiently to prevent cake

formation, it can be used as a thickener. Elements can
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be made in tubular form for clarification filtration.

The advantages of this filter include a wide range of

available construction materials; low cost in large

units; low labor cost for easily discharged cake; and

easy inspection of elements, filter medium, precoating,

and cake formation. Its disadvantages include a limi-

tation on volatile liquids, temperature controls imposed

by its open construction, and a pressure differential

limitation imposed by its use of a vacuum.
50.4.3 SEMICONTINUOUS FILTERS

50.4.3.1 Horizontal Pan

This filter (Figure 50.9) consists of a series of open

pans located in a horizontal plane rotating about a

central, vertical axis. The pans form numerous wedge-

shaped sections, which slope toward and connect dir-

ectly to a common filter valve under the center of the

unit. Feed is applied by a pipe and a weir box dis-

tributor above the unit. The filter cake may be washed

with spray weirs after initial dewatering takes place.

Countercurrent washing is possible. Cake discharge is

accomplished by separately driven scrolls or paddles,

or simply by tilting each sector at the completion of

filtration (tilting-pan filter). The filter is suitable for

granular-product dewatering with or without washing

and for very high solid loads and high hydraulic

requirements. Its disadvantages are that it utilizes

one-sided element filtration, it requires a large space,

it is not suitable where the media may be easily

blinded, and its cost is relatively high.

50.4.3.2 Automatic Filter Press

Basically, this unit is a filter press with an automatic

cake-discharge system. With the conventional filter

press, hours of work are required, especially for

cake discharge. In order to minimize these shortcom-

ings, yet to maintain and further develop the advan-

tages, filter press automation was pursued by the

following three means:
1. Automatic cake discharge by design of auto-

matic filter-plates shifting and filter-cloth vi-

brating mechanism

2. Automatic filter-cloth washing to eliminate

clogging on the cloth

3. Filtration capacity increase by reduction of the

miscellaneous time required for processes other

than filtering
Classification of automatic filter presses now

in practical use are as follows: recessed-plate type

and plate-and-frame type; lateral type and vertical
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FIGURE 50.8 Nutsche filter (1, feed; 2, impeller; 3, filter plate; 4, cake-discharge door drive; 5, cake-discharge door; 6, outlet;

7, filtrate; 8, filter opening cylinder; 9, washing device; 10, impeller drive cylinder; 11, impeller drive). (From Mitsubishi

Kakoki Kaisha, Ltd. With permission.)
type; fixed filter-cloth type and filter cloth–travel-

ing type.

Most automatic filter presses are of the recessed-

plate type because of its simple structure and high

pressure. With the lateral type, filter chambers are

formed when perpendicular filter plates are placed

together in a horizontal direction. The lateral, fixed-

cloth filter press has a cloth hung in an inverted V

shape between the plates so that the cloth becomes

inclined when the filter plates are opened, prompting

the removal of cake on it (Figure 50.10). The cloth-

traveling type (Figure 50.11) moves an endless filter

cloth between the plates to peel off the cakes.

With the vertical type (Figure 50.12), the plates are

placed one upon another vertically to form filter cham-

bers, and only the filter cloth–traveling system is used.

At the end of the cycle, the plates are separated and the

endless filter cloth put into motion. Cake is discharged

as the cloth leaves the filter chamber. Fresh medium is

introduced into the filter, and the used sections are

washed and cleaned while the next cycle is in progress.
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A flexible membrane is utilized for pressing and deli-

quoring the cake by hydraulic pressure. Such a filter

produces a cake with low residual moisture content;

the blinding of cloth is minimized, and it is flexible in

its usage. High cost is its primary disadvantage.

50.4.4 CONTINUOUS F ILTERS

50.4.4 .1 Drum F ilters

A standard drum filter (Figure 50.13) consists of

three main parts: (1) a drum with an automatic filter

valve, (2) a slurry reservoir with an agitator, and (3) a

scraper for cake discharge. The drum, or cylinder,

having a porous wall and covered on the outside

with filter media, rotates about a horizontal axis

with a portion submerged in the slurry. The filter

operates continuously through stages of cake forma-

tion, washing, drying, and discharge. A vacuum is the

normal driving force, though enclosed pressurized

units are sometimes built. The drum is usually
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FIGURE 50.9 Tilting-pan horizontal filter. (From M. Shirato, T. Murase, E. Iritani, F.M. Tiller, and A.F. Alciatore, in

M.J. Matteson and C. Orr, Eds., Filtration—Principles and Practice, Marcel Dekker, New York, 1987, pp. 299–423. With

permission.)
subdivided into a number of separate compartments

so that the various stages of filtering, washing, drying

with air or steam, and discharging with an air blow,

can be carried out. Rotational speeds usually vary

from about 0.25 to 3.0 rpm. As each compartment is

submerged in the feed slurry, cake formation takes
Filter
plate

Filter
cloth

Membrane

Filtration Expression

FIGURE 50.10 Lateral, recessed-plate, fixed filter cloth, expressio

E. Iritani, F.M. Tiller, and A.F. Alciatore, in M.J. Matteson a

Dekker, New York, 1987, pp. 299–423. With permission.)
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place. Some drum filters are furnished with a single

internal compartment.

Various systems of cake removal are in use, all of

which can be assisted by air blowback. In addition to

simple scraper discharge, string or coil, belt, and

roller discharge methods may be employed. In the
Cake discharge

n-type automatic filter press. (From M. Shirato, T. Murase,

nd C. Orr, Eds., Filtration—Principles and Practice, Marcel
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FIGURE 50.11 Lateral, recessed-plate, separate filter cloth–traveling, expression-type automatic filter press. (From

M. Shirato, T. Murase, E. Iritani, F.M. Tiller, and A.F. Alciatore, in M.J. Matteson and C. Orr, Eds., Filtration—Principles

and Practice, Marcel Dekker, New York, 1987, pp. 299–423. With permission.)
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FIGURE 50.12 Vertical, recessed-plate, endless filter cloth–

traveling, expression-type automatic filter press. (From M.

Shirato, T. Murase, E. Iritani, F.M. Tiller, and A.F. Alcia-

tore, in M.J. Matteson and C. Orr, Eds., Filtration—Prin-

ciples and Practice, Marcel Dekker, New York, 1987,

pp. 299–423. With permission.)
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string discharge drum filter (Figure 50.14a), endless

strings are wound over the filter medium to lift off

and remove the filter cake. The strings normally pass

from the drum over a discharge roll where, because of

the small radius of the roll, they make a sharp turn

and dislodge the cake.

In belt discharge drum filters (Figure 50.14b), the

medium is passed on an endless belt over the drum

for filtering and then over a small roller to dislodge the

cake. The medium may be cleaned as it returns. With

roller discharge (Figure 50.14c), a roller is rotated close

to the surface of the drum. The filter cake passes to the

roller near the discharge point where the vacuum is

removed from the compartment, and then scraped off.

String discharge removes some cakes very well.

However, thin cakes cannot be discharged by this

method and some noncohesive materials may not be

lifted off. Belt discharge, like the automatic press,

allows for good cleaning of the media. It is relatively

expensive and requires care in keeping the media

aligned. Roller discharge depends upon the adhesion

to the roller instead of the media. It is simple and

inexpensive when the cake has properties such that it

can be used.

Although rotary drum filters are normally

employed for materials of moderate to low resistance,

they can be used as precoat filters for highly resistant

slurries. A thick coat of several centimeters of filter
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FIGURE 50.13 Scraper discharge, rotary drum filter (1, slurry; 2, filter trough; 3, pendulum agitator; 4, filter cells; 5, drum; 6,

filter cloth; 7, control head; 8, filtrate pipes; 9, filter cake; 10, washing device; 11, wash liquid; 12, mother filtrate; 13, wash

filtrate; 14, discharge device; 15, solid). (From Mitsubishi Kakoki Kaisha, Ltd. Catalog 7-1-1 02–01B-P. With permission.)
aid is deposited on the drum prior to the start of

filtration. The precoat is then gradually cut off as

the solids are deposited, thereby retaining a low

overall flow resistance. An additional problem of

bottom-feed drum filters is their inability to handle

very fast–settling slurries that cannot be kept in sus-

pension. This limitation may be overcome by using

top-feed drum filters.
+

+

(a) (b)

FIGURE 50.14 (a) String discharge, (b) belt discharge, and (c) ro

Ltd. Catalog 7-1-1 02–01B-P. With permission.)
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For high capacity per unit area and superior cake-

washing capacity, the single-compartment drum filter

may be used. For reasons such as safety and preven-

tion of vapor loss, enclosed vacuum or pressurized

types may be utilized.

The advantages of drum filters in general are that

they are capable of providing continuous filtration,

washing, and partial drying. With relatively large
+

+

+

+

(c)

ll discharge drum filters. (From Mitsubishi Kakoki Kaisha,



particles, it is possible to produce nearly dry cakes by

using steam; and they permit wide latitude in operat-

ing conditions through the control of submergence,

vacuum, and rotational speed. The disadvantages are

that they have a relatively high cost, especially in

small sizes; they are not applicable to cakes that

build up slowly; they are not applicable to batch-

type processes; the precoat type may necessitate the

high cost of precoat filter aids; and pressure units are

normally limited in size by cost; and, in addition,

depend upon the efficacy of cake removal from the

tank in dry form.

50.4.4 .2 Di sk Filter

The vacuum disk filter (Figure 50.15) consists of a

series of circular filter elements mounted on a rotat-

ing, horizontal, hollow shaft at regular intervals. Each

element, or disk, is divided into sectors ribbed on

both sides to support filter cloth. A vacuum is applied

to each row of sectors by an automatic valve. Filtrate

and air are removed through radial pipe nipples con-

nected to a manifold, which leads through the hollow

shaft to the valve. The operation of the disk filter is

very similar to that of the drum filter. The disk filter

provides a much greater filtering area for a given floor

space and the least cost per unit area. Only a small

amount of wash can be applied, however, because of

the vertical elements. Other limitations of the stand-

ard disk are poor cake-dewatering, poor discharge,
Shaft

Automatic valve

Scraper

Disk

Cake-discharge port

Outlet for filtrate

(a)

FIGURE 50.15 Vacuum disk filter: (a) side view, (b) top view. (F

Alciatore, in M.J. Matteson and C. Orr, Eds., Filtration—Princi

423.)
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and unsuitability for precoat operation. Cloth wash-

ing is virtually impossible.

50.4.4.3 Band or Horizontal Belt

This type of filter (Figure 50.16) consists of an end-

less, reinforced, rubber belt mounted in tension. Cov-

ered with the filter cloth, the belt passes over suction

boxes between drums and pulleys. The slurry to be

dewatered is fed onto the upper side of the belt at one

end. A vacuum applied through the suction box de-

waters, washes, and discharges the filter cake, which is

discharged as it passes over the end pulley. The speed

of the belt is adjusted to produce a cake of suitable

thickness. The belt filter has all the advantages of the

horizontal pan filter. The filter cloth is conveniently

washed while it returns to the start of the filtration

cycle. Disadvantages are the high initial cost and large

floor space per unit filtration area. Other limitations

are similar to those for the horizontal pan filter, ex-

cept that speed is not limited by the method of cake

discharge.
50.5 CENTRIFUGAL FILTRATION

In centrifugal filters, separation is effected by direct-

ing the solid–liquid mixture on to the inner surface of

a perforated, rotating bowl. In fine separations, the

inner surface of the bowl will be lined with an appro-

priate filter medium.
Filter leaves

Crump

Drum drive

Overflow

Feed and drain

Cake-discharge port

(b)

rom M. Shirato, T. Murase, E. Iritani, F.M. Tiller, and A.F.

ples and Practice, Marcel Dekker, New York, 1987, pp. 299–



During the filter cake-formation period, the fil-

trate passes radially outward through the filter med-

ium and the bowl. Cake removal from the bowl may

take place continuously or batchwise; in the latter

case, slurry feed to the centrifuge is terminated during

the cake removal. The theory of centrifugal filtration

is well summarized in the literature [3–5].

50.5.1 BATCH -DISCHARGE C ENTRIFUGES

Batchwise centrifuges have retained a considerable

share of the market because of their operational flexi-

bility, which permits qualitatively effective process

control. In continuous centrifuges, relatively limited

and only slightly variable times are available for main

filtration, product washing, and dry centrifuging. All

operations are carried out at a constant drum speed.

In batch centrifuges, the duration and the drum speed

can be adjusted for each operation. This facilitates the

qualitative optimization of the processed products

and adjustment to varying product parameters.

The peeler centrifuge is typical of the automatic

batch-operated machine. Each batch is subdivided

into the necessary operations: filling, centrifuging,

washing, spin drying, and peeling. The horizontal peeler

centrifuge, as shown in Figure 50.17, is designed to

discharge solids at any speed. The solids slide down a

chute. In most cases, discharge occurs at the same speed

as used for final cake drying so that energy and time

losses, which occur when the speed is drastically re-

duced, are avoided. Horizontal peeler centrifuges are

designed for large throughput capacities and are widely

used in the chemical and raw material industries.

The increased capacity of peeler centrifuges has

been obtained by the use of a siphonic action to

enhance the effective pressure differentials, as shown
Filter medium

Drainage belt

Vacuum pan

Feed

FIGURE 50.16 Horizontal belt filter. (From M. Shirato, T. M

Matteson and C. Orr, Eds., Filtration—Principles and Practi

permission.)

� 2006 by Taylor & Francis Group, LLC.
in Figure 50.18. Here the filtrate is not centrifuged

through the drum perforations immediately after

penetrating the filter cake, as occurs in standard

peeler centrifuges, but collects behind the filter cloth.

This chamber is connected to a ring cup that behaves

like a siphon, through boreholes, and is gas tight. The

filtrate flows through the holes in the drum base into

the ring cup by a hinged peeler pipe and is discharged

from the ring cup. The liquid level can be adjusted at

random by means of the peeler pipe, as shown in

Figure 50.19. If the liquid level in the ring cup has a

greater radius than the filter medium in the drum,

then suction, caused by level differences and the ef-

fective centrifugal field on the back of the filter med-

ium, occurs and further assists filtration (Figure

50.19c). This suction can reach its limit very quickly,

which is the vapor pressure of the filtrate; with a level

differential of 2 cm and centrifugal acceleration of

500 g, a suction effect of 10-m column of water is

achieved, which considerably accelerates filtration.

Conversely, a retarding effect can be achieved by

setting the liquid level of the ring cup radially within

the filter medium (Figure 50.19b). In this way, filtra-

tion can be delayed during the filling stage to prevent

imbalances, or else the contact time of a wash or

extraction medium can be extended. The rotary

siphon is also used for backwashing the residual

layer that remains after peeling and which is thus

regenerated.

50.5.2 CONTINUOUS-DISCHARGE MACHINES

Typical example of continuous, solids-discharge ma-

chines are shown in Figure 50.20, which depicts

pusher centrifuges. Both single-stage and multi-stage

rotors may be employed. In these units, the slurry is
Discharge

urase, E. Iritani, F.M. Tiller, and A.F. Alciatore, in M.J.

ce, Marcel Dekker, New York, 1987, pp. 299–423. With
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FIGURE 50.17 Horizontal peeler centrifuge (1, feed pipe; 2, slotted-screen basket; 3, liquid outlet; 4, peeling knife drive;

5, peeling knife; 6, solids chute; 7, wash pipe). (From Mitsubishi Kakoki Kaisha, Ltd. licensed by Kracess Maffei Process

Technology AG. With permission.)
directed toward the back of the rotating bowl, which

contains a rotating and reciprocating pusher plate.

During the backstroke of the latter, filtration occurs

in the space created behind the cake; the forward
1

8

7 11

10

3

2

9

413

5

6

FIGURE 50.18 Peeler centrifuge with rotary siphon (1, slurry;

wash pipe; 8, peeling device; 9, peeling knife; 10, solid; 11, solid

Mitsubishi Kakoki Kaisha, Ltd. licensed by Kracess Maffei Pro

� 2006 by Taylor & Francis Group, LLC.
stroke then causes the cake to be pushed toward the

outer, lipless edges of the bowl. The cake progresses

toward the outlet in a series of steps; each step distin-

guished by an annular band or ring of cake. Feed
14

12

13

2, feed pipe; 3, cake; 4, siphon holes; 5, basket; 6, slurry; 7,

s chute; 12, filtrate; 13, liquid layer; 14, siphon pipe). (From

cess Technology AG. With permission.)
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FIGURE 50.19 Mechanism of siphonic action: (a) standard centrifuge, (b) negative siphon, (c) positive siphon (1, basket;

2, medium; 3, hole; 4, filtrate chamber; 5, siphon chamber; 6, partition plate; 7, siphon pipe; 8, filtrate; 9, cake). (From

Mitsubishi Kakoki Kaisha, Ltd. Catalog 7-1-1 02–01B-P. With permission.)
rates have to be controlled in order to prevent the

flow of unfiltered slurry over the surface of the filter

cake, in which event the surface of the cake becomes

scored with deep rivulets.
50.6 EXPRESSION EQUIPMENT

Expression is the separation of a liquid from a two-

phase solid–liquid systemby compression, due tomove-

ment of the retaining wall rather than the pumping of

the solid–liquid system into a fixed chamber as in filtra-

tion. In filtration, the original mixture is sufficiently

fluid to be pumpable; in expression, the material may

appear either entirely semisolid or slurry. Based on an

expression theory [6,7], the time for expression is also

proportional to the square of cake thickness.

Various types of equipments are available. The

principal batch presses are the box, platen, pot, curb,

cage [5], and tube press. A filter press with a compres-

sion device is widely used in various fields. For continu-

ous operation, the screw press, the roller mills, and the

belt press are in common use. In connection with drying

operations, the following devices are explained.

50.6.1 FILTER PRESS WITH C OMPRESSION DEVICE

The filter presses shown in Figure 50.10 through Fig-

ure 50.12 are all recessed plate–type units having a

diaphragm fitted inside the filter plate. The dia-

phragm plate shown in Figure 50.10 consists of a

solid body plate onto which the flexible diaphragms

are heat-laminated. Thus, each diaphragm section

acts as a single element in assembly. The surface of

the diaphragm is provided with drainage pipes, which
� 2006 by Taylor & Francis Group, LLC.
lend support to the filter medium and facilitate move-

ment of the filtrate and washing during processing. In

general, the separation cycle of a filter press with a

compression device consists of a first-step filtration

under a relatively low filtration pressure, followed

by a second-step filtration and filter cake consolida-

tion, both under a high expression pressure. The op-

timum time for filtration and consolidation can be

determined by the constant-pressure expression the-

ory [6,7]. At a predetermined point in the separation,

the feed to the system is interrupted and the dia-

phragm is inflated by pumping compressed air (or

water) into the cavity between the membrane and

the plate. The action of the diaphragm plate in filtra-

tion and squeezing periods is shown in Figure 50.10.

Expression pressures presently applied are between

0.6 and 2.5 MPa.

50.6.2 SQUEEZER WITH MOVABLE PLATE

Figure 50.21 shows a simple filter-bag squeezer, in

which the bag filled with slurry is squeezed between

two plates by the thrust of a hydraulic cylinder. The

separation process proceeds in six steps: (1) setting

the movable plate in a fixed position, (2) fastening

the bottom end of the filter bag, (3) filling the filter

bag with slurry, (4) closing the top end of the

filter bag, (5) squeezing the slurry by the movable

plate, and (6) discharging the cake. This machine is

good for applications in which cleanliness is crucial,

as in food industries, especially in the extraction of

natural seasoning from fish powder or shiitake mush-

rooms and in squeezing the bean paste for use in

Japanese confectioneries.
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FIGURE 50.20 Pusher centrifuge (1, feed pipe; 2, solids collector; 3, feed cone; 4, slotted screen; 5, basket; 6, filtrate collector;

7, pusher plate; 8, pusher plate; 9, basket; 10, pusher ring; 11, scraper; 12, wash pipe; 13, basket). (From Mitsubishi Kakoki

Kaisha, Ltd. licensed by Kracess Maffei Process Technology AG. With permission.)
50.7 CONCLUSION

This chapter summarizes the solid–liquid separation

operations commonly used for the pretreatment of

drying operations. We focus on the practical aspects

of cake filtration, centrifugal filtration, and mechanical
Feed Expression

FIGURE 50.21 Squeezer with movable plate. (From Kurita Ma

� 2006 by Taylor & Francis Group, LLC.
expression. The choice of equipment depends on the

objective of the separation, the properties of the slurry,

and the scale of production. The details of solid–liquid

separation theories are omitted. The reader is referred

to the references for further information.
Discharge

chinery Mfg. Co. With permission.)



NOMENCLATURE

A filter area, m2

c the mass of dry cake solids per unit volume of

filtrate, kg/m3

K Ruth’s constant-pressure filtration coefficient,

m2/s

m ratio of wet to dry cake mass

n compressibility coefficient in Equation 50.2

p applied pressure, Pa

Rm medium resistance, m�1

s mass fraction of solid in original mixture

V volume of filtrate, m3

W mass of dry cake, kg

a specific filtration resistance, m/kg

a0 empirical constant in Equation 50.2, m1þns2n/

kg1þn

u filtration time, s

ud filtration downtime, s

m viscosity of liquid, Pa � s
r density of liquid, kg/m3
� 2006 by Taylor & Francis Group, LLC.
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51.1 INTRODUCTION TO
CRYSTALLIZATION

Crystallization from solution is known to produce

particles of high purity and of an approximately uni-

form size. The major fields of application are in the

chemical, pharmaceutical, and food industries. How-

ever, in some cases, difficulties in separation and dry-

ing of the crystals turn into the obstacles of an

otherwise ideal method.

This chapter is an overview of industrial crystal-

lization from the point of view of facilitating the

downstream processes for product-quality improve-
, LLC.
ment. Some aspects of process considerations, equip-

ment as well as the advantages and limitations of the

technique are also discussed.

Over the past decades, many handbooks on crys-

tallization have been published, such as Mullin’s

Crystallization [1], Randolph and Larson’s Theory of

Particulate Processes [2], the Crystallization Technol-

ogy Handbook edited by Mersmann [3], the Handbook

of Industrial Crystallization edited by Myerson [4],

Tavare’s Industrial Crystallization [5], Davey and

Garside’s From Molecules to Crystallizers [6], and

Söhnel and Garside’s Precipitation: Basic Principles

and Industrial Applications [7]. Each of these works



contains an introduction to the fundamentals of crys-

tallization.

The easy dewatering and drying of crystals requires

that the crystals be of a uniform and sufficiently large

size. This is, therefore, the major theme of this chapter.
Solubilityre
51.1.1 SOLUBILITY AND SUPERSATURATION

The amount of solute required to obtain a saturated

solution under given conditions is called the solubil-

ity. The variation of solubility according to tempera-

ture, pH level, pressure, and the presence of other

chemicals is the basis for the design of a crystalliza-

tion process. Moreover, a phase diagram provides

useful data for designing the crystallization process

for a multicomponent system.

The traditional approximation is to consider super-

saturation as the driving force behind crystallization

and precipitation. In fact, the true driving force is the

chemical potential. In reaction crystallization, in par-

ticular, this approach is important. However, we will

use the simplified concept of supersaturation in the

following discussion. Supersaturation is defined as the

difference between the actual and equilibrium, and is

expressed as follows:

Dc ¼ c� c� (51:1)

S ¼ c

c�
the supersaturation ratio, S > 1 (51:2)

s ¼ c� c�

c�
relative supersaturation (51:3)

Supersaturation can be brought about in various

ways, some of which are listed below:

(equilibrium)

Metastable
zones
for different
nucleation
types:

Secondary
Heterogeneous

T
em
p
er
at
u

� 20
1. By the evaporation of the solvent

2. From a change in the temperature of the solution

3. By a chemical reaction

4. Through the addition of an antisolvent or

supercritical CO2, which decreases the solubil-

ity of the solute

5. With the use of high pressure up to 8000 bars
Homogeneous

Concentration

FIGURE 51.1 A schematic presentation of the metastable

zone in primary and secondary nucleation. The width of

the metastable zone, which is the concentration difference

between saturated and operational concentration, shows

the maximum degree of supersaturation where spontaneous

nucleation starts.
Supersaturation is the main parameter in determin-

ing the rate of crystal growth and nucleation. In order

to control the properties of a crystalline product, it is

essential that the supersaturation level be controlled by

desupersaturation rate, i.e., by the release of supersat-

uration which is mainly determined by the crystal

growth rate and the available crystal surface area.

Furthermore, the level of supersaturation is the main

parameter that determines the agglomeration, shape,

and purity of the crystals.
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51.1.2 METASTABILITY

In the metastable zone the concentration is higher

than in saturation but below the one where spontan-

eous nucleation occurs. Therefore, the crystal growth

is mainly occuring in the metastable zone. Figure 51.1

schematically shows the solubility and supersatur-

ation diagram. Primary nucleation takes place when

the solution does not contain any crystals. Primary

nucleation can be divided into homogeneous nucle-

ation, in the absence of other substances, and hetero-

geneous nucleation, in the presence of other

substances. Secondary nucleation is defined as the

generation of nuclei with the presence of crystals.

Then the nuclei are crystal fragments or added seed

crystals, which grow under supersaturated conditions.

The width of the metastable zone influences the

nucleation mechanism and may depend on the oper-

ating conditions such as the mixing conditions, solution

composition, dust, dirt, and cooling rate. In secondary

nucleation, where crystallization starts in the presence

of crystals and the existing crystals catalyze nucleation,

the crystal surface, shape, and size of the seeds may

also be important factors for nucleation kinetics. The

metastable zone is, in this case, more narrow, i.e., new

nuclei form easier.

In general, in order to obtain a narrow crystal size

distribution (CSD), undesired nucleation should be

avoided. In batch crystallization, the use of an opti-

mal quantity of seed crystals of an optimal size may

be the way to obtain a narrow CSD. According

to Kohl et al. [8], the metastable zone of organic

compound systems can be quite wide. Therefore, pri-



mary crystallizat ion occurs only at a very high level of

supersa turation.

51.1.3 MEAN C RYSTAL SIZE AND CRYSTAL S IZE

DISTRIBUTION

Norm ally, a crysta lline produ ct doe s not consis t of

single-s ize cryst als, but con sists of a wid e dist ribution

of sizes inst ead. The CSD or other statistica l param-

eters, such as the mean crystal size, are used for

describ ing the crystall ine produ ct. Ther e are severa l

mathe matical mo dels that can be used for describ ing

the CSD prod uced by indust rial crystall izers. The

particle size dist ribut ion of the pro duct can be deter-

mined by particle size analyze rs.

The pred iction of CSDs is still quite difficul t;

hence, data on crystallizati on k inet ics are required,

which m eans that the rate o f nucleation should b e

known. Th e r ate of nucleation rate c an us ua lly be

obtained only to a suffic ient accuracy by using e mpirical

methods.

Gen erally, the ‘‘parti cle size’’ is used to denote the

mean size of the cryst als. However, severa l oth er

terms have been used, such as the media n size and

the dominan t size of crystals , as discus sed in Allen’s

book [9] wher e parti cle ch aracteriza tion is discussed

in de tail.

Par ticle size and the parti cle size dist ribution are

impor tant charact eristic s for dewateri ng and drying.

For exampl e, the smal ler the size of the crystals , the

more difficul t the de wateri ng and drying. The effe ct

of a wide distribut ion of crystal sizes is the same.

Especial ly in prec ipitation , wher e agglom erate s are

formed , the por osity and roughness of the cryst al

surface may also affe ct de waterin g an d dr ying.

The populati on balance eq uation is the centra l

equati on wi th respect to CSD. A sim ple populati on

balance is intr oduced by Equation 51.6. In a popul a-

tion ba lance, each cryst al size is treated separat ely, and

the growth rate in term s of an increa se in the diame ter

of a crystal in each size class is calculated by the mass

balance.

Besides agglomeration and attrition, the rates of

nucleation and growth are the main kinetic parameters

that determine the size distribution. These param-

eters, which are required in crystallizer design and

simulation, can be determined on the basis of the

populati on balance equ ations. Se ction 51.2 discus ses

the methods for controlling the particle size and

particle size distribution.

51.1.4 CRYSTAL SHAPE

Crystalline material is usually nonspherical, except

for agglomerates and larger crystals that have been
� 2006 by Taylor & Francis Group, LLC.
partly ground around the edges due to longer resi-

dence times under conditions where collisions occur

between crystals, the agitator, and the crystallizer

wall. Organic compounds, such as pharmaceutical

compounds, usually have a needle-shaped crystal

morphology.

The control of crystal morphology is a very com-

plex process. This may be accomplished by the choice

of an appropriate solvent system or by adding a

chemical into the solution. Two methods may be

used. Firstly, the experimental method can provide

reliable results, but requires an excessive amount of

work and extensive experience in order to be used for

the testing of various solvents and additives. Sec-

ondly, computerized molecular modeling can be

used in the search for suitable solvents and additives.

Molecular modeling is neither very useful nor

straightforward in addressing the solvent-selection

problems. Molecular modeling may provide some

insights, although it is still rather difficult and time-

consuming to understand the whole problem of the

solvent–crystal interface. There are various commer-

cial computer applications for molecular modeling.

For example, Accelrys Software Inc. [10] supplies

commercial applications, named Cerius2 and Mater-

ials Studio, for the modeling of the crystalline and

molecular structures of organic compounds.

Programs such as C2-Polymorphs, C2-Morph-

ology, and C2-Crystal Builder are included in Cerius2.

Cerius2 is able to predict how impurities, tailor-made

additives, the crystal growth rate, or changes in the

solvent affect the structure of the forming crystal.

Two prediction techniques based on the Bravais–

Friedel–Donnay–Harker method and the attachment

energy model are available in Cerius2 that enables one

to model both organic and inorganic crystals from

the atomic crystal structure. It should be pointed out

that the prediction of the morphology of inorganic

compound systems is more complicated than that of

organic compounds due to the difficulty in predicting

the electrochemical phenomena in electrolyte solu-

tions. HABIT95 is another commercial application

[11]. HABIT95 predicts the external crystal structure

based on the knowledge of the internal structure.

Winn and Doherty [12] have developed a new

technique for predicting the shape of solution-grown

organic crystals. This technique was used for predict-

ing the crystal shape of adipic acid grown from water,

biphenyl from toluene, and ibuprofen from polar and

nonpolar solvents As a general rule, the crystal shape

can be described as follows: the greater the surface

density of molecules on a face, the stronger the lateral

interactions between the molecules and the more

stable and slow the crystal growth. Furthermore,

HABIT95 is based on the calculation of the



interaction energy within organic crystals solely from

the knowledge of the internal crystal structure. The

influence of the solution and supersaturation on

crystal growth is more difficult to predict, especially

for solution growth. Winn and Doherty [12] have also

developed a method that requires the knowledge of

readily available, pure-component properties, such

as the crystal structure and internal energy of the

solid, and the pure-component surface free energy of

the solvent.

51.1.5 CRYSTAL PURITY

Crystallization is a unit operation where the solid

product, i.e., the crystal lattice, is highly pure. More

than 64% of the organic binary compound systems,

where crystallization has been used as a purification

or concentration method, are eutectic. In eutectic

binary compound systems, only one compound in a

certain solution composition forms the solid material,

except at the eutectic point at which both components

crystallize. As a general rule for purification by crys-

tallization, the slower the crystal growth rate, the

purer the crystal. A part of the smallest crystal frac-

tion, i.e., fragments formed by attrition, may have a

higher concentration of impurities due to the higher

crystal growth rate. The reason can be explained by

the ‘‘healing effect.’’ Tiny crystals, which are frag-

ments of larger crystals and, therefore, of an irregular

shape, tend to initially obtain a more regular morph-

ology at a relatively high growth rate. If agglomer-

ation takes place, the secondary crystals may contain

inclusions of the mother liquor, which decreases the

purity of the crystalline product. An impure product

is usually caused by traces of mother liquor adhered

on the crystal surface in the crystal cake. This makes

filtration and crystal-cake washing so important for

final purity.

A better understanding of the behavior of a solu-

tion during crystallization requires a knowledge of the

chemistry of the solution that may contain numerous

other solutes or solvents in addition to the crystalliz-

ing compound. Firstly, these other compounds may

influence the crystal growth or nucleation rate, which

are the kinetic parameters that dominate suspension

crystallization. Secondly, the other compounds may

greatly change the solubility of the crystallizing sub-

stance to an extent that the supersaturation level in

the process changes or it becomes possible for one or

more compounds to salt out the main product at a

certain concentration level. Thirdly, the other com-

pounds may lead to an impure product due to inclu-

sions that contain the mother liquor or to adhesion

onto the crystal surface. Furthermore, other com-

pounds may influence the mass transfer phenomena
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of the crystallizing substance, which leads to the need

for a better understanding of multicomponent diffu-

sion [13]. Other components may adsorb onto a cer-

tain facet of the crystal surface, thereby affecting the

crystal growth rate and the final crystal shape.

In the pharmaceutical industry, in addition to

chemical purity, it is essential that the product has a

desired polymorphic and pseudopolymorphic form.

A chemical may have several crystal structures;

the chemical compositions of these polymorphs are

identical. This phenomenon is called polymorphism.

A different lattice usually causes changes in crystal

morphology. The chemical nature may be about the

same from one polymorph to another, whereas the

physical properties may differ greatly. Density, heat

capacity, melting point, thermal conductivity, and

optical activity are examples of these properties,

according to Myerson [4, pp. 36–38]. The various

melting points and the difference in dissolution rates

from one polymorph to another are the main fac-

tors that have to be taken into account in the phar-

maceutical industry. The forming of polymorphs

depends on the crystal growth conditions, which are

mainly affected by temperature, pressure, impurity

content, growth rate, etc. During the crystallization

process, the polymorph that forms first is often crys-

tallized under metastable conditions. This metastable

polymorph often transforms into a stable poly-

morphic form, which is known as polymorphic tran-

sition. It is essential to avoid the formation of an

undesired polymorph or the desired polymorph

should be prevented from transforming into another

undesired polymorphic form. This is not easy because

a small change in temperature may cause a poly-

morphic transition, which can occur quite often in

suspensions. However, some materials may change

into a polymorphic form in the dry, powder form.

Seeding with the desired polymorph is especially im-

portant, according to Ulrich [14], when the conditions

are close to the transition point. Two polymorphs can

remain stable close to or at the transition point. Mullin

[1] has introduced the principle of how to measure the

solubilities for metastable and stable polymorphs. He

has also shown how the transformations of various

polymorphs can be studied at various temperatures

and pressures. The reversible transformation from

one polymorph to another is called enantiotropy,

whereas the irreversible transformation is known as

monotropy. Pseudopolymorphism occurs when a

solvent enters the crystal lattice and forms, for in-

stance, a hydrate product in aqueous solutions and a

solvate in other solvents, as presented by Ulrich [14].

The bonds forming between the solvent and the solute

in the lattice are of a physical nature; they are not

chemically bound.



51.2 CONTROL OF CRYSTAL SIZE
DISTRIBUTION AND CRYSTAL SHAPE

This section discusses the methods for controlling the

CSD and crystal shape for different batch and con-

tinuous processes.

51.2.1 CONTROL STRATEGY OF SUPERSATURATION

IN BATCH PROCESSES

Several techniques, such as the programed-cooling

rate in cooling crystallization and seeding techno-

logy, have been developed for controlling the par-

ticle size in batch-cooling crystallization processes.

The principle of these methods is to influence the

nucleation rate.

Nucleation depends on the total surface area of

the crystals. If the total crystal surface area is rela-

tively small in relation to the degree of supersatur-

ation, nuclei, i.e., small crystals, will be formed after

the initiation of crystallization. However, if the crys-

tal surface area is sufficiently large, the level of super-

saturation will be reduced through the growth of

existing crystals.

Traditionally, batch crystallization is driven by

the natural cooling of the mother liquor. Natural

cooling can be best understood as a process where

the crystallizer is left to cool down by natural convec-

tion of heat into the surrounding air. A faster vari-

ation of essentially the same method is to have a

jacketed tank, where the jacket is thermostated to

the end temperature of the process as desired by the

user. In both cases, the temperature initially falls

rapidly, after which it then slowly approaches the

wall temperature of the tank. One problem of natural

cooling is incrustation, i.e., a crystal layer forms on

the cooling surface. However, the major disadvantage

of natural cooling is that, for some solution systems,

it becomes difficult to reliably run the process due to a

high level of supersaturation in the initial period. If

the total crystal surface area of the seed crystals is

insufficient, a large number of very small crystals will

be generated. In some systems, the growth rate of

small crystals is slower than that of large crystals,

and small crystals grow at a slow rate for decreasing

temperatures. Next, supersaturation increases again

and more tiny crystals are formed; the final crystal

size is small due to the large number of nuclei that

are generated in the process. In order to increase

the particle size, the cooling rate of the solution can

be programed as follows.

At the first stage, when nucleation starts, the

cooling rate should be slower. The second stage is

faster when the existing crystals grow. According

to Mullin [1, p. 355], an adequate cooling profile
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for a general application, when seeding is used, is

shown below:

T ¼ T0 � (T0 � Tf )(t=t)3 (51:4)

Mayrhofer and Nývlt [15] derived the following

expression for the optimal temperature profile of

a batch crystallizer for both seeded and unseeded

processes:

T0 � T

T0 � Tf

¼ 1� K 1� t

t

� �h i t

t

� �3

(51:5)

The slope of solubility as a function of temperature is

assumed to be constant in this derivation.

On an industrial scale, the maximum cooling rate

is often limited by the heat-transfer capacity of the

equipment, which means that the theoretical cooling

program cannot be followed during the final stage of

the batch. A high suspension density may cause high

secondary nucleation and, thus, decrease the crystal

size of the product.

Industrial experience shows that the above method

may produce larger crystals than by natural cooling.

The obtainable size depends on the system, though an

increase in crystal size due to programed cooling can

be expected. Obviously, programed cooling should

first be tested with bench-scale equipment before

investing in a programed-cooling system.

According to Mersmann [16], the supersaturation

in cooling crystallization is usually small, i.e., relative

supersaturation, s, is less than 0.1 and the relative

solubility expressed by the ratio of solubility (kg/m3)

and crystal density is usually higher than 0.01. As a

result, primary nucleation does not take place and the

nuclei are formed only as attrition fragments. If a

coarse product is desired, the attrition rate should

be low and the crystal growth rate at the maximum

allowable level with respect to crystal purity, all of

which depends mainly on the mean residence time of

the slurry.

51.2.2 SEEDING

Seeding is commonly used as a control techni-

que, especially in batch crystallization processes. The

nucleation rate depends on the total surface area of

the crystals. If the total crystal surface is relatively

small in relation to the level of supersaturation, small

crystals or crystals of undesired shapes may be

formed in the early stage of crystallization. Otherwise,

if the crystal surface area is sufficient, supersaturation

will cause the existing crystals to grow.



Heffels and Kind [17] have reviewed the general

principles of seeding in a batch and continuous solu-

tion crystallization as well as in melt crystallization.

They have provided practical ideas on how to carry

out seeding with various crystallization systems. For

instance, in practice, 0.1 to 0.3 times the final size and

0.1 to 3% of the final mass of the seed area are good

choices for the seed size and mass, respectively. Usu-

ally, seed crystals of 20 to 50 mm are appropriate for

the production of final crystals of 500 to 1000 mm.

However, for a final product size of less than 100 mm,

a seed size of 1 to 10 mm is more appropriate. For

biotechnological and pharmaceutical processes, e.g.,

the production of insulin, the seeds should be 1 to

2 mm in size and obtained by freeze-drying. Seed sizes

below 10 mm are not recommended because it is

difficult to create a mass with a narrow CSD for

such small crystals. Furthermore, small crystals tend

to dissolve due to the Ostwald ripening effect and the

crystal growth rates of tiny crystals are lower than

that of larger ones. In addition, tiny crystals may

form agglomerates and stick onto other crystals.

Therefore, the introduction of crystalline dust must

be avoided. The seed crystals should be washed or

slightly dissolved to remove adherent crystalline dust,

especially when dry crystals are used as the seeds.

The addition of dry seeds may cause the seed crystals

to float or agglomerate if they remain floating on

the surface. It has been observed that ground seed

crystals grow faster than seed crystals that have a

smooth surface, though the reason is not clear. There-

fore, milled seeds are used in the sucrose industry,

for instance. Seeding with impure seed crystals

may decrease the crystal purity and the used seeds

should, therefore, be sufficiently pure. With com-

pound systems of stereo chiral isomers, optical iso-

mers or enantiomers, for instance, the type of seed

crystal usually dictates the crystalline product that is

formed. In this way, seeding affects the selectivity of

crystallization.

The addition of the seed slurry can be done at

different stages: onto the liquid surface (the crystals

tend to agglomerate if they are not dispersed); near

the stirrer, where the liquid is well mixed; or by one of

the feed streams in a bypass or loop in the crystallizer.

The best way is to add seeds to the solution beneath

the liquid level or to add them to a feed stream at the

beginning of the batch or, in case of a semibatch

system, continuously. In reactive batch crystalliza-

tion, the nucleation rate can be decreased by the

dilution of the feed streams or by the addition of

fine crystals into one of the feed solutions or the

reactor. The surface area and growth rate should be

large enough to quickly reduce the supersaturation.

The recirculation of the crystal suspension creates an
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effect similar to seeding in the growth regions of the

reactor. In some cases, large particles are produced by

agglomeration, which is triggered by electrostatic

forces. These forces can be measured with a zeta

potentiometer. The simplest method to prepare the

seed crystals is with the use of the final product of the

previous production batch. In addition, the milling

and dispersion of the seeds in inert solvents or satur-

ated solutions are the generally used methods.

In some processes, the residual suspension drop-

lets at the stirrer and wall are able to capture enough

crystals from the previous batch, and these crystals

function as seeds for the next batch. Some researchers

have postulated that the growth of nuclei in second-

ary nucleation dominates the final CSD. However,

there are reports that show that seeding does not

significantly increase the crystal size. Heffels and

Kind have, nevertheless, shown that seeding improves

the quality of the crystalline product in many cases

and has a clear advantage.

Kohl et al. [8] studied seeding in batch crystalliza-

tion. The system studied was an aqueous b-cyclodextrin

solution that had a wide metastable zone. They deter-

mined a critical size for the seed crystals in this system.

When the size of the seeds used was larger than the

critical size, secondary nucleation took place.

Furthermore, Jagadesh et al. [18,19] have studied

seeded batch-cooling crystallization without tempera-

ture control for aqueous potassium alum, and potas-

sium sulphate solutions. In their approach, the solution

was cooled according to a natural profile. They suc-

ceeded in attaining a monodispersed and relatively

narrow CSD by controlling the level of supersatur-

ation in such a way that the existing seed crystals grew

and no nucleation occurred. This controlling method

was based on the use of small, ground, seed crystals of

diameter below 50 mm. The required mass of the seeds

was less than 1% of the total crystal mass in the

product. Hence, the main idea was to add small-

sized seeds in order for no new nuclei to be formed

during the batch process. However, for some com-

pound systems, secondary nucleation cannot always

be fully avoided at usual suspension densities.

51.2.3 PRECIPITATION

Precipitation technology is not yet very advanced,

and many industrial companies experience problems

with small crystals that cannot be separated easily.

Furthermore, for some purposes, it is necessary to

produce very small crystals (e.g., pigments, paper-

coating materials, and paper fillers) and, therefore,

solid–liquid separation becomes inevitably difficult.

In the paper industry, submicron-sized paper-coating

agents may be produced in a process in connection to



the paper mill so that the suspension is transported as

slurry and no filtration is required. If the filtration of

small crystals is needed, the problem is the need to be

handled by filtration specialists.

Precipitation is an operation known for producing

small crystals that are difficult to filter and dry. Batch

precipitation is usually carried out in the form of a

semibatch process, i.e., one or two reactants are con-

tinuously added to the reactor. The control of the

particle size distribution in a precipitation process is

very complicated because of the high level of super-

saturation generated by the fast reaction. According

to Mersmann [16], the important factors for sparingly

soluble systems in isothermal precipitation are:

. The concentration of reactants

. The rate of the chemical reaction

. The intensity of macro- and micromixing

. The dilution of solution

. Agglomeration

If nanometer-scale crystals are required, a tiny crystal

size can be obtained by applying very high primary

nucleation rates, which require extremely strong

supersaturations. Such high levels of supersaturation

can be achieved through
FIG
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1. The high concentration of reactants

2. The avoidance of agglomeration (using surfact-

ants, pH control, etc.)

3. Rapid quenching or diluting in order to halt

growth (a combination of a T-mixer and a stirred

vessel, Figure 51.2)
T-mixer
A B

Mixing tank

URE 51.2 The operation of a T-mixer and a stirred

sel. The reactants are mixed in a T-mixer where the

mical reaction takes place. The suspension is then intro-

ed into the vessel operating at a relatively low level of

ersaturation.
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4. No dilution (T-mixer) in order to produce many

nuclei

5. The rapid local micromixing and poor macro-

mixing of the reactants

6. Products with high concentrations and low

solubilities

7. Rapid micromixing at the feed point of the

reactants for a fast chemical reaction
On the other hand, if a coarse product is required,

supersaturation must be kept at a low level through
1. The use of low-concentration reactants (per-

haps by dilution)

2. Good macromixing in the entire precipitator

3. Seeding by recycling the slurry at high rates in

order to reduce local supersaturation peaks

while keeping primary nucleation at a min-

imum and promoting crystal growth
Kind [20] has discussed the basic factors that af-

fect reactive crystallization. The first crystals that

appear are micrometer or even nanometer in size

range. Interfacial forces govern the behavior of sus-

pended particles in these size ranges, as a result of

which the fine particles are affected by colloidal inter-

action. Therefore, the final product particles are often

secondary, formed by the aggregation of small pri-

mary particles. The final product morphology results

from the action of aggregation, the rheological be-

havior of the suspensions, and the shear rates present

in the precipitator. The primary processes are mixing

on the macro, micro, and molecular scale, as well as

the reaction, nucleation, and growth of the particles.

The formation of primary crystals depends mainly

on the mixing conditions. If mixing does not control

reactive crystallization, the crystallization reaction

can be best controlled by initial supersatura-

tion. Under ideal mixing conditions, the final pri-

mary particles in the nanometer size range are

rapidly formed within a few milliseconds and remain

unchanged, except in the case of long-term ripening

and aging. Aggregation, aging, and ripening are

secondary processes. At moderate shear rates, the

secondary particles can be found in the size range

of 5 to 20 mm. It is relatively difficult to scale-up

precipitation. Generally, the design of precipitation

processes still requires experience from the behavior

of each system.

51.2.4 CONTINUOUS PROCESSES

Continuous crystallizers are used for the separation of

large quantities of fertilizers, salts, and sugars. The

common feature of crystallization is the existence of a



driving force for crystallization, i.e., supersaturation.

The method by which supersaturation is generated

and the various factors affecting its local and average

values have a strong influence on all the properties of

the crystallized material. It may be noted that the

local and average values of supersaturation affect

the growth, nucleation, and aggregation rates, which

in turn determine the population density and CSD.

The CSD, on the other hand, determines the specific

surface area and magma density, which strongly

affect the growth and aggregation rates, the rate of

secondary nucleation, and the solute mass balance in

a feedback fashion. Irrespective of the mechanism of

the generation of supersaturation, impurities exert a

strong effect on the width of the metastable zone.

Impurities also influence crystallization kinetics,

crystal purity, crystal morphology, and the aggrega-

tion rate. Optimum supersaturation, at which the

existing crystal growth is at the maximum rate per-

mitted (i.e., the desired particle shape is obtained

without mother-liquor inclusions) and at which

a certain crystal number is not exceeded, must be

determined experimentally.

The objectives in the operation of a crystallization

process are to meet the product specification, i.e., a

narrow CSD, maximum crystal purity, high yield, and

anacceptablecrystalmorphology.Moreover, themanu-

facturer’s requirements for economic and trouble-

free operation should be met. The CSD and crystal

morphology are important parameters for down-

stream operations of crystallization such as filtration

and drying.

Any attempt to control a crystallization process to

meet the above-mentioned product specifications

should be directed toward generating and maintain-

ing a mild and homogenous supersaturation in the

bulk of the magma at local and average levels. This

favors the growth rate and prevents spontaneous

nucleation. In industrial crystallizers, this objective

is achieved by improving the design of the crystal-

lizers as well as by controlling some of the easily

measurable process variables, such as temperature,

pressure, solution level, and flow rates. Such an ap-

proach is not sensitive to frequently occurring dis-

turbances such as variations in the feed composition,

feed temperature, impurities, and differences in the

extent to which mixing is carried out in the tank.

Normally, continuous crystallization is carried out

in a mixing tank. Internal or external circulation is

used to reduce the level of supersaturation.

When the crystallizer is well mixed and opera-

ted continuously at steady state, with no attrition

and breakage of the crystals at a size-independent

crystal growth rate, the simplest population balance

equation is
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The equation describes how, during the retention

time, the crystals move to a higher-size class because

of growth. The derivation of the above equation is

simple and can be found in textbooks. The particle

size distribution is obtained from the above equation

and is shown below:

n ¼ n0 exp � L

Gt

� �
(51:7)

The median crystal size, L50, which occurs at a

cumulative mass undersize of 0.5, can be evaluated by

the following equation:

L50 ¼ 3:67Gt (51:8)

The maximum of the mass distribution density or

the dominant size, Ld, can be calculated using the

following equation:

Ld ¼ 3Gt (51:9)

This is a very useful equation for the design of a

crystallizer and can be used to obtain a rough estima-

tion of the particle size in industrial processes.

Generally speaking, the median crystal size of

a crystalline product can be increased through a

decrease in the number of nuclei or an increase in

the growth period of the crystals present in a crystal-

lizer operated at an optimum level of supersaturation.

Of these, the most practical way to alter the parti-

cle size distribution in a continuous crystallization

process is to adjust the residence time of the crystals.

In the following discussion, we give a brief explan-

ation of some of the principles used in controlling the

crystal size, roughly following the treatment of

the subject by Mersmann [3].
51.2.4.1 Clear-Liquor Advance Operation

A clear-liquor advance operation is one in which the

overflow liquid is continuously removed from the

tank. The overflow is not actually clear but contains

small crystals that have not settled in the overflow

section. This method is a simple way of controlling

the CSD, because the residence times of the clear

mother-liquor overflow and crystal are different.

The flows are separated and the excess nuclei are

removed with the overflow. The nuclei in the overflow

can be used, for example, in the following crystalliza-

tion unit. The larger the clear-liquor flow for a given

feed flow, the longer the residence time of the crystals

in the product stream.
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The operation of the clear-liquor advance is

shown in Figure 51.3a and Figure 51.3b. The system

in Figure 51.3b can also be called a double draw-off

crystallizer. The liquor may be recycled separately

resulting in the product stream having a high suspen-

sion density. For operation with double draw-off,

as the production rate is the same as in the mixed-

solution–mixed product removal (MSMPR) crystal-

lizer for a given desupersaturation, the suspension

density in the unified stream is also equal to the

suspension density of the MSMPR crystallizer. In

such a case, the nucleation rate of the crystals can

be expressed as

n0 ¼
B0

G
¼ knG

i�1M1
T (51:10)

The dominant crystal size, Ld, is proportional to

the product of the crystal growth rate, G, and the

residence time of the crystals

Ld2

Ld1

¼
_VVp þ _VVc

_VVp

 !(i�1)=(iþ3)

(51:11)

The above expression shows that when the flow rate

of the clear liquor increases, the dominant particle

size also increases.

51.2.4.2 Destruction of Fines with Solute

Recycling

The operation of the fines-destruction process is simi-

lar to that of clear-liquor advance; as shown in Figure

51.4, the difference is that when the clear liquor is

used, the small particles return back to the product

flow, thus increasing the proportion of small crystals.
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For the fines-destruction operation, very small fines

can be withdrawn, and the suspension density of the

overflow is very small. The number of crystals in

the crystallizer decreases as a result of eliminating

the small-sized particles. This operation is very useful

in increasing the size of crystals in a system that has a

high rate of nucleation. This method does, however,

lead to a wide particle size distribution.

The advanced stream is classified at a size of Lf

and all the particles with L < Lf are eliminated in the

dissolver. The fines are removed at a size that is

negligibly small compared to that of the product-size

crystals. In this case, the size-improvement ratio, Ld2/

Ld1, is given by

Ld2

Ld1

¼ 1

b

� �1=(iþ3)

(51:12)

According to this equation, size improvement is

appreciable if the kinetic exponent, i, is small and the

fraction b of the surviving nuclei is also small.

The efficiency of fines destruction depends on

the undersaturation in the destruction system and the

residence time that must exceed the dissolution time

of the nuclei.

51.2.4.3 Classified Product Removal

The operating system for classified product removal

is shown in Figure 51.5. The operation of classified



removal can be achieved by a classification device,

which may be a hydrocyclone, a classifier, a wet screen,

a fluidized bed (FB), or a separating centrifuge. By

using a suitable classification device, only the particles

of a size larger than that required can be withdrawn

from the product; the crystals, the size of which is

smaller than the required size, will return to the crys-

tallizer for further growth. In this way, the CSD will

become narrower, though the mean size of the crys-

tals will decrease. The drawback of this method is that

classified product removal may cause instability in the

process and even force the process to be discontinued

due to the excessive increase in the amount of small

crystals. Therefore, in practice, classified product

removal alone is not used in industrial crystallization.

In large-scale industrial crystallization processes,

the most commonly used classification device is a

hydrocyclone. The advantages of the hydrocyclone

are its high capacity within a small equipment volume

and an easily adjustable cutting size by the control of

the feed-flow rate and the ratio of the up-flow to the

down-flow. The fluid bed or elutriation leg is another

method often used for classification in crystallization

processes. With the elutriation leg, the feed or clear

solution is fed from the bottom of the elutriation leg.

The up-flow velocity is set based on the settling vel-

ocity of the cutting size of the particle. The crystals,

the size of which is smaller than the cutting size

are sent back to the crystallizer for further growth.

The crystals, which are larger than the cutting size,

are drawn out of the crystallizer as the product. In

principle, the classifier and the separating centrifuge

can both be used as classification devices. However,

as it is not easy to control the actual cutting size, it is

rare to use these devices as classifiers in industrial

crystallization processes. These devices are mostly

used in separating the solid from the solution. In the

elutriation leg, described earlier, this means prevent-

ing the small crystals from entering the next separ-

ation stage. In the centrifuge, the crystals are simply

separated from the crystal slurry. In some processes,

the separated solution includes many small-sized crys-

tals. If the solution is sent back to the crystallizer, the

separator may be considered to be a classification

device. It can be further said that the wet screen is

seldom used as a classification device in industrial

crystallization processes because the easy blockage

of the screen will cause operation problems.
51.2.4.4 Classified Product Removal

with Fines Destruction

A crystallizer equipped with the devices for product

classification and fines destruction can efficiently
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improve the particle size and particle size distribution.

With the fines destruction, a portion of the small

particles can be eliminated in such a way that the

number of crystals in the crystallizer can be controlled

within the required range. When this method is com-

plemented with classified product removal, the size of

the crystals in the product is controlled; on the other

hand, an undesired increase in the amount of small

crystals is prevented. With this method, it is possible

to obtain crystals of a uniform and large size.
51.2.4.5 Role of Mixing Intensity in Continuous

Suspension Crystallization

Industrial crystallization is normally carried out in a

mixing tank. Many parameters are affected by the

mixing conditions during crystallization. Firstly, mix-

ing affects the temperature or concentration distribu-

tion in the mixing tank in such a way that the driving

force for crystallization is related to the mixing degree

in the tank. If mixing is not complete, there may be a

very high local level of supersaturation, which will

cause the crystallization process to become un-

controlled. In addition, it is impossible to reach the

required product size, morphology, and purity. Sec-

ondly, the mixing intensity affects the mass transfer

rate between the solid and the solution, and vari-

ations in crystal growth rate occur. It is well known

that the secondary nucleation rate is strongly affected

by the mixing intensity because of the crystal colli-

sions with the impeller, between the crystals, and of

the crystals against the wall. The effect of mixing on

crystallization kinetics will directly affect the particle

size distribution usually in an undesirable way.

Besides the mixing effect on the basic process of

crystallization, another important effect of mixing on

continuous crystallization is the residence time of the

solution and the solid. As shown by Sha and Palo-

saari [21] and Sha [22], as the particles of different

sizes have different flow patterns in the crystallizer,

the particle size distribution is different at different

locations. The particle size distribution in the product

line depends heavily on the mixing intensity and on

the location from which the product is withdrawn.
51.2.5 SIMULATION OF CRYSTALLIZERS

The calculations required for predicting the operating

conditions are complicated. It is necessary to have, or

write, a computer simulation program. The simplest

part of such a calculation is to elaborate the energy

and mass balances of the system. The solubility and

enthalpy data are also required. The calculation pro-

duces the amount of crystals produced in a specific



time unit, and the energy requir ed is usually steam

that is fed into the heat exchan ger if the syst em is

continuous . This calcul ation does not produce the

crystal size an d CSD , which woul d both be us eful in

the design of the equipment . Alth ough, in practi ce, a

large pa rt of design work is ba sed on the use of

previous exp erience in crystall ization of the same or

simila r mate rials, there is, nevert heless, the need for

design methods that can predict the particle size.

One method is to solve the populati on balance

equati on (Equati on 51.6) and to take into accoun t

the emp irical exp ression for the nucleat ion rate

(Equati on 51.10), which is modified in such a way

that the express ion includes the impel ler tip speed

raised to an experi menta l power . In ad dition, the

experi menta l value, pe rtinent to each chemi cal, is

requir ed for the power of the crystal grow th rate in

the nucleation rate. Bes ides, the effect of suspensi on

density on the nuc leation rate needs to be know n.

Furtherm ore, an industrial suspensi on crystall izer

does not operate in the full y mixe d state, so a simpli-

fied model, such as Equation 51.6, req uires still a n-

other experi menta l coe fficient that modifies the CSD

and depen ds on the mixing con ditions and the eq uip-

ment type. If the necessa ry experimen tal data are

availab le, the method enables the predict ion of CSD

and the prod uction rate as de pendent on the dimen-

sions of the tank an d on the ope rating conditio ns.

One such method is that develop ed by Toyokur a

[23] and discussed and modified by Palosaar i et al.

[24]. However, this method deals with the cryst alliza-

tion tank in average and does not distinguish what

happens at various locations in the tank. The more

fundamental and potentially far more accurate simu-

lation of the process can be obtained by the applica-

tion of the computational fluid dynamics (CFD). It

will be discussed in the following section.
51.2.6 ROLE OF COMPUTATIONAL FLUID DYNAMICS

IN THE RESEARCH OF CRYSTALLIZATION

The accurate simulation of suspension crystallization

presumes that the parameters that influence a crystal-

lization process, such as the suspension density and

supersaturation, are known for each location in the

tank. One method of obtaining this information is the

application of CFD, which is the basic tool for

the study of fluid dynamics and has been applied in

many areas. Recently, CFD techniques have been

developed to a level that allows complex flow situ-

ations to be modeled to a reasonable degree of detail

and accuracy. The application of CFD in chemical

engineering processes has been reported in some fields

[25–27]. Many methods have been developed for the
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simulation of stirred tanks [28–30]. These studies offer a

good background for the study of crystallization.

Garside [31] provided an extensive review of crys-

tallization from solution in which he emphasized the

pivotal role of fluid mechanics in the kinetics and

resulting CSD. As summarized by Rielly and Marquis

[32], crystallizer fluid dynamics act at a variety of

scales and, to a certain extent, have some local influ-

ence on each of these kinetic steps, such as the

growth and reaction rates, aggregation, breakage,

supersaturation, nucleation, and residence-time dis-

tribution of the particles. On a macroscale in the

order of the crystallizer dimensions, the fluid mech-

anics of the mean flow affect the spatial distribution

of the fluid and solid phases, imposing a degree of

backmixing that determines the solid and liquid resi-

dence-time distributions. Mesoscale fluid mechanics

in the order of the impeller blade width affect the

local liquid-concentration distributions of the feed

reagents, interaction of the crystals with the impeller

(crystal abrasion on impact with the impeller leads to

secondary nucleation), and heat-transfer rates from

crystallizer internals. At an even smaller scale in

the order of the size of turbulent eddies or indivi-

dual crystals, microscale fluid mechanics affect the

mass transfer rates, the rates of turbulent collisions

between the particles, and the micromixing of chem-

ical reagents. The fluid mechanics of the suspension

flow at these various scales affect the precipitation

rates, distribution of supersaturation, nucleation

rates, growth, as well as the numerous kinetic pro-

cesses by which crystals of a given size are born and

die. Even processes such as nucleation, which are more

directly related to local supersaturation, are indirectly

related to suspension fluid mechanics; supersatur-

ation is determined by local micromixing and the

reaction and mass transfer rates.

As described above, many phenomena of crystal-

lization are related to the fluid dynamics of the crys-

tallizer and can be studied with the use of CFD. The

basic transport phenomena in the crystallization pro-

cess, which include momentum, heat and mass trans-

fer, can be easily solved using CFD. The mass transfer

between the particle and the solution is the main

process that describes crystal growth. Zöller et al.

[33] have studied single crystal growth under the

flow of solution. The nucleation rate was considered

directly proportional to the energy of the moving

particle, the movement of which can be obtained

from CFD. In this way, the nucleation rate can be

studied. Ten Cate et al. [34] suggested a model for the

study of individual crystals in the flow, through which

the collision frequency and energy can be obtained.

The collision data obtained in this way can be used

in the models that predict the rate of secondary



nucleation and attrition. The nucleation study using

CFD is still at an initial stage; researchers are still

looking for the best model for simulation of the nu-

cleation of crystallization, although not much work

has been published as yet. Expressions describing the

mass transfer rate can be used together with the cool-

ing and chemical reaction rates in order to obtain the

concentration distribution in the solution. Then the

local supersaturation in the crystallizer can be calcu-

lated with improved accuracy for the nucleation and

growth rate. Falk and Schaer [35] present a probabil-

ity density function (PDF) method for the calculation

of evolution of the particle size distribution in pre-

cipitation reactors. This method contains a micromix-

ing model based on a Lagrangian frame where

chemical reactions are treated without modeling and

which requires minimal computational resources.

The micromixing model considered the concentrates

on the interaction and exchange between the fluid

and the mean-sized crystals and takes into account

nucleation, growth, and aggregation. With this

method, it is possible to obtain, for any point in

the flow, the reactant concentration and supersatur-

ation fields and the particle size distribution field,

using simple moment methods. The agglomeration

phenomena can also be described in the CFD envir-

onment. Hollander et al. [36] used a lattice Boltz-

mann scheme to simulate the turbulent flow field

and a Monte Carlo algorithm to solve the particle

size distribution and studied the dependence of the

agglomeration rate constant on the shear rate and on

turbulent transport. They concluded that the turbu-

lent transport of particles is an important factor in

the overall agglomeration rate.

Apart from the crystallization kinetics, the mixing

state of the suspension in a crystallizer has a strong

effect on the crystallization process. For the precipi-

tation system, the particle size distribution in the

reactor depends on the kinetics of the crystallization

process, although it is also strongly influenced by

mixing of the different chemical species, including

solid particles. This kind of study has been carried

out by many researchers [35,37–41]. The different

fluid dynamics between the solid and the solution

and between the different-sized crystals is the crucial

information for the description of the crystallization

process, especially in the case of a continuous crystal-

lizer [21] where the concentration fields of different-

sized particles are studied using multiphase flow.

Here, the effect of the particle size distribution at

each point in the flow on the crystallization process

is studied. Studies, which have been carried out on

crystallization using CFD such as those mentioned

earlier, will bring new insights to the understanding

of the crystallization processes.
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Another objective in the study of the application

of CFD in crystallization is to simulate the particle

size distribution in crystallization. In order to solve

this problem, the simulation should take into account

the population balance. The internal coordinates

of the population balance make it difficult to utilize

it in the CFD environment. In addition, different-

sized particles have different hydrodynamics, which

causes further complications. Wei and Garside [42]

used the assumption of MSMPR and the moments of

population balance to avoid the above difficulties in

the simulation of precipitation. In the CFX commer-

cial application, the MUSIC model offers a method

for solving the population balance equation in CFD

and defines the flow velocity of different-sized particles

on the basis of the ratio of the velocity to a reference-

sized particle. The velocity of this reference-sized par-

ticle is then simulated using the multiphase-flow

model. In this way, the problem of the different hydro-

dynamics of different-sized particles is solved. How-

ever, the accuracy of this model is not sufficient for it to

be directly used for bubble-sized distribution only.

More work is required before this model can be ap-

plied to crystallization.

For the simulation of all the crystallization pro-

cesses, a detailed approach, as well as certain geom-

etry-independent kinetic models, should be able to

take the geometry of the crystallizer into account.

Kramer et al. [43–44] propose the division of the

crystallizer into a number of well-defined regions in

which supersaturation, the rate of energy dissipation,

the solid concentration, and CSD are more or less

uniformly distributed. With such an approach, the

kinetic parameters for these models can be obtained

from laboratory-scale experiments or can be esti-

mated from simulation technology, whereas indus-

trial-scale model simulations are able to predict the

performance of a full-scale crystallization process. In

order to simulate continuous crystallization in an

imperfectly mixed suspension, Sha et al. [45] assumed

different-sized particles to be distributed differently in

the crystallizer. They proposed a population model

that takes into account the relationship of particle

size distributions, the product-removal location,

and different points inside the crystallizer. The par-

ticle size distribution in the product can be ob-

tained using kinetic models that can be obtained

from experiments or using simulation technology.

With this method, it is possible to study the effect of

the geometry of the crystallizer, the mixing intensity,

and the location of product removal on a continuous

crystallization process.

Another task of applying CFD to crystallization is

to study the geometry of the crystallizer. It can offer

detailed information on the influence of the shape of



the cryst allizer an d impel ler in producing the requ ired

mixing conditi ons of crystallizat ion. Fur thermo re, the

scale-up of crystall ization will be a us eful task for the

study in the CFD environm en t. It is well known that

the scale of the cryst allizer a ffects the cryst allizat ion.

This is mainly caused by the hyd rodynami c diff er-

ences for different scales of crystallizer . It is a v ery

impor tant subject with respect to the de sign of the

crystall izer. Expe rimental studies on this subject re-

quire large financial resourc es. CFD simulat ion, on

the other hand, supplies a possibility to investigate

crystallization processes for different scales of crystal-

lizer. Zauner and Jones [46] present a model in which

the micromixing and mesomixing are combined with a

population balance to study the effect of the mixing on

the particle size distribution in the precipitation process.

Satisfied results were obtained. Wei and Garside [42]

studied the power-input effect on the precipitation pro-

cess for different scales of precipitator with the moment

transp ort popul ation balance equati on model. Be-

cause the ba sic model of sim ulation of cryst allization

with the tool of CFD is still unde r developm en t, the

scale-up sub ject cannot produce goo d results yet.

51.3 INDUSTRIAL CRYSTALLIZERS

Nowad ays, a large number of indu strial cryst allizers

are in use. In this secti on, we will discus s only a few of

the basic and most presenta tive con structions in ord er

to co mplemen t the princip les explain ed earlier.

In coo ling crystall ization, supersa turation is

obtaine d by unde rcooli ng the solut ion that is super-

satura ted by the evaporat ion of the solvent in ev ap-

orative c rystallizat ion. The relat ively large average

sizes of the end product can be obtaine d through

both cooling and evaporat ive cryst allizat ion.

The criteria for the selec tion of an ev aporative

or coo ling crystall izer de pend on the slope of the

solubi lity curve. If the slope of the solub ility curve

of a fairly solubl e substa nce, i.e. ( Dc*/ Dt), is relative ly
TABLE 51.1
The Approximate Operation Conditions of Crystallizers

Type Suspension

Density (kg/m3)

Volume Ratio of

Crystals to

Suspension (m3/m3

Forced-circulation (FC) 200–300 0.1–0.15

Draft-tube baffled (DTB) 200–400 0.1–0.2

Fluidized-bed (FB) 400–600 0.2–0.3

Note: r* is the density of the saturated solution and rc is the density of

Source: Mersmann, A., Ed., Crystallization Technology Handbook, Mar

� 2006 by Taylor & Francis Group, LLC.
low, evaporat ive crystall ization is more prefer able;

but for a high-s olubility slope, such as that of hy -

drated salt s, c ooling crystall ization is a be tter alte rna-

tive. In some compou nd syst ems, due to the high

solubi lity of the solute, the final solut e co ncentra tion

of the resi due remains too high, even at low tempe r-

atures. Eva porative cryst allizat ion should be

employ ed in order to obtain as low a fina l solute

concentra tion in the process solut ion as possibl e.

This is the case when the main purpose of the crystal-

lization process is to util ize solut es from the pro cess

water in order to obtain low -concent ration waste so-

lutions.

The operatio nal co sts of ev aporative cryst alliza-

tion in coun tries wher e the cost of en ergy is low a re

lower than those of cooling crystall ization.

Com merci al cryst allizat ion process es are usually

run in jacket ed and baffled mixing tanks equipped

with a draft tube, i.e., a draft-tu be baffled (DTB )

crystall izer. Ther e are also forced- circul ation (FC)

process es wher e the solut ion is pumped through an

extern al heat exch anger. In cooling cryst allization ,

the pumped solut ion is coo led in the heat exchang er

and he ated in evaporat ive crystall ization. An eva p-

orative crystall izer is e quipped with a vacuum syst em,

which contai ns eithe r a vacuum pump or an air eject or.

Usually, the evaporative crystallization process consists

of several stages. Table 51.1 shows the approximate

operational conditions of FC, DTB, and FB-type crys-

tallizers. A DTB, FC, and FB crystallizer, which is also

an Oslo crystallizer, are schematically shown in Figure

51.7 through Figure 51.9. This equipment will be

described in more detail in Section 51.3.2.

Com merci al suspensi on crystall izers are manufa c-

tured, among others , by Swens on and GEA Messo

GmbH . W irges [47] cites the follo wing comp anies a s

suppli ers of solut ion cryst allizat ion pro cesses: CT

Umwelttechnik, HPD Evatherm AG, Chematur Eco-

planning Oy, Ebner CO KG, Balcke-Dürr GmbH,

and Gea Kestner SAS.
When r*/rc > 0.01.

)

Residence

Time (h)

Specific Power

Input (W/(kg

Suspension)

Drlrc L50 (mm)

1–2 0.2–0.5 10�4–10�2 0.2–0.5

3–4 0.1–0.5 10�4–10�2 0.5–1.2

2–4 0.01–0.5 10�4–10�2 1–5(�10)

the crystal, i.e., solid density.

cel Dekker, New York, 1995, p. 219.



51.3.1 BATCH C RYSTALLIZATION

Usually, batch cryst allizat ion is used when a relative ly

low pr oduction cap acity is requir ed, e.g. , be low 50 t

of produ ct per day. When batch cryst allizat ion is equi-

pped with the prop er tempe rature control and seed ing

system, the cryst allization conditio ns can be adjusted

in such a way that the resid ence tim es of the crystals ,

of various sizes , can be kept abo ut the same. Ther e-

fore, the CSD c an be narrower in batch cryst allization

than in continuou s crystallizat ion, which is one of the

signific ant differences betw een batch an d continuou s

crystall ization without fine remova l or a class ifica-

tion method for the product. In practi ce, indu strial

continuous crystall ization process es contai n fine s-

remova l or class ification units, such as hyd rocyclo nes,

in ord er to produ ce cryst als of a na rrow CSD .

Jack eted tanks with propeller agitatio n are wid ely

used for batch crystall ization. The agitator is selec ted

by the use of the same princi ples as in ordinar y liquid

blending when high pum ping rate and low turbul ence

are requir ed. This co ndition minimiz es excess ive sec-

ondary nucleat ion. For cooling crystall ization, the

program ed-cool ing method, present ed in Se ction

51.2.2, produces large r cryst als than that by natural

cooling . For natural cooling , the tempe ratur e first

falls rapidly and then mo re slow ly. In some cases,

a batch process is equipped with a fines-des truction

unit in ord er to increa se the average crystal size or

enable a more reliable downst ream pr ocess, i.e., fil-

tration, where ope ration c ondition s may be disturbed

by small cryst als. In fines destr uction, a side flow
Co

Baromet
condens

Coolant

FT

(b)

M

(a)

FIGURE 51.6 A schematic figure of a simple batch crystall

(Reprinted from Mersmann, A., Ed., Crystallization Techno

permission.)
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from the tank, after a cryst al classifier, is directed

to pass through a heat exch anger wher e the smal -

lest cryst als dissolve be fore the flow retur ns to the

tank. Se eding, as was explain ed in Secti on 51.2.4, is

commonl y used.

Figu re 51.6 shows a schema tic figure of a jackete d,

batchwis e, multipurp ose reacto r with baffles, which is

used in batch cryst allizat ion. For fine ch emicals, the

tank is usu ally glass-lined. Various kinds of impel lers

and propellers can be used as stirrer s. From the per-

spective of the mixing basis and hom ogenous super-

saturati on con ditions, it sho uld be pointed out here

that in this kind of mixi ng tank, equ ipped with a

single impel ler, goo d mixing takes place only close

to the bottom , especi ally with large -sized cryst als.

Figure 51.6b sho ws the co ntrol system for program ed

cooling , as discus sed in Secti on 51.2.1.

51.3.2 CONTINUOUS C RYSTALLIZATION

Figure 51.7 through Figu re 51.9 show some of the

most common types of co ntinuous crystallizer s for

large-sca le produ ction. They usu ally ope rate under

vacuum conditio ns in order to reduce the evap oration

tempe rature, and heat energy is provided by a he at

exchanger. Of these, the FC crystall izer is sho wn in

Figure 51.7. Althou gh it is both reliab le and easy to

use, it does not have any de vices that would allow the

CSD to be influ enced. It is basica lly an evap orator

that is used as a crysta llizer. Figure 51.8 sho ws a DTB

crystall izer, whi ch has become very popul ar over the

years. Its useful featu res include the draft tube, which
ndensate

ric
er

Steam and
coolant
combination

Optimal path
generator

Second
reactant

FC

FC

FCFT

FT

PC

PT

TT

TT

TCM 2
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2

izer (a) and one with a programmed-cooling system (b).

logy Handbook, Marcel Dekker, New York, 1995. With



FIGURE 51.7 A forced-circulation (FC) crystallizer. (Rep-

rinted from Mersmann, A., Ed., Crystallization Technology

Handbook, Marcel Dekker, New York, 1995. With permission.)

M

Vapor

Fines

removal

Draft tube

Solution

SlurryRecycle

FIGURE 51.8 A draft-tube baffled (DTB) crystallizer.

(Reprinted from Mersmann, A., Ed., Crystallization Tech-

nology Handbook, Marcel Dekker, New York, 1995. With

permission.)
impro ves circulati on of the crystal magm a, and a

settlin g zone, which selec ts the smal l crystals to the

circulati on flow for partial destru ction in the hea t

exchanger. In this way, the he at exchan ger also func-

tions as a fine s dissol ver, which helps to increa se the

mean cryst al size in the prod uct. The process of fine s

destru ction was discus sed earlier in Section 51.2. 5.

In the FB cryst allizer (Figur e 51.9) , the heated

mother liquor first goes to the evaporat or section

where sup ersaturat ion takes place. The supersa tur-

ated solut ion then direct ly enters into the fluid bed

of prod uct crystals wher e the de supersa turation oc-

curs and the crystals grow . This eq uipment is known

for its capacit y to produce large crystals of a reason-

ably narrow CSD . Never thele ss, FB crystall izers are

not as co mmonly used as would be exp ected on the

basis of the adva ntages of the large product size.

The disadva ntage of FB crystall ization is, for some
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chemi cals, the unreli ability of its ope ration owing to

the fact that unusu ally high crystal de nsities may de -

velop in the fluid bed in the bottom en d of the crystal-

lizer tank becau se of whi ch the slurr y-withd rawal line

tends to get block ed. Opera tional inst ability has been

report ed for some che micals. When correct ly ope rated

with some chemicals, howeve r, the FB cryst allizer can

produce large crystals of a narrow CSD .

Tabl e 51.2 shows some e xamples of ope rating

data of large -scale crystall izers. Only some charact er-

istic infor mation of the more comprehens ive da ta

given by M ersman n [3] is present ed here.

51.3.3 THE SELECTION OF A C RYSTALLIZER

To a certa in extent , indust rial cryst allization is still

more an art than scienc e, which can be seen in the

selection of a crystall izer. Oft en exist ing cryst alliza-

tion methods that have be en previous ly proven suc-

cessful for certain materials are used for these

same materials in new plants, instead of new untried

crystallizers. If exotic and unusual crystallization



FIGURE 51.9 A fluidized-bed (FB) crystallizer (an ‘‘Oslo

crystallizer’’). (Reprinted from Mersmann, A., Ed., Crystal-

lization Technology Handbook, Marcel Dekker, New York,

1995. With permission.)
process es are not taken into accoun t, the thumb rule

is that an agitated tank shown in Figure 51.6 is used

in ba tch proce sses for the producti on of fine chem-

icals, wher eas one of the types shown in Figure 51.7

through Figure 51.9 is normal ly selec ted for continu-

ous process es.

51.4 FILTRATION OF CRYSTAL
SUSPENSIONS

Suspen sion c rystallizat ion process es are the most

common in industry. After cryst allizat ion, the crys-

talline product is usua lly separated from the solution
TABLE 51.2
Data of Continuous Industrial Suspension
Crystallizers

Citric Acid KCl Na2SO4

Production rate (kg/h) 560 7200 10100

Residence time (s) 8380 8100 4040

Volume (m3) 12 1050 2800

Medium size (mm) 0.41 1.1 0.30

Suspension density (kg/m3) 132 15 151

Crystallizer type FC DTB FC

Source: Mersmann, A., Ed., Crystallization Technology Handbook,

Marcel Dekker, New York, 1995, p. 614.
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by filtration. The separation of crystals from the mother

liquor ha s an impor tant influence on the whol e pro -

cess. The reader is refer red to some ba sic han dbooks

on filtrati on, such as Solid–Liquid Separation as edi-

ted by Svarovsky [48] and those by W akeman and

Tarleto n [49], an d Rushton et al. [50].

For easy separat ion of crystals from a solut ion, it

is impor tant that the crystals are suffici ently large .

This can be shown by the Kozeny–C arman equ ation

derive d for lami nar flow through an incompr essib le

bed of particles , whi ch descri bes the pressur e drop in

the bed . The pressur e dro p relat es invers ely to the

square of the quadrati c pa rticle size and directly to

the dynami c viscos ity of the fluid . The influence of

the particle size an d solut ion viscos ity on the pressure

requir ed in filtr ation can be estimated as follo ws. If

the viscosit y increa ses tenfold, the pressur e drop also

increa ses tenfol d. If, on the other hand, the parti cle

diame ter drop s to 10% of its origin al value, the pres-

sure dro p increases by 100-fo ld.

However, there a re cases w hen the mother liquor

has a relatively high viscosity due to high concentra-

tion of di ssolved s olute, the filtration of crystals

from the m other liquor may require higher pressures

as the driving force. This occurs quite often in the

sugar i ndustry where solutions have a high dyna m ic

viscosity up to 100 MPa (cP). In such cases, the

pressure drop in the bed, a s compared w ith water,

is 100-f o ld.

For the above reasons , the aim of suspensi on

crystall ization is usuall y to produce suffici ently large

crystals . How ever, for exampl e, in some app lications ,

such as in the pharmac eutic al industry and the pro -

duction of pigme nts, paper fillers, and pa per-coa ting

substa nces, crystals of rather small sizes are require d.

For this reason , the selec tion of the filter med ium

plays a ke y role in order to obtain a sufficien t filtr a-

tion capacit y and as low a mother -liquor volume in

the crystal cake as possible . Besides cake was hing, the

fouling of the filter medium is a factor that affe cts

the filtr ation of smal l particles . The most common ly

used filter media are made of synthetic fibres, such

as nylon, polyester, poly propylene, polyet hylene, or

fluorocarb on [50] . In some fine particle app lications ,

it has been observed that, by adjusting the pH level, it

is possible to control the formation of agglomerates

or aggregates on the basis of changes in the surface

charge at the particle surface surrounded by a double

layer. Prior to filtration, the pH level is adjusted in

such a way that the solution attains its isoelectric

point and the repulsive forces are at their minimum.

After filtration, the pH level is adjusted in order

for secondary particles to decompose. Flocculation

agents and filter aids, such as diatomite and per-

lite, are commonly used to facilitate the filtration of



fine parti cles. This subject is discus sed in detai l in

Solid–Liquid Separation [48].

The obtaine d CSD affec ts the requir ed filtr ation

time. Furtherm ore, it influ ences on the fina l mois ture

content of the filtered cake, whi ch mean s with high er

moisture content high er energy in therm al drying is

requir ed. The width of CSD and the crystal shape are

impor tant for the filter ability of the crystall ine pro d-

uct. If the pro duct contai ns a lot of tiny crystals ,

filtrati on beco mes more difficul t due to increa sed spe-

cific surface of the cryst al cake. Disk-shaped cryst als

decreas e the pe rmeabili ty of the cake due to their high

tortuo sity and low vo id ratio. Furtherm ore, the elas-

ticity of crystals , whi ch is typic al for organic com-

pounds , may cause an increa se in the compres sibility

of the cryst al cake, thus decreas ing the pe rmeabili ty

of soli d cake at higher filtrati on pressur es.

Hä kkin en et al. [51] investiga ted the filterab ility

of sulfathi azole crysta ls obtaine d by crystall ization

from one -solvent and two-sol vent solut ions. Their

results showe d that the ch oice of the mother -liquo r

composi tion affected the obtaine d resi stance of crys-

tal cake. Lowerin g the cake resi stance in a system

usually de creases the moisture content of the cake

that in turn facilitates the drying proce ss. Organ ic

compou nds may also form amo rphous so lid pa rticles

that usu ally lead to low permea bility of the so lid bed

due to the comp ression of the filter cak e.

Cry stal purity depend s mainl y on filtrati on effi-

ciency and crystal wash ing. For instan ce, when the

mother liquor contai ns high levels of impur ities, the

level of purit y after filtrati on is affected by the mois -

ture content of the cryst al cake, i.e., the amoun t of

mother liquor left in the crystal ca ke. The was hing of

the crystals may require high v olumes of was hing so-

lution. The use of large vo lumes of was hing solution

does not dissolve spari ngly so luble cryst als, i.e., was h-

ing does not decreas e the yiel d. Contrary to precipi -

tates, when compo unds that have a high level of

solubi lity are used, washing may dissol ve the crystals .

If the impur ity has a relative ly low melt ing point, it can

be parti ally melted by heati ng the cryst al cak e and then

separat ing the impurity from the cryst al cake by the

force of gravi ty, an airflow, or with the use of a pres-

sure chamber. This techniq ue is call ed sweati ng.

One of the most common ly used solid–liqui d sep-

aration methods in cryst allizat ion process es is cen tri-

fugal filtr ation, such as continuous pusher and

batchw ise peeler cen trifuges sho wn schema tically in

Figure 51.10. A manufa cturer of centri fuges used in

crystall ization process es is KMP T AG [52] . In ad d-

ition, Nuts che filter s, frame pressure filters, and belt

filters have also be en used. M ost of these filter s ha ve a

possibi lity of cake was hing which is important for the

final purity as discus sed earli er.
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It may be difficult to choose the right filtr ation

equipment for a cryst allizat ion process . The selec tion

of filtr ation equipment involv es ba lancin g the pro cess

specifica tions and object ives with the capabilities and

charact eristics of the various equ ipment alternati ves.

Wakeman and Tarleto n [49] provide guidelines for

the selec tion of filtrati on equipment . Import ant pro -

cess-rela ted fact ors a re the slurry charact er, produ c-

tion through put, proce ss cond itions, pe rformance

requir ements, and permitt ed constr uction mate rials.

The important equ ipment-re lated factors are the type

of cycle (batc h or con tinuous ), drivin g force, produ c-

tion rates of the large st and smal lest units , separation

sharpnes s, wash ing capabil ity, de pendability, feasi -

ble co nstruction mate rials, and co st. No ab solute

selection techn iques are available for obtaini ng the

best choice, a s so many factors are involv ed. Never -

theless, there are some general guidel ines for the

engineer who faces the selection of filtration equip-

ment. Furthermore, a commercial software package,

pC-SELECT, based on expert systems is available for

filter selection, developed by Wakeman and Tarleton

[49]. The relative performance characteristics of

different filtration equipment under vacuum and pres-

sure are shown in Table 51.3 with the solid conce n-

trations of feed higher than 10 vol%. The crystal

volume related to the total suspension volume in

industrial crystallizers is frequently 20 vol%. In

vacuum filtration, the maximum pressure difference

over the cake is below 1 bar, whereas in pressure

filtration the maximum driving force of conventional

filters can be up to tens of bars. The indices are given

for the dryness of the solid product, the effectiveness

of solid washing, the quality of the liquid product,

and the tendency of the equipment to cause crystal

breakage. In addition, Table 51.3 shows the basic feed

properties that the equipment can generally handle.

Once an initial selection of equipment has been made,

the list of the equipment can be sensibly ranked using

Table 51.3. Table 51.3 shows that centrifugal filtra-

tion results in the highest product dryness. On the

other hand, average particle sizes are relatively large

and the centrifuging may increase crystal attrition.

Vacuum and pressure leaf filters give less-dry cakes

than centrifuges, but leaf filters are gentler on the

crystalline product and cake washing is more efficient.
51.5 CRYSTAL DRYING

Under otherwise similar drying conditions, the drying

rate depends on the surface area of the wet crystals and

the air used in drying. This means that small crystals

dry quickly in airflow, such as that produced by a

pneumatic dryer. Instead, the drying of a solid bed of



FIGURE 51.10 A pusher centrifuge (a) and a peeler centrifuge (b). (Reprinted from KMPT AG, Internet http://

www.kmpt.com. With permission.)
crystals tends to be less satisfactory because of the long

drying time required and due to agglomeration caused

by the contact of the wet crystals. On the other hand, a

bed of small crystals cannot be filtered easily but,

instead, tends to block the filter. From the viewpoint

of drying, it would be best that the crystals be large,

within the range of about 1 mm or above. After the

filtration stage, the amount of mother liquor in the

crystals is low. The large crystal size also improves

purity because the same thickness of the attached

mother liquor on the surface, which contains impur-

ities, results in a lower level of impurities in large

crystals. If the mother liquor remains on the surface

of the crystals, it solidifies, with the impurities that it

contains, on the surface of the crystal. It should
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be mentioned here that crystal sizes above approxi-

mately 1 mm tend to be harmful. For crystals larger

than 1 mm, it may be difficult to maintain the steady

state in a continuous process, due to the decreased

overall crystal surface required for releasing supersat-

uration. Furthermore, large crystals may break in the

centrifuge.

The aim of the earlier discus sion was to e xplain

how cryst als of a desir ed size co uld be produced .

Furtherm ore, the CSD sho uld be as narrow as pos -

sible for easy drying. In princi ple, the drying of crys-

tals can be carri ed out in the same way as that of any

particulat e mate rial. However, there are some cases

when the crystalline structure itself poses problems in

drying. We will briefly discuss these cases.



TABLE 51.3
Relative Performance Characteristics of Different Filtration Equipments

Types of Equipment Performance Indices Feed Solid Properties

Solid Product

Dryness

Washing Liquid

Product

Quality

Crystal

Breakage

Particle

Size (mm)

Solids in

Feed (vol%)

Filtering centrifuges

Basket (pendulum) 9 6 5 6 10–1,000 2–10

Basket (peeler) 9 6 5 5 2–1,000 2–30

Cone screen (slip discharge) 7 5 4 4 80–10,000 10–40

Cone screen (vibrating, oscillating, or tumbling) 8 5 4 3 100–10,000 10–40

Cone screen (worm screen) 9 5 4 4 60–5,000 10–40

Pusher (single-stage) 9 7 4 4 40–7,000 4–40

Pusher (multistage) 9 8 4 4 40–7,000 4–40

Baffle 9 5 5 4 100–7,000 4–40

Vacuum filters

Single leaf (tilting pan) 7 9 7 8 20–80,000 3–40

Multielement leaf 5 5 7 8 1–100 3–30

Horizontal belt or rotary tilting pan 7 9 7 8 20–80,000 3–40

Rotary table 7 8 7 8 20–80,000 3–40

Rotary drum (bottom fed)

-Knife discharge 6 7 7 8 1–200 3–30

-Roller discharge 6 7 7 8 1–50 3–30

-String discharge 6 7 7 8 1–70 3–30

Rotary drum (top fed) 5 2 7 8 1–600 3–30

Rotary drum (internal fed) 5 — 7 8 10–600 3–30

Rotary disk (cloth covered) 4 — 6 8 1–700 3–30

Rotary disk (ceramic) 4 — 9 8 1–700 3–30

Pressure filters and Presses

Single leaf (pressure Nutsche) 6 8 8 8 1–200 0.005–30

Filter press 6 8 8 8 1–100 0.005–30

Variable volume pressure filters and presses

Diaphragm filter press 8 8 8 7 1–200 0.1–25

Tube press 8 4 7 7 1–200 0.1–25

Expression press 6 — 6 5 1–200 5–50

Continuous pressure filters

Belt press 8 7 7 7 1–200 0.1–25

Vertical filter press 6 6 7 7 1–100 0.01–30

Vertical diaphragm filter press 8 8 8 7 1–200 0.1–25

Tower press 6 — 7 7 1–300 0.1–25

Rotary pressure drum 6 6 7 7 1–100 3–30

Rotary pressure disk (cloth covered) 5 — 6 8 1–100 3–30

Rotary pressure disk (ceramic) 7 — 9 8 1–100 3–30

Allocation 0 to 9 with larger numbers indicating better performance, A ‘‘—’’ performance indicates either equipment is not effective or not

suitable for a particular duty.

Source: Wakeman, R.J. and Tarleton, E.S., Filtration, Equipment Selection, Modelling and Process Simulation, Elsevier Science, Kidlington,

U.K., 1999.
Most crystals are so soft that the corners of the

crystalline particles tend to get rounded if collisions

occur between the crystals during drying and, as a re-

sult, the quality of the product suffers. In addition, dust

may be a problem. For example, a traditional rotary
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dryer is not suitable for most crystals. Surprisingly, both

fluid-bed dryers and pneumatic dryers are relatively

gentle, perhaps, because of the shorter residence time.

Then, there is the problem of crystal water. These

are often salt hydrates, i.e., inorganic crystals with



different numbers of water molec ules a ttached to each

molec ule of the basic molecule. Dryin g may remove

crystal wat er, which leads to qualit y problem s in the

produc t. Furtherm ore, cryst allizat ion at high tempe r-

atures may cause the agglomerat ion and solid ification

of the prod uct during stora ge.
51.6 NEW ADVANCES

To c onclude the present revie w, we will men tion so me

trends in the resear ch and dev elopment into the tech-

nology that may be of impor tance in the pre sent

context in the future. Due to co nstraints of spac e,

we have to omit most of the important works pres-

ently be ing carri ed out on various aspect s of crystal-

lization, and wi ll only mention those works that may

lead to a parti cle size dist ribution an d particle shap es

which faci litate the filtr ation and drying stage s in

the pr ocess.

The traditi onal study of suspensi on crysta llization

has been carri ed out using the M SMPR cryst alliza-

tion mod el. It has be en found that unifor m mixi ng in

a co mmercial -size crystallizer , as requir ed by the

MSMP R mod el, is impos sible to achieve . Ther efore,

the underst anding of indust rial cryst allizat ion is

hampered by the use of the MSMP R model. Als o, it

is difficul t to experi mentally study the effects of mix-

ing on crystall ization, as de scribed earlier in Se ction

51.2.5. Ther efore, the CFD present s the means for

local simu lation in the tank. Fur thermore, CFD

simulat ion enables the tank to be designe d so that

the shape an d the posit ioning of the impeller s and

the liquid veloci ty create the optim al level of super-

saturati on and mass trans fer rate in all locat ions. Thi s

is likely to result in a narrow ing of the parti cle size

distribut ion.

Then, there is work with the objective of altering

the particle shape, usually from a plate- or needlelike

shape into a more rounded shape such as that of a cube

or octahedron. The starting point here is the concept

of polymorphism discussed earlier in Section 51.1.5.

A material may have different crystal structures, and it

is useful to find ways of generating the ideal structure.

One way to do this is to use different solvents, as

mentioned by Davey and Garside [6]. They also discuss

the new and promising field of tailor-made additives,

which alter the crystal shape during the growth pro-

cess. In addition, Finnie et al. [53] reported that the

level of supersaturation selected different polymorphs

for growth, i.e., the level of supersaturation can be

used to control the crystal shape. This idea was

taken further by Ma and Braatz [54] who showed
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that different cooling profiles in batch crystallization,

discussed earlier in Section 51.2.1, produced different

crystal shapes. Although the above are early results,

they, however, show that there may be ways to control

the crystallization processes in order to achieve the

most desirable product shapes.
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NOMENCLATURE

B nucleation rate per unit volume, 1/(s m3)

c concentration, mol/m3

G crystal growth rate, m/s

K parameter, K ¼ (1 þ 4Ns/Bt)�1, ranging from 0

(no nucleation) to 1 (unseeded batch), dimension-

less

kn kinetic empirical constant, different units inter-

changeably

L crystal size, m

MT suspension density, kg/m3

n population density, number of crystals in a unit

volume at each size class, 1/m4

Ns number of seed crystals per unit volume of

solvent, 1/m3

S supersaturation ratio, dimensionless

t time, s
_VV flow rate, m3/s
Greek Symbols

b fraction of nuclei that survive in the fines-

destruction system, dimensionless

s relative supersaturation, dimensionless

t overall batch time, residence time, s

Subscripts

* equilibrium, saturated

0 beginning, feed

1 without fines destruction

2 with fines destruction

50 cumulative mass undersize of 0.5

c clear-liquor advance

d dominant

f final, fines

p product
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52.1 INTRODUCTION

Frying is defined as a process of cooking and drying

through contact with hot oil. It is intended to make

food more palatable and tasteful, but at the same time

makes food safer and provides a preservative effect

that results from thermal destruction of microorgan-

isms and enzymes, and a reduction in water activity at

the surface or throughout the food. The shelf life of

fried products is mostly determined by the moisture

content after frying. Products that retain a moist
, LLC.
interior should be consumed shortly after prepar-

ation, or can be stored for a relatively short time

under chilling conditions or for a longer time under

freezing conditions. Most of these foods—with the

exception of par-fried goods—are not produced on a

commercial scale for distribution to retail stores, but

are important in catering applications. Foods that are

dried throughout during frying have a shelf life up to

several months, which is mostly limited by quality

deterioration of the absorbed oil and development of

a rancid odor and flavor. Storage stability of these



products may be increased by using packaging mater-

ials with adequate barrier properties.

The term ‘‘industrial frying’’ is used to describe

high-volume deep-fat frying conducted usually as a

primary business. Most industrial fryers are continu-

ous and highly automated with capacities up to some

tons per hour. Large batch frying systems are also

included in the industrial frying classification. Fried

foods have a unique flavor—texture combination that

makes them highly acceptable by the consumers.

Therefore, a wide range of products has been devel-

oped and new products are continuously introduced

in the market. The main categories of fried products

are presented in Table 52.1.

Potato chips, extruded snacks, nuts, and nut

mixtures are dried throughout during frying, there-

fore, they have a low moisture and can be stored for a

long time at ambient temperature. Potato chips

(crisps) are the original savory snack food and the

leading one in the United States and Canada [48,52].

In addition to the traditional thin, salted slices of

potatoes, chips of different sizes, shapes, and flavors

are currently produced in several countries [58,69].

Also, fabricated chips are prepared from dough con-

taining mainly dried potatoes, gelatinized starch, and

gluten [33]. Moreover, corn and tortilla chips are

becoming popular in many parts of the world [48,69].

Extruded fried snack foods consist another major

produce of the food industry [69]. As extruder tech-

nology has developed, the sizes and shapes of ex-

truded products have become almost limitless.

Having a milled cereal, e.g., corn, wheat, oats and

rice, potatoes, or legumes as starting material, the

extruded snacks are flavored with various ingredients

to provide many common flavors, e.g., pork, cheese,

and pizza, and new ones are also continuously intro-

duced in the market [1,69]. Nuts and nut-based

snacks are very popular all over the world. Nut mix-

tures containing rice, legumes, vegetables, and many
TABLE 52.1
The Main Classes of Fried Products

Class Pro

(Potato) Chips Potato chips of various shapes and flavors, to

Extruded snacks Snacks of various shapes, flavors and texture

Nuts Nuts or nut mixtures with legumes and flavo

Bakery products Doughnuts and fried pies

Par-fried frozen food French fries, fish, chicken, and pancakes

Food-service products Chicken, fish, meat, and potatoes

aExchanged with natural oil.
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other ingredients, as well as various flavors are used in

the fried products.

Doughnuts and other fried bakery goods like pies

probably exceed in tonnage, in the United States, any

other type of sweet dough product [41]. They have

intermediate or high moisture content and can be

preserved for a short period before consumption.

Doughnuts are usually prepared from yeast-leavened

dough, where honey or flavor ingredients may be

added. The familiar doughnut shape predominates,

but other shapes, e.g., twists, sticks, honey buns,

and rolls are also produced through sheeting and

cutting or extrusion processes. After frying they may

be coated with powdered sugar, glazes, icings, and

toppings or filled with jellies, fruits, and jam. Fried

pies present special problems during frying due to the

filling they contain. The crust must be thoroughly

cooked to a medium brown color and the filling

must be cooked to an optimal point before significant

steam evolution occurs in the interior of the pie that

may lead to bursting.

Par-fried (or prefried) french fries is one of the

most important products of potato processing indus-

tries [33]. They have high moisture content and are

stored under freezing until the finish frying. The in-

dustrial process includes a water-blanching step, prior

to frying, in order to obtain a more uniform color and

improved texture of the fried product, to reduce fat

absorption by gelatinizing the surface layer of starch

and to reduce frying time. The use of additives during

blanching can further improve color and texture [33].

Coating with hydrocolloids may also be used to re-

duce oil absorption and to improve texture [34]. Other

par-fried foods include, e.g., fish sticks and pieces of

chicken. Most of them are also stored under freezing

until the finish frying, but storage under chilling and

consumption in a few days may be also practiced.

Some of these products are covered with some batter

before prefrying. This coating results in the formation
ducts Fat Content (%)

rtilla chips, and corn chips 25–40

, prepared with cereal, potato, or legume flour 20–40

rings 5–6a

10–25

5–7

Broad range



of a crust with the de sirable color and textu re [2,56].

Par-frying aims to decreas e the necessa ry fryin g time

at home or restaurant , whi le at the same tim e redu ces

the load of microorgan isms in food , offering a pre-

servative effect.

The foo ds menti oned so far are the main prod ucts

of indu strial frying operati ons. Seve ral other food s

like chicken , fish, meat, and potatoe s a re fried in

large quantities in fast food, cater ing enterpr ises ,

and rest aurants . The fried -chicken -on-the-bon e is a

typical exampl e of a prod uct with annual sales of

few billion dollar s [60] .
52.2 THE FRYING PROCESS

When food is placed in hot oil, a c omplex heat-and-

mass-transfer phenomenon take s place. Heat is

transferred by c onvection from the surrounding oil

to the surface of the f ood and by c onduction within

the solid food. Water i s vapo r ized and e scapes from

the surface of the food to the oil , whi le oi l penetrat e s

into the f ood. So me food components m ay also dif-

fuse and dissolve into the oil. As water vapor moves

away, the surf ace begins to dry and crust is form ed.

Addition ally several physicochemical changes occur

in f ood, e .g., st arch gel a ti ni zation and p rot e in de-

naturation. Also physicochemical chang e s take place

in oil, e. g. , o xi dati on reacti ons, h ydrol y ti c c leavage,

change of color, and viscosity. Dissolvement of food

components i nto t he oil m ay affect the r ate of these

changes.

Convec tive heat transfer at the surface of the food

is comp licated due to vigorous movem ent of vapo r

bubbles escapi ng from the food that cause a consid-

erable turbul ence in the oil. Addit ionally vapor bub-

bles are entrappe d under the bottom surface of the

food being fri ed an d pr event effici ent hea t transfer to

that side of the food. Anothe r problem is the ac cu-

mulation of some food item s at the top of the oil ba th

where oil foam is form ed that present s a signi ficantly

different heat trans fer coe fficient.

As fryi ng pro ceeds the a mount of wat er vapor

bubbles escap ing from food decreas es as a resul t of

decreas e in the remai ning mois ture in the material .

The crust that is init ially form ed at the surfa ce of the

material moves towards inside and the tempe ratur e of

the dried regions rises above the boiling point of the

water. The mois t core of the material cannot exceed

the boili ng poi nt of the liquid pha se. Since the liquid

phase is wat er wi th so me solut es, its boi ling point is

slightl y elevated ab ove the boilin g point of wat er.

Based on exp erimental observation s Far kas [66] sug-

gested that the frying pr ocess is co mposed of four

distinct stages:
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1. Initial heating—It begins with immersion of

the food in the frying oil and lasts until the

temperature at the surface of the food becomes

equivalent to the elevated boiling point of the

liquid. The duration of this stage does not ex-

ceed a few seconds. During this short period the

mode of heat transfer between the oil and the

food is natural convection and no vaporization

of water occurs from the surface of the food.

2. Surface boiling —W ater vaporiz ation signals

the beginn ing of this stage . The bubbl es formed

cause turbule nce in the oil surround ing the

food an d, theref ore, the mod e of heat trans fer

to the food surfa ce chan ges from natural to

forced convecti on. Crus t starts to form at the

surface of the food .

3. Falling rate—Duri ng this stage, that resem bles

the falling- rate period observed in food deh y-

dration pro cesses, more internal mois ture

leaves the food , the inter nal core tempe rature

rises to the boiling point of the liquid, and

the crust layer increa ses in thickne ss. After a

sufficient time an d more remova l of mois ture,

the vapo r trans fer at the surfa ce decreas es.

4. Bubble end point —If the fryi ng pro cess is

extended to a consider ably long time, the rate

of mois ture remova l diminishes due to e ffective

decreas e of mois ture co ntent, and no more bub-

bles escap e from the surfa ce of the prod uct. Thi s

final stage is referred to as the bubble en d point.
Oil penetra tes into the food at the dried region

that has a por ous struc ture, consis ting of different -

sized capillaries. As more water leaves the food and

the crust thickness increases, more oil is absorbed in

the food. At the end of frying, when the food material

is removed from the oil bath, an oil layer remains at

the surface of the food and oil from this layer is

further absorbed into the pores of the material due

to capillary forces.

Foods that retain a moist interior are not fried

to the bubble endpoint stage, but it is essential for

food safety that the thermal center has received

adequate heat to destroy microorganisms. This is

particularly important for foods that are able to

support pathogenic bacteria, like meat and fish

products.

There are two main methods of commercial fry-

ing: (1) the deep-fat frying and (2) the swallow frying.

In deep-fat frying or immersion frying, the food is

covered by the oil and all surfaces receive a similar

heat treatment to produce a uniform color and ap-

pearance (Figur e 52.1) . Heat is trans ferr ed by con vec-

tion to the surface of the food material and by

conduction to the interior of the food. Frying follows



the stages mentioned above and convective heat

transfer coefficient changes with bubble formation

because of turbulence. Deep-fat frying is suitable for

foods of all shapes, but irregularly shaped food tends

to entrain a greater volume of oil when it is removed

from the fryer. The deep-fat frying is the method used

almost exclusively by the food industry, to produce

snacks, potato chips, and several fried goods.

Shallow frying or contact frying is most suited to

foods that have a large surface/volume ratio. The food

is placed in the frying pan that contains a thin layer of

oil and heat is transferred to the bottom surface of the

food material mostly by conduction from the hot sur-

face of the pan through the thin layer of oil (Figure

52.1). The thickness of the oil layer varies owing to

irregularities in the surface of the food. This, together

with the escape of water vapor bubbles from the hot

surface of the food, causes temperature variations and

produces the characteristic irregular browning of

shallow-fried foods. Shallow frying has high surface

heat transfer coefficients, but not stable across the

entire surface of the food.

52.2.1 HEAT TRANSFER

Heat transfer has been studied in deep-fat frying of

various foodstuffs. All the developed models consider

that only conductive heat transfer occurs inside the

product. The liquid water is considered to move from

the inside of the product being fried to the evapor-

ation zone, leaving the product surface as a vapor.

Therefore, the rate of water loss is accounted for, in

heat transfer models. The oil penetrates into the food

mainly during the cooling period after frying, as

proved by many investigators, therefore, heat transfer

due to oil migration in the product is considered

negligible.
(a) (b)

Moisture

Metal

Crust

Oil

Heat, Oil

FIGURE 52.1 Heat and mass transfer in: (a) shallow frying

and (b) deep-fat frying.
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A model for heat transfer in chips, which are dried

throughout frying, was developed by Moreira et al.

[48]. Since thickness of the chips was one order of

magnitude smaller than the other dimensions, infinite

slab geometry was considered, with negligible shrink-

age. The food was considered homogeneous during

the frying process and a unique differential equation

was used to describe heat transfer through the chip

with a constant thermal diffusivity

@Q

@t
¼ a

2Q

@x2

� �
(52:1)

and with the boundary condition

�k
@Q

@x
jx¼xo

¼ h(Qx¼xo
�T)� hfgDr

@Mw

@x
jx¼xo

(52:2)

where Q is the tortilla chip temperature (8C), t is the

time (s), a is the thermal diffusivity (m2 s�1), x is the

variable distance across the thickness of the chip (m),

k is the thermal conductivity of the chip (W m�1

8C�1), h is the convective heat transfer coefficient

(W m�2 8C�1), hfg is the latent heat of vaporization,

(kJ kg�1), D is the mass diffusivity (m2 s�1), r is the

density (kg m�3), and Mw is the moisture content (%

dry basis).

Farkas et al. [19,20] studied heat transfer in larger

items of food, which retain a moist core after frying,

e.g., french fries. They considered the food as a semi-

infinite slab and the movement of the crust/core inter-

face as a moving boundary problem. The properties of

the crust were considered to be uniquely different from

those of the core and separatemathematical expressions

were developed to describe heat transfer in each region.

The crust region was assumed to contain a negligible

amount of water and the conductive heat transfer coef-

ficients of each region were considered constant.

In core region

kII@
2Q

@x2
þNbxcpb

@Q

@x
¼ («brbcpbþ«srscps)

@Q

@t
(52:3)

In crust region

(«grgcpg þ «srscps)
@Q

@t
¼ kI @

2Q

@x2
þNgxcpg

@Q

@x
(52:4)

where kI, kII are the thermal conductivities in crust

and core regions, respectively (W m�1 8C�1), Q is the

temperature (8C), Nix is the flux of species i in x-

direction (kg m�2 s�1), cpi is the specific heat of spe-

cies i (J kg�1 8C�1), «i is the volume fraction of species

i (mi
3mt
�3), ri is the density of species i (kg of i mi

�3),

and subscripts b, g, and s refer to liquid water, water

vapor, and solid, respectively.



Several initial and boundary conditions were

considered, as well as, different values for the con-

vective heat transfer coefficient for free convection

(250 W m�2 K�1) and convection when boiling exists

(500 W m�2 K�1). Experimental results were in good

agreement with values of temperature predicted by the

model. The crust temperature raised quickly at the

boiling point of water, remained for a short period

until the water present vaporized and raised subse-

quently much higher than the boiling point of water,

depending on the oil temperature. The crust/core inter-

face remained at a constant temperature of 1028C after

the crust was formed. The temperature profile in the

core region remained unaffected by the oil temperature

because of the presence of the boundary at the crust/

core interface. The same results in potato strip frying

were observed by Pravisani and Calvelo [57], who

found the boundary temperature equal to 1038C.

Vijayan and Singh [70] to predict heat transfer

during frying of frozen foods developed a similar

model. The model involves two moving boundaries,

one between frozen and unfrozen regions and the

other between crust and core.

For products that do not form a crust during

frying, e.g., sausages, a model considering the food

material as homogeneous and isothermal throughout

frying was proposed by Dincer [15], and a new par-

ameter defined as frying coefficient was inserted to

facilitate and accurately determine thermal diffusivity

of the product, which was considered constant.

@2(Q� T)

@r2
þ 1

r

@(Q� T)

@r
¼ 1

a

@(Q� T)

@t
(52:5)

where Q is the food temperature (8C), T, is the oil

temperature (8C), a ¼ FR2

m2
I

is the thermal diffusivity

(m2 s�1), F is the frying coefficient (s�1), R is the

radius (m), and m is the root of the transcendental

characteristic equation.

The sausages were considered as infinite cylinders

and thermal diffusivity was calculated equal to 3.846

� 10�7 m2 s�1. Constant thermal diffusivity and

homogeneity of the food were also the simplifying

assumptions necessary to develop a model to predict

internal temperature profile in chicken pieces fried

under pressure [60]. For the chicken pieces a three-

dimensional heat transfer was considered and the

predicted results were closer to experimental ones

obtained at the center of the pieces, than those

obtained near the boundaries. Better simulation was

also obtained for more regularly shaped pieces.

In the models described above, a constant con-

vective heat transfer coefficient was assumed during

the hole frying process, or two independent values

were considered: (1) one for the initial frying stage
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and (2) another for the following stages where bub-

bling occurs. It is generally accepted that the convect-

ive heat transfer coefficient depends on the type of

shortening used for frying, its viscosity, and the tur-

bulence caused by water vapor bubbles released dur-

ing the process. In the stage of initial heating, when

no vaporization of water occurs surface heat transfer

is accomplished by natural convection. Using a metal

transducer, simulating the food being deep fried Cali-

fano and Calvelo [9] found that the convective heat

transfer coefficient ranged between 150 and 165 W

m�2 K�1 for temperatures of 50 to 1008C. Following

the same method Miller et al. [46] determined the

convective heat transfer coefficients for canola oil,

palm oil, corn oil, and soybean oil at 170, 180, and

1908C and found that they ranged between 250 and

280 W m�2 K�1. Determination of the convective

heat transfer coefficient during frying was attempted

by Sahin et al. [64], who assumed a constant value

during the whole process. They used sunflower oil at

different frying temperatures and found that the con-

vective heat transfer coefficient increased from 90 W

m�2 K�1 at 1508C to 200 W m�2 K�1 at 1908C. The

dependence of heat transfer coefficient on the water

loss rate of potato during frying was studied by Costa

et al. [13]. They found that the convective heat trans-

fer coefficient increased, following the increase of

water loss, until complete drying of the potato surface

and then decreased until the end of frying. The max-

imum values were up to two times greater than the

values obtained in the absence of frying, and ranged

(for sunflower oil) between 443 and 750 W m�2 K�1,

depending on the oil temperature and product geom-

etry. Higher values (30% on an average) were ob-

served for potato chips, compared with french fries.

They also commented that when the water loss rate is

very high, the bubbles near the product surface may

hinder the heat transfer. Hubart and Farkas [31] pre-

sented values starting from 300 W m�2 K�1 before the

beginning of bubbling, increasing to 1100 W m�2 K�1

and then decreasing below 200 W m�2 K�1 after 900 s.

Fellows [21] reported values of 250 to 300 W m�2 K�1

before bubbling and 800 to 1000 W m�2 K�1 during

vigorous boiling. He also reported surface heat trans-

fer coefficients of 200 to 450 W m�2 K�1 during

shallow frying.

Viscosity is another factor that affects the heat

transfer coefficient between the oil and the food [46].

Viscosity increases with frying time at a very slow rate,

therefore, the oil has to be used for several hours

before any major difference is observed. The fresh oil

has a higher convective heat transfer coefficient than

the used oil. Thus, the value for fresh soybean oil at

1888C was found equal to 282 W m�2 K�1 compared

with 261 W m�2 K�1 for the used oil [45], while similar



values, i.e., 285 W m�2 K�1 for fresh oil compared

with 273 W m�2 K�1 for used one were obtained for

soybean oil at 1908C [48]. It should be noted, however

that the increase of viscosity is accompanied by de-

crease in surface tension, which facilitates the contact

between the oil and the food and increases the rate of

heat transfer, according to Blumenthal [5].

Another parameter considered as constant in most

models is thermal conductivity. In fact thermal con-

ductivity decreases with frying time, as water is re-

moved from the product and oil, which has a lower

thermal conductivity than water, is absorbed. Thermal

conductivity is also affected by other changes that may

occur in the food, e.g., starch gelatinization. Results

for tortilla chips fried in soybean oil at 1908C showed

that the thermal conductivity decreased from 0.23 to

0.09 W m�1 K�1[47]. Most of this change occurred

during the first 10 to 15 s of frying when most of the

water evaporated from the chips and almost all free

starch granules gelatinized. Similarly, Sahin et al. [64]

found a decrease in thermal conductivity with frying

time, which was greater at the beginning of frying and

leveled off towards the end. They also found that, for

the same frying time, thermal conductivity decreased

as frying temperature increased.

Thermal diffusivity is also expected to change dur-

ing frying, depending up on the change of specific heat

and density of the product being fried, in addition to

the change in thermal conductivity. For example, for

tortilla chips the change was not significant as the

decrease in thermal conductivity was balanced by a

decrease in specific heat and bulk density [47].

52.2.2 MASS TRANSFER

Dehydration in hot oil at temperatures between 160

and 1808C is characterized by very high drying rates.

This rapid drying is critical for ensuring favorable

structural and textural properties of the final product.

Dehydration in oil inevitably leads to a substantial

uptake of oil on or into the potato chips. In the early

stages, surface water is lost by a combination of water

droplets leaving the food surface and evaporation of

boiling water. Water loss is not uniform through the

entire food slice. It occurs first on the edges and

gradually evolves to the core. Crust formation is a

characteristic of fried foods and is closely linked to oil

penetration. A dry surface crust is formed and a

1038C isotherm evolves towards the center. It is a

complex process in which factors such as temperature

of the oil, food weight/frying-oil volume ratio,

surface area/volume ratio, length of frying time, oil

source, food characteristics, and industrial method

used, are involved. Oil adsorption into the voids

created by the release of vapor occurs mostly when
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the slice is removed from the frying medium as a

result of a pressure drop, caused by the cooling of

the product. Moreira et al. [50] measured the oil

content on the surface and at the core of tortilla

chips during frying and cooling, and found that only

20% of the total oil contained in the product was

absorbed inside the chip during frying, while it

amounted to 64% during cooling. Oil absorption is

affected by the porosity of the product. Porosity in-

creases during frying and longer frying times resulted

in more uniform pore size distribution [35]. For

longer shelf life the moisture content of chips and

other products that are dried throughout during fry-

ing should be within 2 to 3%, and from the eco-

nomic point of view, their oil content should be as

low as possible. Nutrition studies on fried products

are related to oil uptake.

Moreira et al. [49] observed that moisture loss and

oil absorption rates were faster during the first 15 s

of frying of tortilla chips and became fairly constant

as frying continued. Oil absorption as a function of

frying time was described by a first-order exponential

equation

O(t) ¼ Oe 1� exp (�kt)½ � (52:6)

where Oe is the final oil content and k is the rate

constant, with values varying from 0.223 to

0.330 s�1. The increase of frying temperature from

150 to 1908C increased the moisture loss rate; the oil

absorption rate was not affected during the first 15 s,

but the final oil content was higher for tortilla chips

fried at higher temperature [49,50]. On the contrary,

according to Guillaumin [28] a temperature variation

between 150 and 1808C had no significant effect on oil

absorption.

Baumann and Escher [4] developed a correlation

for the quantitative description of oil uptake between

frying time t (s), oil temperature T, initial dry matter

content DMr, wet basis (kg/kg), and final moisture

content W, wet basis (kg/kg), while the thickness of

the potato slices b (mm), was considered to be in-

versely related to the oil uptake, assuming that the

oil is deposited primarily on the surface of the slice. It

is expressed as

F ¼ C1 þC2tþC3T þC4DMr þC5W þC6

1

b
(52:7)

where F is the fat content of chips, wet basis (kg/kg),

and C1 (kg/kg), C2 (kg/(kg s)), C3 (kg/(kg 8C)), C4

(kg/kg), C5 (kg/kg), and C6 (kg mm/kg) are con-

stants.

Reddy and Das [61] presented a model for the

prediction of moisture M0, and oil O content (wt %),



of chips that include time of frying t (s), oil tempera-

ture T (8C), and thickness of slice b (mm), as param-

eters. It is given by the regression equations

M0 ¼ 192:42� 0:426807t� 0:795T þ 9:958b (52:8)

O ¼ �54:98þ 0:21156tþ 0:398T � 4:904b (52:9)

Rice and Gamble [62] proposed a similar model that

can be expressed as

ÐM2 ¼ 19:2tþ 40T � 6036 (52:10)

where ÐM is the moisture loss (% initial weight), t is

the frying time (s), and T is the oil temperature (8C).

Costa and Oliveira [14], assuming that the potato

slice consists of two compartments, proposed the fol-

lowing relationship for the kinetics of water loss dur-

ing potato frying

m

mo

¼ ae�Kct(1þ Kct)þ (1� a)e�Ket (1þ Ket)

(52:11)

wherem is themoisture content at time t,mo is the initial

moisture content, Kc and Ke, are the rate constants of

the mass lumped capacity of the core and the edge,

respectively, and a is the fraction of the total water

contained in the core of the raw material.

Kozempel et al. [36], proposed the use of Fick’s

law (for an infinite slab) for the estimation of the

moisture content of fried french fries, which depends

on the diffusion of water vapor in the material

M

Mo

¼ 8

p2

� e(�Dp2t=L2) þ 1

9
e�9(�Dp2t=L2) þ 1

25
e�25(�Dp2t=L2) þ � � �

� �

(52:12)

where M is the potato moisture, t is the residence time,

Mo is the initial moisture, L is the nominal thickness of

cut potato, and D ¼ Doe
(�E/RT) is the diffusion coef-

ficient, which has to be calculated as a function of

temperature due to rapid temperature change that the

potato pieces undergo in the oil bath. It should be

noted that only the first term is significant.

They also develop the following equation for the

estimation of oil absorption, assuming that it depends

on the moisture and texture of the potato pieces,

dS

dt
¼ koe

(k1TX ) þ k2(M)
� �

� e(�E=RT) (52:13)

where S is the concentration of oil (wt oil/wt potato),

t is the time (h), TX is the texture (N), ko is a
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frequency factor (g oil/g potato solids, min), k1 coef-

ficient (N�1), k2 coefficient (g oil–g potato/g potato

solids–g water, min) and T is the temperature of

frying oil (K).

Gamble et al. [26] came to the conclusion that oil

content is closely correlated to the square root of the

frying time. To a reasonable approximation the oil

content was twice the square root of the frying time in

seconds. The oil content was not directly related to

frying temperature, but was more closely related to the

remaining moisture present. An overall correlation of

all data independent of frying temperature produced a

direct relation between oil and moisture content (if not

mechanistically linked), which can be expressed as

O ¼ 37:8� 0:483M0 (52:14)

and stands in the temperature range from 145 to

1858C.

Moreover, they proposed the following equations

to correlate moisture and oil content with the frying

time t (s), and square root frying time:

M0 ¼ 62:9� 0:189t (52:15)

O ¼ 7:87� 0:0888t (52:16)

M0 ¼ 100� 5:34
ffiffi
t
p

(52:17)

O ¼ �9:70� 2:53
ffiffi
t
p

(52:18)

Krokida et al. [37] presented the following kinetic

model for water loss during frying of french fries:

X � Xe

Xo � Xe

¼ exp (�KXt) (52:19)

where X is the potato moisture content (kg/kg db), in

frying time t (min),Xo is the initial moisture content (kg/

kg db), KX ¼ KoX
T

170

� �KXT b
10

� �KXd 1
2
þ C

100

� �KXC
is the rate

constant of moisture content kinetics (min�1), b is the

sample size (mm), C is the concentration of hydrogen-

atedoil in total oil (%),Xe ¼ Xoe
T

170

� �XT b
10

� �Xd 1
2
þ C

100

� �XC

is the moisture content in equilibrium (kg/kg db), and

KoX, KXT, KXb, KXC, Xoe, XT, Xb, XC are parameters.

For the oil uptake they proposed the kinetic model,

Y ¼ Ye[1� exp (�KYt)] (52:20)

where Y is the oil content of potato strips (kg/kg db),

Ye ¼ Yoe
T

170

� �YT b
10

� �Yd 1
2
þ C

100

� �YC
is the oil content at

infinite process time (kg/kg db), KY ¼ KoY
T

170

� �KYT

b
10

� �KYd 1
2
þ C

100

� �KYC
is the rate constant of oil uptake

(min�1), and Yoe, YT, Yb, YC, KoY, KYT, KYb, KYC are

parameters.



TABLE 52.2
Specific Heat Correlation of Edible Oils
as a Function of Temperature

Edible Oil Equationa

Olive Coi ¼ 1.9518Tþ 0.0006T2þ 6.2992T3

Sunflower Coi ¼ 1.5951Tþ 0.0097T2� 0.0000T3

Soybean Coi ¼ 2.1339T� 0.0034T2þ 0.0000T3

Rape Coi ¼ 1.9339Tþ 0.0005T2þ 0.0000T3

Linen Coi ¼ 1.9460Tþ 0.0022T2� 4.3697T3

Castor Coi ¼ 2.0676Tþ 0.0035T2� 0.0000T3

Lard Coi ¼ 2.0849T� 0.0043T2þ 0.0000T3

aT in K.

Source: From Rahman, S. 1995. Food Properties Handbook, CRC

Press, Boca Raton, FL, pp. 327, 238–264. With permission.
Oil co ntent of tort illa ch ips was higher for high er

initial mois ture co ntent [50] .

The oil quality, especially its viscosity and surface

tension, affects the oil absorbed in the product. Viscos-

ity increases and surface tension decreases with

extended oil use due to the formation of polymers and

polar compounds, respectively, through degradation

reactions. Consequently, absorption is greater if the

oil is extensively used [28]. However, Moreira et al.

[50] found that higher viscosity and lower surface ten-

sion caused an increased oil adherence on the surface of

the product, but not an increased final oil content.

Krok ida et al. [38] studi ed the osmot ic pretr eat-

ment and came to the conclusi on that it affects all the

quality attr ibutes for the french fries. Both the

mass trans fer pheno mena (e.g ., water loss and oil

uptake) that take place during frying get less intense

due to the osmo tic pretr eatmen t be fore frying. Colo r

darkness takes place dur ing osmot ic de hydratio n and

browni ng react ions during fryin g are promot ed

resulting in more da rk and red co lored fried pro duct.

Salt treated sampl es have the most accepta ble color.

The struc tural propert ies are also affe cted by osmot ic

pretrea tment, which can be an effective method to

produc e low -fat french frie s.

52.3 PROPERTIES OF OILS RELATED
TO FRYING

52.3.1 THERMAL PROPERTIES

52.3.1 .1 Sp ecific Heat

Oils , fats, and their derivatives such as fatty a cids a t

tempe ratures just above their me lting points h ave spe-

cific he at s of abo ut 1 .9 k J k g �1 K� 1 or somewhat higher.

Pu blishe d d ata on t he spec ifi c h eats of fatty acid s or

triglycerides indica te that, in the liquid state, the specific

hea t inc reases w ith f atty acid chain l eng th a nd de crease s

as fat b eco mes m o re u nsatur at ed. In t he solid sta te t here

is little c hange in specific heat with cha in length and a

progressive increa se with incre ase of the d egree of un-

satura tion. In b oth solid and liquid states there is a

progressive inc rease in spe cific he at a s temperature in-

crea ses [24 ]. For ex ample, for simple and hydroge nated

cotto nseed oils the spe ci fic h eat (kJ k g�1 K� 1) as a

func tio n o f temp eratu re i n de gree C elsius was f ou nd a s:

simple oil (iodi ne value, 108.3):

cp ¼ 1.934 þ 0.0025 5T for T : 15 to 608 C
partiall y hy drogenat ed oil (iodi ne value, 59.5):

cp ¼ 1.989 þ 0.0023 0T for T : 40 to 708 C
highly hy drogenat ed oil (iodi ne value, 0.85):

cp ¼ 1.917 þ 0.0040 6T for T : 60 to 808 C
Similar equ ations have been publis hed by For mo [24]

for sim ple an d hy drogenat ed peanu t oil.
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Accor ding to values tabu lated by Rahm an [59]

specific heat of cottons eed oil varie d from 2.176 kJ

kg� 1 K � 1 at 80 8C to 2.489 kJ kg� 1 K � 1 at 220 8 C, and

that of soyb ean oil from 2.063 kJ kg� 1 K �1 at 20 8 C to

2.502 kJ kg �1 K � 1 at 220 8 C. The resul ts obtaine d

by Kaspr zycka-G uttman and Odzeni ak (cited by

Rahm an [59] ) for v arious oils, in the range of 70 to

140 8 C, are present ed in Table 52.2. Choi and Oko s

(cited by Rahm an [59] ) pr oposed a gen eral equ ation

for specific heat of fats as a functio n of tempe ratur e,

T, from � 40 to 150 8 C:

cp ¼ 1: 9842 þ 1:4733 � 10 � 3 T � 4: 8008 � 10 � 6 T 2

Figure 52.2 present s the change in specific heat of

pure triglyce rides and natural oils accordi ng to da ta

publis hed by Formo [24] and Rahm an [59] .
52.3.1 .2 The rmal Conduct ivity

Thermal con ductivity data for oils , fats, and deriva -

tives are very lim ited. They are poor con ductors of

heat an d the therm al co nductiv ity values de crease

with tempe rature. For exampl e, therm al condu ctivity

of olive oil is 0.1675 W m � 1 K � 1 at 19 8 C and 0.1611

W m� 1 K � 1 at 71 8 C [24]. Sligth ly high er values , i.e.,

0.1887 W m� 1 K � 1 at 5.6 8C and 0.1627 W m � 1 K � 1 at

100 8 C, were presente d by Polley et al. (cited by

Rahm an [59] ). The effe ct of tempe ratur e increase on

thermal conductivity of commercial fatty acids is

given in Tabl e 52.3 [24] . Choi and Okos (cited by

Rahman [59]) proposed the following equation for

thermal conductivity of fats as a function of tempera-

ture in degree Celcius, T, from �40 to 1508C:

k ¼ �0:181� 2:76� 10�3T � 1:77� 10�7T2
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FIGURE 52.2 Specific heat of common pure triglycerides and natural oils.
52.3.2 PHYSICAL AND CHEMICAL PROPERTIES

Fresh oils con sist mainl y (up to 98%) of triglyce rides .

Chara cteristics permitt ing oil use for de ep fat frying

are high vapor pressur e an d resistance to deco mpos-

ition. Decompos ition of oils dur ing frying proceed s

through thermal, oxidat ive, a nd hyd rolytic react ions.

The first react ions resul t in the form ation of various

oxidiz ed and polyme rized prod ucts, while the latter in

free fatty acids, mo no- and di-gl ycerid es. All these

substa nces cause an alteratio n of not only the
TABLE 52.3
Thermal Conductivities of Commercial Fatty Acids

Acid Temperature (8C) Thermal Conductivity (W/m 8C)

Lauric 72.5 0.192

90 0.185

106 0.174

148 0.138

Oleic 72.5 0.188

90 0.178

106 0.155

148 0.115

Palmitic 72.5 0.172

90 0.157

106 0.138

148 0.102

Steatic 72.5 0.160

90 0.146

106 0.132

148 0.096
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physica l propert ies of the oils, but also the sensori al

propert ies and nutri tional value.

52.3.2 .1 Vapor Pressur e

Vapor pressure, r elated to boiling point, is one of the

most important characteristics for the application of

oils to frying processes. Triglycerides of long-chain

fatty acids have extremely low vapor pr essure, which

increases as the fatty acid chain length decreases.

Vegetable oi ls, consisting mainly of triglycerides

wi th l ong-chain f a tt y a ci ds, have c onsequently very

low vapor pr essure, e.g., 0.001 and 0.05 mm Hg at

254 and 3088 C, respectively, for soybean and olive

oil [ 24].

M onoglycer ides have consider ably higher vapor

pressur es, and fatty acids a re even more volatile .

Therefor e, these produ cts of hydrolytic cleava ge a re

a source of smoke arising from used fryin g oil. The

vapor pressur es or boili ng points of some saturated

fatty acids are given in Tabl e 52.4 [24] . The logari thm

of vapor pressure of fatty ac ids and typic al synthet ic

triglyce rides is a linea r functi on of the recipr ocal of

the absolut e temperatur e [24] . The heat of vaporiz a-

tion of fatty mate rials ha s been calcul ated from vapo r

pressur e da ta by means of the Clausius -Clapeyr on

equati on and amounts to 238 kJ kg �1 for oleic and

stearic acids at atmos pheric pressur e and 209 kJ kg�1

for soyb ean oil at 0.001 to 0.05 mm Hg [24].

52.3.2.2 Smoke, Fire, and Flash Points

The smoke, fire, and flash points of a fatty material

are measures of its thermal stability when heated in



TABLE 52.4
Boiling Points of Saturated Fatty Acids

Pressure (mm) Boiling Point (8C)

Caproic Caprylic Capric Lauric Myristic Palmitic Stearic

1 61.7 87.5 110.3 130.2 149.2 167.4 183.6

2 71.9 97.9 121.1 141.8 161.1 179.0 195.9

4 82.8 109.1 132.7 154.1 173.9 192.2 209.2

8 94.6 121.3 145.5 167.4 187.6 206.1 224.1

16 107.3 134.6 159.4 181.8 202.4 221.5 240.0

32 120.8 149.2 174.6 197.4 218.3 238.4 257.1

64 136.0 165.3 191.3 214.6 236.3 257.1 276.8

128 152.5 183.3 209.8 234.3 257.3 278.7 299.7

256 171.5 203.0 230.6 256.6 281.5 303.6 324.8

512 192.5 225.6 254.9 282.5 309.0 332.6a 355.2a

760 205.8 239.7 270.0 298.9 326.2a 351.5a 376.1a

aValues obtained by extrapolation.
contact with air. The smoke point is the temperature

at which smoking is first detected in a laboratory

apparatus protected from drafts. The flash point is

the temperature at which the volatile products are

evolved at a rate sufficient to be ignited, but not to

support combustion. The fire point is the temperature

at which the volatile products support continued

combustion.

Fatty acids are much more volatile than glycer-

ides; therefore, smoke, flash, and fire points of oils

depend principally on the content of free fatty acids,

and decrease if hydrolytic degradation is extended

during frying. The smoke point of cottonseed, corn,

or peanut oils, e.g., decreases from about 2328C at a

free fatty acid content of 0.01% to 938C at a free fatty

acid content of 100%. The unsaturation of oil has

hardly any effect on its smoke, flash, and fire points.

52.3.2.3 Viscosity

The viscosity of an oil is strongly affected by the

degradation during frying, increasing as a result of

the formation of dimers and polymers through ther-

mal and oxidative degradation [5,11,55]. Keeping the

oil at frying temperature caused an increase of viscos-

ity with time, which was even higher when the oil was

aerated [12]. The increase observed during continuous

heating of the oil was higher than that during frying

at the same temperature (27% compared with 11%

after 90 h at 1858C [11]. Experiments of potato frying

with corn oil showed that after 36 h of frying, when

smoking and foaming of the oil indicated that it was

no longer suitable for frying, its viscosity had in-

creased by 28.6% [27].
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52.3.2.4 Surface Tension

Fresh oils consist mainly of triglycerides and are im-

miscible with water, which is the main constituent of

all foods. The surface tension between oil and food

reduces by the action of polar compounds that are

formed through degradation reactions and leaching

of food materials into the oil during the frying pro-

cess. As a result, oil and food contact increases and

heat transfer becomes more effective. Blumenthal [5]

observed that the contact time of fresh oil at the food

surface is only about 10% of the food immersion time.

As the oil continues to be used, the contact time

increases to about 20%, then optimally to about

50%. This causes normal absorption of oil into food

and proper cooking of the exterior and the interior.

If the oil degrades further, more surfactants are

formed, causing an increased contact time (80% or

higher). As a result, an excessive oil pickup by the

food and an increased rate of heat transfer to the

surface of the food is observed, while conduction of

heat to the interior cannot be sped up by changes in

the oil. Thus, excessive darkening and drying at the

surface occur.

Sodium oleate, a water-activated surfactant, was

isolated from the polar fraction of frying fat [6,27].

Other water-activated surfactants are phospholipids

and inorganic salts. Lipid-activated surfactants in-

clude low-polar thermal polymers and high-polar oxi-

dated compounds. The mono- and di-glycerides

formed through hydrolysis also cause a rapid drop

of the interfacial tension between oil and water [23].

The oil–air surface tension was found to decrease

by 2.20% after 36 h of potato frying [27]. At high



surfactant concentration, the reduction of the inter-

facial tension causes the formation of persistent vapor

bubbles at the air/oil interface, or in other words,

foaming.

52.3.2.5 Color

Carotenoid and chlorophyll pigments are responsible

for the color of the fresh oils. Usually color is one of

the properties most frequently determined at the pur-

chase of the oil in the frying industry [53]. The color

of frying oil darkens with use and eventually affects

the color of the fried product. Perhaps, the color

change is the most noticeable of all changes occurring

during frying. Food introduces various components

to the oil during frying. Many of these components

contribute to color formation by reacting with oil or

its degradation products. Maillard browning reac-

tions are believed to be the source of some of the

color development [32,54]. Since Maillard reactions

are greatly accelerated by increasing temperature,

dark coloration at the surface of the fried food and

in the frying oil can readily occur. Furthermore, al-

dehyde groups of triglyceride molecules, derived from

lipid degradation react with amino groups to form

dark coloring compounds. However, a darkening is

observed even when the oil is simply heated at frying

temperature, without the addition of any food. In fact

darkening during heating is more intense than that

developed during frying [11,25].

52.3.2.6 Alteration of Frying Oil

During the frying process the lipid material is exposed

to high temperature in the presence of air and mois-

ture. Under these conditions a wide variety of reac-

tions takes place and the main groups of alteration

compounds generated are summarized in Table 52.5

[11,25,7,16].
TABLE 52.5
Main Groups of Compounds Formed during De

Type of Reaction Causative Agent

Oxidation Oxygen

Thermal degradation Temperature

Hydrolysis Moisture
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The rate of the oxidation reactions is higher for the

fatty acids that contain more double bonds. However,

even saturated fatty acids undergo oxidation. The rela-

tive reaction rates of oleic (C18:1), linoleic (C18:2), and

linolenic acid (C18:3) with oxygen are 1, 10, 25, respect-

ively [18]. Therefore, the inherent stability to oxida-

tion, expressing the relative reaction rate with oxygen

of oil depends on the fatty acid content of its triglycer-

ides and can be calculated as [18]:

Inherent stability ¼ (% oleic acid� 1

þ% linoleic acid� 10

þ% linolenic acid� 25)=100

The primary oxidation products are hydroperoxides,

which decompose quickly at frying temperature

and cannot be detected. The decomposition products

include several volatiles. The volatile compounds in-

crease at the beginning of frying until they reach a

plateau, as a result of simultaneous evaporation, de-

composition, and formation [11,55]. Other secondary

products formed are nonvolatile polar compounds,

e.g., dimers and oligomers. The content of polar com-

pounds increases linearly with frying time [29,30,

43,65] and may be considered as the most representa-

tive index of oil degradation during frying [25,63,71].

Several countries have established 25 to 27% total

polar content as the regulatory limit for use of

the frying oil [22]. The polar content increase is ac-

companied with interfacial tension decrease, as polar

materials act as surfactants and viscosity increase,

since dimers and oligomers are formed. Thus, the

decrease in surface tension was highly correlated

with the increase in viscosity [27], and a higher

fat absorption in frying food was observed as the

viscosity of the frying oil increased [55]. The viscosity

increase is not only due to the polymers formed

through secondary reactions of hydroperoxides, but
ep-Fat Frying

Resulting Compounds

Oxidized monomeric triglycerides

Dimeric and oligomeric triglycerides

Volatile compounds (e.g., aldehydes, ketones, alcohols,

esters, hydrocarbons, and aromatic compounds)

Cyclic monomeric triglycerides

Nonpolar dimeric and oligomeric triglycerides

Fatty acids

Monoglycerides

Diglycerides



also due to polymers formed through thermal

alterations.

The polyunsaturated fatty acids upon oxidation

tend to form conjugated structures. Thus, the conju-

gated dienes content increases with frying time, when

oils rich in linoleic acid are used [25,30,71] and con-

jugated trienes are also formed when linolenic acid is

present.

The rate of all oxidation reactions increases with

temperature. However, the increase from 155 to

1958C was moderate [30]. The elimination of air, on

the other hand, seems to affect greatly the degrad-

ation reactions [55].

Products formed through hydrolytic cleavage, i.e.,

free fatty acids, mono- and di-glycerides increase at

the beginning of frying and remain almost constant

afterwards [30]. Normally 0.5 to 0.8% free fatty acids

content is encountered in frying oils [55]. Higher con-

tents may cause extensive smoking of the oil, but

usually the simultaneous formation and evaporation

of the acids leads to a plateau.

52.4 INDUSTRIAL FRYING SYSTEMS

52.4.1 EQUIPMENT

The equipment used in industrial frying consists

mainly of continuous, highly automated deep-fat fry-

ers. Large batch frying systems are also included in

the industrial frying classification. The first continu-

ous fryer was developed in 1929 for the production of

potato chips. A wide variety of industrial fryers fol-

lowed, suitable to produce every type of fried food

from savory snacks, doughnuts, and vegetables to

breaded meat and seafood. The more widely used

are the traditional fryers for chips and several snacks,

but pressure fryers, vacuum fryers, shaped product

fryers, and a number of others are also commercially

available in a variety of sizes and configurations.

They have production capacities from a few hundred

kilograms per hour for some snacks to tens of tons

per hour for par-fried french fries.

Continuous deep-fat frying systems consist of five

independent sets of equipment: (1) an oil tank where

the food to be fried is submerged; (2) a conveying

means for moving the food into, through, and out

of the oil; (3) a heating unit; (4) an exhaust system to

remove the vapors emerging from the oil tank; and

(5) an oil recirculation system, which pumps the oil

through filters (and external heaters if used) and

replenishes it from a bulk supply to maintain a steady

volume in the tank. Banks [3] designated six zones or

fryer areas in an industrial fryer used for snacks

production, where product handling and processing

conditions are controlled to regulate frying:
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1. The entry zone where the food is rapidly heated

and is covered in a few seconds with small

steam bubbles, more or less uniform in size

and distribution. Bubbles keep the food pieces

separated and, along with the flow of oil, pre-

vent clump formation. Mechanical pressure or

even pressure due to excessive oil flow that

would force the food pieces into close contact

must be avoided in the entry zone. The food

must move freely with the aid of a smooth oil

flow. At the end of the entry zone a ‘‘breaker

bar’’ or any other appropriate device may be

used for the separation of any clumps that have

been formed. Starch, in starch containing foods

like savory snacks and potato products, begins

to gelatinize in the entry zone, first on the

surface and later through to the interior.

2. The case-hardening zone where the bubble pat-

tern on the food surface changes, with some

areas emitting larger and more frequent steam

bubbles and others smaller and at a slower rate.

The larger bubble sites mark surface points

where steam channels have erupted due to

steam pressure generated in the interior of the

product. The steam pressure increase may cause

intercellular separation and formation of chan-

nels that break through to the surface or

formation of blisters in the interior of the

product. The smaller bubble sites reflect the

dehydration of cells close to and on the surface.

An outer layer of a crust begins to form as a

result of this dehydration and food begins to

case harden. When case hardening is complete

food pieces have less tendency to stick together,

but they are still pliable and malleable.

3. The shape-firming zone where the larger bubble

sites on the food surface continue to emit

steam, while the smaller bubble points further

diminish. The thickness of the crust layer in-

creases and cells below the crust dehydrate and

become fixed. Crust thickness and subsurface

structure depend greatly on frying temperature.

Higher temperatures result in a thinner crust

layer. The original subsurface cellular struc-

ture, interlaced with some voids, is generally

maintained, although cell walls are distorted,

in nominal frying conditions. When a tempera-

ture profile, typical of kettle frying, is used, the

original cellular structure is almost completely

destroyed and a porous, cavernous structure is

formed.

4. The cooking or moisture reduction zone where

the food having a nonsticky surface and a rela-

tively firm shape continues to loose moisture

through steam emission and cooking. The
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temperature that was maintained slightly over

the boiling point of water until now begins to

rise, initiating the final phase of frying. Usually

there is a need to keep the products under the

surface of the oil in this zone by a submerger

belt.

5. The finish frying zone which starts as the prod-

uct approaches the end of the submerger belt

and continuous until the product is removed

from the fryer by the carry out conveyor. Fin-

ish frying is very important for the quality of

the product and must be carefully controlled. If

the product is removed from the fryer before

finish frying is completed it would have poor

flavor, light color, poor textural characteristics,

and low oil content. It is the final dehydration

and temperature rise that support chemical re-

actions generating much of the flavor and color

of the products and create the desired texture.

6. The takeout zone where the product is moved

out of the oil by a conveyor. The product is still

hot in that zone and continues to cook. Its

surface is covered with oil and has a wet ap-

pearance. As the product cools, the residual

water vapor condenses, creating a pressure dif-

ference that pulls the oil from the surface into

the pores and leaves the surface almost dry.

Handling of the product at the takeout zone

influences its moisture, texture, flavor, color,

and especially oil content. To increase oil up-

take, additional oil can be sprayed on the hot

product, to be absorbed as the product cools.

On the contrary, if low oil content is desired the

product has to be maintained at temperature as

it leaves the oil bath and the surface oil can be

removed by a stream of hot gas. Some of the

early commercial processes utilized a stream of

hot air to reduce surface oil, but caused rapid

oxidation and decrease of product shelf life. To

avoid oxidation, units developed later use dry

steam in conjunction with an oxygen-free

chamber [3]. Centrifugal force is also used in

some operations to reduce oil content of the

products.
52.4.1.1 Oil Tank

The oil tank is usually constructed of stainless steel

and may have a rectangular shape or a V-shaped

bottom. The V-shaped bottom facilitates settling

and removal of sediment. Tubes or electrical elements

may be placed in the tank, if an internal heating

system is used. The thermal insulation of the tank is

a very important feature since it improves fryer effi-

ciency and lessens the risk of burns to those making
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casual contact. Some metals are strong catalysts of oil

oxidation. Their catalytic activity varies following the

order: copper> copper alloys> iron> zinc> stainless

steel>magnesium. Copper and copper alloys are det-

rimental for oil deterioration; therefore, all metal sur-

faces that come in contact with the oil should not

contain any of these metals.

The size of a fryer varies depending on the finished

product output, which may range from 100 to 5000 kg/

h for potato chips and other snacks, or 14,000 kg/h for

par-fried french fries [3]. The proper sizing of the fryer

is very important. The best quality products are pro-

duced when fryers operate at full capacity and on a

continuous basis. Operating the fryer outside of its

designed capacity can cause both unacceptable prod-

uct quality and equipment failures, with risks increas-

ing in proportion to the deviation from design

capacity. Operating the fryer below the rated capacity

results in unnecessary quantities of frying oil being

kept heated and reduction of oil turnover, which

increases oxidative deterioration. Therefore, extended

operation below the rated capacity affects negatively

the frying oil quality and the flavor, nutritive quality,

and shelf life of the fried product. Operating above the

rated capacity changes the frying temperature profile

and may result in undercooked products with a bland

unacceptable flavor. Also, it forces extensive heat

input, which can lead to early equipment failure [3,10].

Apart from the conventional frying process, some

frying systems have a short frying step followed by a

finish-cook step in an oven with steam or hot air. In

impingement ovens, high-velocity hot air is forced

against the food at 908 angle [32]. In a reverse situ-

ation, microwaves or steam have been used for the

initial cook, followed by a finish-frying step. One of

the main goals in this procedure is to reduce oil

absorption in the food.

52.4.1.2 Conveying System

The food to be fried is carried into and through the oil

tank by an appropriate conveyor. Food can also be

fed by slow-moving paddles and it either sinks to

the submerged conveyor or, if it floats, is held below

the surface by a second conveyor. The conveyor speed

controls the frying time. The fried food is removed

from the fryer by an inclined conveyor and excess oil

is drained back into the tank.

Matz [41] has classified the following conveying

mechanisms: (1) spacer bar conveying, in which the

frying piece floats between transverse bars that push it

over the surface at a rate adjusted to give it the

desired cook by the time it emerges from the end of

the tank; (2) drop plate conveying, in which the prod-

uct rests on shelves moving below the fat surface until



the pieces develop enough buoyancy to rise to the

surface where they contact an upper conveying

means; (3) hold-down conveying, in which a mesh

band moving just underneath the surface of the oil

contacts the upper surface of the buoyant product

and carries it along; (4) restrained conveying, in

which products are carried between two horizontal

mesh belts; (5) conveyors for nonfloating products,

traveling well below the surface of the oil and utilizing

baskets, belts, or other holding devices having no

covers; (6) compartmentalized conveying, in which

dough pieces are held in small molds that may help

to shape the product as it cooks (e.g., fabricated

chips); and (7) conveying by the current of the oil

that is being created by pumps. Some other types

also have been devised to transport foods requiring

special treatment. An example is the rotating drum

conveyor described by Bullock (cited by Matz [41]), in

which the drum has internal shelves. During part of

the drum’s rotation, the food is immersed into hot oil.

Some products, e.g., doughnuts, must be turned

over a little more than half way through the frying

process in order to get a symmetrical shape and a

uniform crust color. For these products conveyors

that automatically turn the dough pieces at the proper

time are used.

The food may be transferred out of the fryer by an

inclined conveyor or some more complex mechanism.

Usually foods have to be cooled before packaging in

order to become firmer and to slow moisture migra-

tion from the crumb to the crust for those products

that retain a moist interior.

Improved product quality is closely related to

appropriate gentle handling through the fryer. Con-

temporary fryers often feature interchangeable inlet

sections produced in a cartridge design, which pro-

mote simple and rapid product changeover and easy

height adjustment to support various types of trans-

fers. Developments in hold-down conveyors permit

an easier vertical adjustment to provide the needed

gap to ensure both product control and minimal

damage from the belting. To minimize belting dam-

age conveyors with Teflon slats that present a nearly

smooth, nonstick surface are now available [68].

52.4.1.3 Heating Units

Fryers are heated by electricity, gas, fuel oil, or steam.

Dual-fuel systems convertible from fuel oil to gas are

available. A direct heating system for heating the oil

in the tank may be applied, or an external one by

means of a heat exchanger.

The direct heating systems include bottom-fired

gas strip burners, tubular heating systems, or elec-

trical heating elements installed inside the tank. In
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bottom heating systems a problem may arise from

the accumulation of sediments on the bottom of the

vat and formation of an insulating layer between the

heat source and the oil. Moreover solids are over-

heated and deteriorate quickly affecting the frying

oil quality. This situation can be overcome to a cer-

tain extent by constructing the tank with a V-shaped

bottom, so that the solid material accumulates on the

lowest part of the vat, bellow the level at which heat is

being applied.

The tubular heating systems transfer heat by pass-

ing burning gases, thermal oil, or steam through tubes

that run through the vat from side to side. One ad-

vantage of tubular systems, as compared with direct

bottom heating is that there is a cooler zone below

the heating tubes, where solids settle away from the

high heat and turbulence so that they do not interfere

with heat transfer and do not deteriorate very fast.

The V-shaped bottom facilitates settling and removal

of solid sediment in this case, as well. Another advan-

tage is the large heating surface that enables a suffi-

cient heat transfer rate, at a lower temperature

difference between the surface of the tubes and the

surrounding oil. As a result of overheating of the oil,

generation of burnt deposits on the heating surfaces,

and quality deterioration are diminished. Disadvan-

tages are the greater difficulty of cleaning tubes and

the need for a larger quantity of frying oil for the

same output.

Electrical heating systems are convenient, but they

are used mostly in batch fryers, or in small continuous

systems, due to higher energy cost. Electricity is used

to heat resistance elements inside small stainless steel

tubes assembled in grids. These grids are fixed in the

fryer, just above the bottom of the tank and can be

raised out of the tank to make cleaning easier. Elec-

trically heated fryers have the advantage of require-

ment of smaller amount of oil than the tubular ones.

Also it is very easy to create different temperature

zones inside the fryer by the appropriate position of

the heating elements.

Microwave heating, as an additional source to con-

ventional heating, has been claimed to offer advantages

to the cooking of some products, e.g., doughnuts [68].

Microwave radiation is appliedwhen the doughnuts are

fried on their first side and result in a faster increase of

the temperature inside the doughnut and consequently

in a faster expansion. The total volume of the product is

larger and fat absorption may be reduced up to 25%.

A patent of a short-wave infrared heated conveyor,

simulating contact frying, was proposed for pizzas and

pancakes by Dagerskog et al. (cited by Matz [41]).

External heat exchangers are of direct or indirect

heating type. Direct heating is accomplished by gas, oil,

or propane burning. Indirect systems use chlorinated



hydrocarbon heat transfer fluids or steam. The exter-

nal heat exchangers allow the fryer tank to be shal-

lower and, therefore, a smaller amount of oil is needed

in the tank, but a considerable amount is needed to fill

the heat exchanger and the piping to and from it. A

major advantage of the external heat exchangers is the

more uniform temperature of the oil in the fryer, as

compared with heating systems installed in the tank.

The initial cost of external heating is higher [41], but a

longer equipment life, an improved product quality, a

higher safety, and environmental protection are

achieved according to Swackhamer [68]. For fryers

with multiple temperature zones, oil can be pumped

from an external heat exchanger through separate

pipes at a different flow. The flow into each separate

zone is controlled individually to maintain the preset

temperature of the zone.

Heat and oil recovery systems are used to reduce

energy and oil costs. The exhaust vapor escaping

from the vat is used to preheat incoming food or oil.

If direct contact of this vapor with the incoming food

is applied some of the oil carried by exhaust vapor is

absorbed in the food reducing the amount of oil that

is required in the fryer. Alternatively a heat exchanger

may be mounted in the exhaust hood to recover heat

and use it to preheat incoming food or oil, or to heat

process water. Oil recovery systems are also used to

remove the oil entrained in exhaust vapor and to

return it to the oil tank. In addition, pollution control

systems prevent smoke and other volatile products of

oil degradation from being discharged to the atmos-

phere, by feeding the exhaust air into the burner used

to heat the oil. By appropriate controlling, thermal

efficiencies of 80 to 90% can be achieved [21].

52.4.1.4 Exhaust System

A large amount of vapor is generated by the fryer

and contains droplets of oil, volatile products

formed through oil degradation, and gases given

off by the food. Therefore, exhaust systems are in-

stalled in industrial fryers to collect and dispose the

hot gases in a safe and sanitary manner. The fryer

may be completely enclosed in the exhaust system, or

an overhead hood may be used. The exhaust gases

are not emitted directly to the environment. Several

oil and heat recovery systems are used, as mentioned

above.

Oil droplets entrained in the exhaust vapor are

usually separated by cyclones. Water spray is mixed

with the hot gases as they enter the centrifugal

blower, where violent turbulence disperses the water

and throws the oil and water droplets to the blower

walls by centrifugal force. Separation is completed in

a tangential entry centrifugal separator that follows
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the blowers. Volatile organic compounds are directed

to the burner used to heat the oil, as already men-

tioned, or to a combustion chamber if such a burner is

not used.

52.4.1.5 Recirculation of the Oil and Oil Turnover

Industrial fryers are equipped with pumps for con-

tinuous recirculation of the oil through external heat-

ers and filters. Fresh oil (makeup oil) is added

automatically to replace the oil absorbed by the

food and maintain the desired level in the fryer.

Oil turnover is usually expressed as the number of

hours required for the fresh oil added during frying to

equal the total quantity of oil in the frying system,

and is calculated as:

Oil turnover¼
total weight of oil in the frying system, kg

(% oil in product)(fryer output, kg=h)

Industrial fryers commonly have oil turnover rates

ranging from 5 to 10 h, with some fryers ranging a

few hours higher [3]. After one turnover, one half of

the original oil remains in the frying system and is

further halved with each subsequent turnover. Usu-

ally equilibrium in the oil analytical values is achieved

after four turnovers and reflects blending of the fryer

and fresh oil at a constant rate. A low value of oil

turnover indicates a reduced stress of the oil during

processing and is an important consideration in fryer

selection together with the type of oil, the fried prod-

uct, and the operating conditions. Some frying sys-

tems operate successfully with an oil turnover rate of

12 h, while others, involving different products and

fryers, require a turnover rate <7 h [3].

52.4.1.6 Filtration Systems

Screens and filters are used to remove solid particles

and to extend the life of the frying oil. Screens, lo-

cated ahead of the oil circulation pumps, to remove

large particulates and to protect heat exchanger tube

bundles from becoming clogged, have been widely

used in industrial frying systems. These basic crumb-

removal screens do not remove small particles from

the oil. The particles that sink to the bottom may be

carried out of the tank by a screw conveyor or special

augers [41,51]. The discharged material is pumped

together with surface oil to filters. The particles that

remain in suspension are effectively removed by more

complex multistage filters [68].

Passive filtration with possible addition of an inert

filter aid such as diatomaceous earth has been a com-

mon practice in frying industry for several years



[8,74]. Passive filtration may be defined as the oper-

ation or removal of particulates with an inert filter

medium. However, within the last 15 y demands for

better quality along with the augmenting use of vege-

table oils, have created the need for filter absorbents,

which aid in the removal of degradation products.

This type of filtration is designated as active filtration.

In processing of foods that absorb a significant

amount of oil, e.g., potato chips or doughnuts, the

oil turnover value is low enough, and the oil quality

never deteriorates to the point where the oil must be

discarded. Passive filtration is sufficient for this type

of operation. On the contrary for high values of turn-

over, degradation products may accumulate and ac-

tive filtration may help in slowing the rate of oil

decomposition.

Many natural and synthetic absorbents have been

promoted for use in active filtration of frying oils [72].

Processors concern free fatty acids as one of the main

degradation products that they want to keep at a low

level and evaluate absorbents relevantly. Natural

absorbents in combination with diatomaceous earth

were judged effective to control free fatty acids, off-

flavors, smoke, and foaming, without negatively

affecting the flavor of the oil [8]. Nevertheless, an

increased concern of producers is observed about

the level of total polar compounds, oxidized com-

pounds and polymers in fried oil and consequently

in fried food. The different absorbents have different

selectivity towards each group of degradation prod-

ucts. Alumina absorbs free fatty acids, while it is

almost inert for other polar compounds [73]. Silica

and active silica are effective in absorbing free fatty

acids and mono- and di-glycerides, and less effective

for other polar compounds [42,72]. Activated carbon

is effective in removing saturated and unsaturated

carbonyl compounds [42]. Synthetic magnesium sili-

cate absorbs more polymeric substances and other

polar compounds than silica absorbents [73]. Mix-

tures of activated carbon and activated silica were

effective in removing cholesterol oxidation products

too [74]. Also, mixtures of commercial absorbents,

based on calcium silicate, magnesium silicate, and

porous rhyolite removed free fatty acids and polar

compounds and improved the stability of the frying

oil [40].

Filtration can be distinguished in two types: (1)

absolute and (2) depth. In absolute filtration a steel or

plastic screen, cartridge, or paper filter removes par-

ticles from the oil. These filters have certain porosity

and most of them retain particles down to 5 mm,

when used for passive filtration [72]. If diatomaceous

earth or other absorbents are used, they are mixed

with the oil in the fryer at the end of the day and/or

shift and the suspension is pumped through the filter
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and circulated through the filter and back into the

fryer until a filter bed is established and the fryer is

free of fines and particulates. Filter media suppliers

recommend a dose between 0.1 and 2.0%, by weight

on the frying medium [8].

In depth filtration a thick layer of porous material

with irregular channels is used. A depth filter can be a

pad made of thick nonwoven fabric, or a cake of filter

aid type. Depth filters may retain particles down to

about 1 mm [72] and do not blind as easily as absolute

filters because they have a greater filtering area.

Diatomaceous earth, or perlite is used as inert

powders in depth filters. Active absorbents are also

incorporated in filter pads, e.g., bonded on refined

cellulose fibers [74].

52.4.2 PROCESS TEMPERATURE AND TIME

The necessary frying time for the product to obtain

surface color, crispness, and organoleptic quality de-

pends greatly on oil temperature. It seems that there is

no optimum time–temperature combination for each

product and depends on the size and configuration of

the product and its ingredients.

For potato chips the use of two different frying

temperatures provides an example of how tempera-

ture can affect product attributes. If potato slices are

fried at 1858C, a frying cycle of approximately 3 min

is required and a delicate texture and a thin crust are

obtained. If a temperature of 1678C is used, the frying

cycle is extended to about 7 min and the chips have a

harder texture and a thicker and firmer crust. In

general the lower the temperature and the longer the

process time, the slower the cooking rate of the prod-

uct, the firmer the crust and texture, and the higher

the oil absorbed by the product. Products, e.g., fabri-

cated chips or various snacks, made from dough with

low moisture content (i.e., 40%) are often fried at

higher temperature (200 to 2058C) for a very short

time amounting to a few seconds. Under these condi-

tions a small quantity of oil is absorbed in the prod-

ucts and an additional amount is sprayed on them at

the exit of the fryer, if higher oil content is desired.

Tortilla chips, which also have moisture content

around 40% before frying, are fried at approximately

1908C for 60 s and the oil content of the product

amounts to about 20% [35].

For products that expand during frying, e.g.,

doughnuts, the frying temperature is critical for max-

imum expansion. Temperatures in the range of 190 to

2028C have been recommended for yeast-leavened

doughnuts [41]. Higher temperatures within this

range may encourage greater expansion, but excessive

temperatures firm up the skin too fast so that max-

imum expansion cannot occur. Frying at temperatures



that are too low allows too much fat to penetrate the

crust before the interior is cooked. Optimum frying

times in the above-mentioned temperature range are

110 to 120 s for round doughnuts weighing 1.5 oz.

Other products, e.g., pies, may present bursting

problems before they are sufficiently cooked, if not

fried properly. Some times temperature combinations

have been proposed for various sizes of pies ranging

from 1808C for 225 s for smaller pies to 1958C for

255 s for larger ones [41].

Par-fried french fries are usually subjected to a

fast frying for approximately 30 s at 175 to 1858C.

A partial drying of the raw material may be applied

after blanching, to adjust the solid content and to add

to the crispness of the final product.

A temperature variation along the fryer has been

increasingly recognized as offering certain advantages

for some products. A higher temperature may be

applied at the entry zone of the fryer. Another such

zone may be needed in the area where pieces are

turned over, in doughnuts fryers.

52.4.3 FRYER OPERATION AND CONTROL

The highest quality and most consistent products are

produced when fryers are operated at full capacity on

a continuous basis, stopping production only for

schedule maintenance and cleaning at the end of

each week. However for business and staffing reasons

many business use a daily schedule, therefore, appro-

priate oil and fryer management programs must be

carefully developed and utilized to produce a com-

petitive product.

At fryer start-up, preheating of the oil at 1008C is

usually required and maintaining at that temperature

until moisture is completely removed. Heating to pro-

cess temperature and starting production must follow

immediately in order to minimize oil degradation.

Any interruption in production, when the oil is circu-

lated at frying temperature, creates a high-risk period

for the oil and finished product. According to Banks

[3] in industrial operations, increased consumer com-

plaints are correlated with product made following

interruptions in production exceeding 20 min. Each

interruption should be managed as a potential prob-

lem. When it is apparent that an interruption will last

longer than a few minutes, a partial fryer shutdown

should be initiated by stopping the addition of

makeup oil and heating, while continuing oil circula-

tion. After the last product is removed from the fryer,

the conveyor system should also be stopped to min-

imize oil aeration. The same steps are followed at the

end of production. The proper time to stop heating is

determined so that the oil is at the minimum frying

temperature as the last product leaves the fryer. Oil
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circulation is not stopped until the temperature

reaches the allowed limit, which is usually defined by

the manufacturer. If production is restarted the fol-

lowing day, the oil is left in the fryer; otherwise it is

better to be transferred to a storage tank in order to

minimize oxidative degradation.

Contemporary industrial fryers are computer con-

trolled. In the absence of computer control a set of

systematic operating procedures is developed. Energy

requirements and operating parameters are deter-

mined for the full range of variations in raw material

type and feed rate, and translated into fryer settings.

During production, operating parameters can be

adjusted to the predetermined settings as changes in

raw material occur.

52.4.4 FRYING MEDIUM

The products used for frying range from nonhydro-

genated refined fats and oils to hydrogenated prod-

ucts specifically designed for frying. The selection of

an oil or fat is influenced by many factors as the

inherent stability to oxidation, the fried product and

especially its flavor and eating characteristics, the

cost, the fryer design, and the historical usage.

Quite often the most important factor, apart from

cost, is the inherent stability to oxidation since it

affects the quality and shelf life of the finished prod-

uct. The inherent stability of a frying oil decreases

with increasing content of polyunsaturated fatty acids

and can be calculated as described in Section 3.2.6.

This is the reason why cottonseed oil is considered the

first vegetable oil for deep frying and why several fats,

e.g., palm kernel, are used in mixtures specially pre-

pared for frying. Olive oil also has a good inherent

oxidative stability, due to high content in oleic acid,

which is monounsaturated and low content in poly-

unsaturated fatty acids, but it may have a smoking

problem due to its nontriglyceride constituents

[17,18].

Pourable frying oils are popular because of their

convenience in handling. They range from clear to

opaque fluids at room temperature. Refined,

bleached, and deodorized (RBD) vegetable oils, e.g.,

soybean, cottonseed, corn, and canola may be used,

but they are not stable to oxidation. Therefore, par-

tially hydrogenated vegetable oils are preferred and

they are frequently used in blends that may contain a

small amount of solid fat. Also new varieties of oils

with low content of linolenic acid and high content of

oleic acid are promoted for use in frying [44,10]. Clear

liquid frying oils are also made by fractionation of

hydrogenated oils. Cottonseed oil, hydrogenated

soybean or canola oil, and palm olein are mostly

used in liquid frying oil formulations.



A wide variety of plastic or solid frying fats, e.g.,

RBD palm, palm stearine, coconut, palm kernel, lard,

and tallow are also used in frying. They are mainly

blended with RBD oils, hydrogenated oils, or with

each other to prepare heavy-duty shortenings. Lauric

acid oils (e.g., palm kernel and coconut) can be

blended only with each other and not with fats and

oils containing longer fatty acids, because in the last

case an early onset of excessive foaming is observed

[17,18]. Although solid fats and hydrogenated oils

generally present a higher oxidative stability their

use may be limited by the sensorial characteristics

they impart in fried foods. A shortening with high

solid content and elevated melting point creates a

waxy surface of the product and an unpleasant

mouthfeel. On the other hand, a greasy surface may

be created with a shortening of very low solid fat

content. Another cause that has limited or even ex-

cluded animal fats from frying blends is their content

in saturated fat and cholesterol, which were linked to

increased risks of coronary disease. Consequently

consumers concern has forced the industry and

food-service processors to switch to all vegetable

blends containing partially hydrogenated oils [8].

Erickson [17,18] presents the properties of some oils

and blends that are suitable as frying media in differ-

ent applications.

Apart from the properties of the bulk oil, its frying

performance is evaluated by frying tests and analyt-

ical measurements when the frying system has

reached steady-state conditions. The fresh oil placed

in the fryer is free of degradation products and may

contain some antioxidant additives, therefore, analyt-

ical measurements conducted before the system

reaches equilibrium lead to misleading results. In

most industrial frying operations, the status of the

oil approaches equilibrium after four oil turnovers.

The analytical values recorded usually include color,

flavor, viscosity, and free fatty acids. If analytical

laboratory facilities are available measurements

more representative of the oxidative status of the oil

are executed, e.g., polar compounds content, anisi-

dine value, polymers, oxidized triglycerides, and con-

jugated dienes. Especially the polar compounds

content determination is practiced by many industries

because an upper limit is allowed by the legislation of

several countries [22].

The storage of the bulk oil is another very import-

ant factor, which affects its quality. The storage tank

must be sized properly to assure rapid oil turnover

and frequent fresh oil supplies, e.g., on a one- or two-

week basis. Peroxide value (PV) determination can be

conveniently used to monitor storage oil quality. PV

on receipt should be bellow 1.0 meq/kg, preferably

bellow 0.5. By avoiding temperature increase, aer-
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ation, and contamination, PV should be maintained

below 1.0 and 2.0 meq/kg at the end of first and

second week, respectively. Longer storage times may

require additional protection by nitrogen to depress

oxidation.
52.5 PRODUCT QUALITY AND SHELF LIFE

The sensorial attributes of a fried product, i.e., flavor,

color, and crispness, depend on the raw material, the

frying medium, and the frying conditions. The frying

medium is absorbed in the products and, therefore, is

an important ingredient of some of them, especially

chips and other snacks. Consequently, the nutritional

quality of the fried product depends on the quality of

the fried oil. The compounds produced through the

oil deterioration occurring during frying, are uni-

formly distributed in the oil remaining in the fryer

and in the oil absorbed by the food [28]. If the oil has

deteriorated extensively a product of unacceptable

quality will be produced.

During storage, the quality of the fried snacks

mainly depends on the deterioration of the absorbed

oil, which continues under storage. This deterioration

is accompanied by the formation of off-odors, and

products that may cause some health problems. The

oils undergo oxidative and hydrolytic alteration

under storage, similar to the ones occurring during

frying, although the reaction rates are much slower.

Hydrolytic alterations are caused by lipase enzymes in

the presence of moisture. Therefore, preservation of

foods from hydrolytic rancidity can be achieved by

the control of processing conditions, in order to in-

activate enzymes, and to maintain low moisture dur-

ing storage. Oxidative alterations during storage are

the most important of the two mechanisms, with

respect to food acceptability. These alterations are

caused by oxygen attack and are accelerated by tem-

perature increase and presence of light. Preservation

from oxidative rancidity can be achieved by storage at

lower temperature, elimination of oxygen and light,

or addition of antioxidants. Several synthetic and

natural antioxidants have been added either to the

frying oil or to the final fried product. It should be

reminded that the oils that contain higher amounts of

unsaturated fatty acids deteriorate faster and, there-

fore, need a higher protection against oxidation.

Another important quality defect of fried snacks is

the reduction of crispness during storage due to ab-

sorption of moisture. In addition, moisture gain accel-

erates rancidity. Data concerning the effect of water

activity (aw) on oxidation rate are presented by Labusa

[39]. As aw increases above the monolayer, the reaction

is slowed up to the value where intermediate moisture



foods begin (i.e., approximately 0.4). A further mois-

ture increase tends to increase the rate of oxidation.

Data on water activity that results in loss of crispness

to an extent where the chips are perceived as not

acceptable are not available, but Labusa comments

that it probably occurs at an aw of 0.4 to 0.5.

Pot ato chips are fri ed to a final mois ture level of

3% or less, whi ch accounts to an aw of abo ut 0.2.

Tortilla chips, corn ch ips, and other snacks have a

final mo isture co ntent of < 3%. Fro m a study on

potato ch ips a moisture content of 3.57% was the

point at whi ch a taste pan el rejected the chips becau se

of their text ure de teriorat ion [39] . Moist ure ab sorp-

tion and the consequen t deterio rative ch anges can be

prevent ed by the use of packaging mate rials with

approp riate moisture barri er pro perties. In this case

the shelf life of the produ cts can be extended to sev-

eral mo nths. If the packaging mate rial is not trans -

mitted by light and if the air inside the pa ckaging is

replac ed by an inert gas, e.g. , nitr ogen, a co nsidera bly

longer shelf life can be obt ained.

Fr ied nuts are subjected to deteriorat ion, simila r

to potato ch ips. Their shelf life can be extended by the

use of appro priate packaging too. Long- term storage

up to 1 to 2 y can be ach ieved by vacuum or inert gas

packaging , while it can be extended to 3 y by storage

under refr igeration. Of particular concern with nuts,

especi ally peanu ts, is the potential presence of a fla-

toxins. Aflat oxins are carcin ogenic compou nds,

which are pro duced by certa in fungi. If they are pre-

sent in the raw material , they are hardly destr oyed by

roasting and frying; therefore, inspection of the raw

material is obliga tory. Preventi on of the form ation of

these toxic compo unds dur ing stora ge relies on the

prevent ion of the developm ent of fungi, which can be

achieve d by the elim ination of mois ture migrati on to

the pr oduct.
NOMENCLATURE

b thickne ss of slice, mm

C concentration of hydrogenated oil in total oil (%)

C1 constant in Equat ion 52.7, kg/kg

C2 constant in Equat ion 52.7, kg/(kg s)

C3 constant in Equat ion 52.7, kg/(kg 8 C)

C4 constant in Equat ion 52.7, kg/kg

C5 constant in Equat ion 52.7, kg/kg

C6 constant in Equat ion 52.7, kg mm/kg

cp specific heat (kJ kg� 1 K� 1)

D diffusion coeffici ent, m 2/min

D mass diffu sivity, m 2/s

Do frequency facto r, m 2/min

DMr initial dry matter content of potato, kg/kg wb
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E/R activati on energy/ gas con stant, K

F fat content , kg /kg wb

h convecti ve heat trans fer coeffici ent, W /m 2 8 C
hfg latent heat of vapo rization, kJ /kg

Kc rate con stant of the mass lumped cap acity of

the co re, s � 1

Ke rate constant of the mass lumped capacity of

the edge, s�1

Ko X parame ter in Equation 52.19

Ko Y parame ter in Equation 52.20

KX rate con stant in Equat ion 52.19 min � 1

KY rate constant of oil uptake min�1

KXb parameter in Equation 52.19

KXC parameter in Equation 52.19

KXT parameter in Equation 52.19

KYb parameter in Equation 52.20

KYC parameter in Equation 52.20

KYT parameter in Equation 52.20

k thermal conductivity, W/m2 K

ko frequency factor, g potato/g potato solids, min

k1 coeffici ent in Equation 52.13, N � 1

k2 coefficient in Equation 52.13 (g oil–g potato/g

potato solids–g water, min)

L potato strip thickness, m

M moisture, g water/g potato

m moisture, gr

M
0

moisture content, wt %
ÐM moisture loss (% initial weight)

Mo initial moisture, gr

Mw moisture content (% dry basis)

mo initial moisture content, gr

Nix flux of species i in x-direction (kg m�2 s�1)

O oil content, wt %

Oe oil content at equilibrium, wt %

S concentration of oil, g oil/g potato solids

T temperature of frying oil, 8C
t frying time, s (min in Equation 52.19 and

Equation 52.20)

TX texture, N

W final moisture content, kg/kg wb

X moisture content, kg/kg db

x variable distance across the thickness of the

chip, m

Xb parameter in Equation 52.19

Xc parameter in Equation 52.19

Xe moisture content in equilibrium, kg/kg db

Xo initial moisture content, kg/kg db

Xoe parameter in Equation 52.19

XT parameter in Equation 52.19

Y oil content, kg/kg db

Yb parameter in Equation 52.20

YC parameter in Equation 52.20

Ye oil content at infinite process time, kg/kg db

Yoe parameter in Equation 52.20

YT parameter in Equation 52.20



Greek Symbol s

a fraction of the total water con tained in the co re

in the raw mate rial in Equat ion 52.11

a thermal diffusivity, m2/s

«i volume fraction of species i (mi
3 mt

�3)

Q tortilla chip temperature, 8C
r density, kg/m3

t residence time, min

Subscripts

b liquid water

g water vapor

s solid
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53.1 INTRODUCTION

Reliable estimates of the fixed capital investment (FCI)

of a drying system as well as the system’s fixed and

operating costs are essential in the preliminary equip-

ment selection or when comparing different competing

systems. In general, estimation of the costs involved in a

drying process follows the well-known methods used

widely in the process industries [1–9]. This chapter pro-

vides the empirical information on shortcut methods

that may be used to quicken the predictions of FCI and

operating costs on the basis of the previously prepared

process balances and one-parameter equipment sizing.

The method described here is useful for preparing the

rough cost estimates applicable to many conventional

drying systems. However, extending this information to

unique or newest methods of drying must be regarded

with caution. When capital cost estimates of a definitive

investment are required to obtain budget authorization,

competitive quotes from vendors have to be requested,

as these quotes are the most reliable estimates.

A dryer itself is only one component of the overall

drying system. The system may comprise preprocessing

equipment (extruders, grinders, mixers, and blenders),

feeders, product-discharge devices, and postprocessing

equipment such as gas cleaners (cyclones, filters, and

scrubbers) and solvent-recovery systems (condensers

and separators). In some cases, heat-recovery systems

(exhaust-gas recycle, run-around coil, heat pump, or

heat wheel) may also be used. Thus, drying systems

for the same end product can be different. Therefore,

the total fixed costs as well as the operating costs should

be calculated for the complete drying system.
, LLC.
Cost components of drying are usually divided

into the following two groups:
1. Fixed costs (fixed charges), which are incurred for

a long period of time, tend to be unaffected by

fluctuations in the level of production activity.

They include: depreciation of equipment and

buildings, interest charges for the investment cap-

ital, plant protection, insurance, fixed part of

taxes and rents, fixed part of maintenance costs,

and executive salaries (administration, overhead).

2. Variable costs (operating costs) tend to vary

with the production level. They include: cost

of raw materials, cost of product degradation,

costs of energy and utilities, direct labor (oper-

ating, works transport, supervision, and la-

boratory control), interest on working capital,

royalties, variable part of maintenance costs,

and miscellaneous direct costs.
The estimation process of drying costs is schemat-

ically shown in Fi gure 53.1. The foll owing is a

detailed presentation of the method for preliminary

estimates preparation, together with a worked ex-

ample of cost estimates.
53.2 FREE-ON-BOARD COST AND
INSTALLED COST OF THE EQUIPMENT

Equipment-price data concern the free-on-board

(FOB) cost and the installed cost of the equipment.

The installed cost of a drying system covers the cost



Preliminary
estimation of fixed
and variable costs
of drying

Prediction of plant cost:
1. FOB cost of equipment
2. Installed cost of system
3. Total direct cost of system
4. Fixed capital investment

Calculations:
1. Mass and heat
    balances
2. One-parameter
  equipment sizing

Drying system
version

FIGURE 53.1 The steps of preliminary estimation of drying cost.

TABLE 53.1
Marshall and Swift All-Industry Equipment Cost
Index and Chemical Engineering Plant Cost Index
(1989–2004)

Year M&S

Index

CE Index Year M&S

Index

CE

Index

1989 895.1 355.4 1997 1056.8 386.5

1990 915.1 357.6 1998 1061.9 389.5

1991 930.6 361.3 1999 1068.3 390.6

1992 943.1 358.2 2000 1089.0 394.1

1993 964.2 359.2 2001 1093.9 394.3

1994 993.4 361.1 2002 1104.2 395.6

1995 1027.5 381.1 2003 1123.6 402.0

1996 1039.2 381.7 2004 1178.5 444.2

Source: Marshall and Swift Equipment Cost Index. Chem. Eng.,

last pages of every issue (excerpted by special permission from

Chemical Engineering (2005). Copyright 2005, by Access

Intelligence, New York, NY 10038).
of the pur chased equipment , co st of equipment instal-

lation, and costs of piping, wiring, and instrumentation.

These costs can be estimat ed on the basis of ven dors’

data or, with less a ccuracy, on the basis of known

costs for the equipment or syst em bui lt previous ly,

assum ing a great de gree of simila rity.

Data for equ ipment costs obt ained from techni cal

literatu re are usuall y ba sed on the techni cal an d e co-

nomic cond itions of the pa st. Among the various

methods accounti ng for price chan ges due to inflation

and inevi table fluctuat ions in econ omic condition s,

the method of the Chem ical Engineer ing Pl ant Cost

Index (based on the 1957/ 1959 cost level and ab bre-

viated as CE Index) and the method of the Marshal l

and Swi ft All-I ndustry Equip ment Cost Index (for -

merly known as the M arshall an d Stevens Ind ex) a re

the mo st commonl y used. This last inflation index

(formula ted in the US market in the year 1926 wi th

the set value of 1 00, and ab breviated as M&S Ind ex)

is recomm ended for updating the costs of high-l evel

process eq uipments [4,10]. The upda ted M &S Index

as well as the CE Index are listed regularly in Chem -

ical Eng ineering , a periodi cal publish ed by McGra w-

Hill, New York [11] , and are valid for cost upda ting

in US$ and for the US market. A part of such listing

for the equipment -cost indice s over the pe riod 1989–

2004 is given in Tabl e 53.1. The followi ng formu la

using M&S Index is wid ely acc epted for equipment -

cost upda ting:

Updated cost ¼ Original cost

� M&S Index at updated time

M&S Index at the time of original cost

(53 : 1)

The M&S Index an d the CE Index c an also be used

for world-pr ice c omparison , if the changes in costs

accordi ng to the local eco nomics , type of indust ry,

and kind of equipment (besi des time) a re accounted

for [12] .

For scale -up or scale -down of the drying syst em,

the cost of the equipment of the same type but of
� 2006 by Taylor & Francis Group, LLC.
different capacity can be predict ed approxim ately

from the followin g emp irical correl ation:

Predicted cost ¼ Original cost

� [desired capacity=original capacity]
n

(53:2)

where desir ed capacity is the capacit y of the eq uip-

ment for whi ch the cost is to be estimat ed and origi nal

capacity is the capa city of the same- type equ ipment

for whi ch the cost is known (original cost). Val ues of

the exp onent n for the typic al equipment used in

drying systems are lis ted in Table 53.2 [10]. If not

given he re or in the refer ence literat ure (e.g ., [4,13]) ,

n ¼ 0.6 can be taken for rou gh estimat ion. The expo -

nent n may vary with the design detai ls. For exampl e,

in the case of cloth dust collectors, n ranges from 0.70

to 0.86. The cost estimated according to Equation

53.2 must be corrected not only for the inflation

index according to Equation 53.1 but also for the



TABLE 53.2
Typical Expo nents Re lating Equ ipment Cost
to Capa city

Equipment Capacity Range Unit Exponent

Centrifugal fan 0.4–40 m3 /s 0.44

Cyclone 0.01–4 m3 /s 0.61

Multiple cyclone 4–94 m3 /s 0.66

Dust collector (cloth) 1–470 m3 /s 0.78

Electrostatic precipitator 23–470 m3 /s 0.74

Gravity spray scrubber 0.7–189 m3/s 0.66

Venturi scrubber 3.3–38 m3/s 0.46

Impingement scrubber 1–23 m3/s 0.78

Centrifugal scrubber 3.3–47 m3/s 0.73

Ribbon blendera 0.2–7 m3 0.54

Cage-type disintegrator 0.3–6 kg/s 0.68

Roll crusher 3–66 kg/s 0.97

Screen (vibrating) 0.2–6 m2 0.66

Bucket elevatora 3–50 m 0.52

Belt conveyora 5–19 m2 0.50

Screw conveyorb 0.4–0.8 m2 0.53

Pan dryer 1–19 m2 0.50

Vacuum-shelf dryer 1.4–92 m2 0.54

Tunnel dryer 2–10 m2 0.50

Roto-Louvre rotary dryer 4–93 m2 0.62

aCarbon steel.
bStainless steel, conveyor length � diameter.

Source: Sztabert, Z.T., in A.S. Mujumdar, Ed., Drying of Solids,

Sarita Prakashan, New Delhi, 1990, pp. 136–153.
local eco nomic situati on when install ation will be

erected in a cou ntry other than the United State s

[14]. Plavsic [12] has given a num ber of useful refer -

ences [15–20 ] and pr ovided a simp lified ‘‘direct fact or-

ing’’ method for convert ing the US data to numb ers

that are applic able elsewhere . Howe ver, furt her dis-

cussio n of this aspect is beyond the scope of this

chapter .

Ver y app roximate co st of carbon steel dryers can

be calculated as [4]

C ¼ (M& S Index) 30 þ 36 : 74
W

(17 : 77 þ T )

� �
(53 : 3)

where C is the installe d cost (US$ in the year of the

M&S Index) cov ering the dr yer and auxil iaries, includ-

ing foundati ons and erection, but no secondary dus t

collectors or buildin g; W is the evapo ration capacit y,

kg mois ture/h; and T is the inlet-ai r temperatur e ( 8 C).

This relation, howeve r, does not reflect the material

propert ies, so the calculated prices are unde restima ted.

The graphs accordi ng to Equation 53.3 are presen ted

in Fig ure 53.2 for the M&S Index equal to 1100.
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Asi de from the general form ula, numerous da ta

on dryer cost depen dence on ev aporation capacity

exist in literat ure for the given dryers and defi nite

operatin g parame ters [13, 21,22]. For exampl e, co st

of a spray dryer with a pr essure nozzle atomi zer,

residen ce time of 16 s, inlet- and outlet-ai r tempe ra-

ture of 538 an d 121 8 C, respectivel y, can be calcula ted

as [21] :

Price ¼ 13793 :8

� E 0 :435 (first-qu arter-199 5 US $)
(53 : 4)

where E is the evaporat ive load (181 < E < 38,780

kg/h) and the price includes the 304-stai nless steel

dryer body , the access platform , support steel , bur ner,

air-heate r shell, feedi ng system, and instrument ation.

Insula tion, refractor y mate rial, fan, a nd soli ds-rec ov-

ery syst em a re not included.

The ab ove method of prices present ation is

restricte d to a na rrow range of technol ogy. Taking

into accoun t that dryer cost de pends mainl y on its

size and the material of constr uction, drying indice s

such a s dryer through put, evaporat ion rate, or unit

heat co nsumpt ion shou ld not be used as parame ters

for cost estimat ion, mainl y be cause the same indice s

may be obtaine d for dryers of different size by

manipul ating the ope rating condition s. This situ ation

changes when a contrac t relating to techn ology and

equipment is consider ed—then a depen dence of dry er

cost on evaporat ion capacit y can be a valuabl e criter-

ion for dryer selection.

The best charact eristic parame ters for preli minary

cost esti mation of most dryers a re:

. The volume of the drying chamber (e.g., for

spray or rotar y dryers )
. The surface area of the suppo rting grid, shelve s,

belt con veyors etc.
. The heat- transfer area in case of co ntact dryers

Usually, the estimat ed fabricati on cost of a dryer can

be calculated from the follo wing correlati on:

P ¼ (M& S Index) � A � Q c

(US$ in the year of M &S Index)
(53 : 5)

where Q is the capacit y of a dryer defi ned eithe r by its

effecti ve volume (V ) or by its characteris tic surface

area (S ), de pending on the dryer type. Valu es of the

coeffici ent A and expo nent c for some common

dryers , determ ined from the available cost data, a re

listed in Tabl e 53.3.

The fabricatio n co st of a drying unit besides its

size dep ends also on the mate rial of co nstruc tion; it is

the lowest for carbo n steel. If the process requir es a
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FIGURE 53.2 The dependence of dryer cost on evaporation capacity in kg moisture/h and inlet-air temperature in 8C,

according to Equation 53.3 (M&S Index ¼ 1100).

TABLE 53.3
Param eters A and c in Eq uation 53.5 for Selected Dry ers

Dryer Type Capacity Range Parameter Construction Equipment Included

A c

Cabinet (atmospheric) 16 < V < 160 7 0.50 Aluminum Heater, instrumentation

Cabinet (low vacuum) 5 < V < 30 18 0.62 Aluminum Heater, instrumentation, vacuum pump

Vacuum with unheated agitator 0.02 < V < 9 66 0.30 Carbon steel

Vacuum with unheated agitator 0.02 < V < 9 103 0.42 304-stainless steel

Vacuum double-cone tumbler 0.1 < V < 14 80 0.70 304-stainless steel

Indirect rotary (steam tube) 3 < V < 300 55 0.58 Carbon steela Instrumentation

Drum (single or double) 1 < Sb < 40 21 0.50 Cast iron Drive, fan

Belt conveyor (through-flow) 18 < Sc < 50 21 0.59 304-stainless steel Drive, fan, steam heater

Direct rotary, flue-gas heated 20 < S < 300 17 0.68 Carbon steeld Drive, burner, heat exchanger, fan, dust

collector, instrumentation

Direct rotary, hot-air heated 20 < S < 300 14 0.66 Carbon steeld Drive, burner, heat exchanger, fan, dust

collector, instrumentation

Fluid bed (batch) 0.003 < Ve < 0.66 141 0.47 304-stainless steel Heater, fan, filter, instrumentation

Spray 1 < V < 300 47 0.52 304-stainless steel Heater, atomizer, fan, filter,

instrumentation

Vibrated bed 1 < Sf < 12 9 0.70 Carbon steelg

aFor 304-stainless steel, cost is multiplied by 1.7.
bDrum peripheral surface area.
cDeck surface area.
dFor 304-stainless steel, cost is multiplied by 1.5.
eBed volume.
fSurface area of vibrated grid.
gFor 304-stainless steel, cost is multiplied by 1.64.

Note: Dryer capacity is defined by dryer volume V in m3 or surface area S in m2.

� 2006 by Taylor & Francis Group, LLC.



more chemical- resistant material, a claddin g may be

applie d in so me cases. In certain drying operatio ns,

optimu m de sign of the equipment as well as pro duct-

quality requ irements calls for the use of not only more

durable but also more expensi ve material s. In general ,

drying equipment built of 304-stai nless steel typic ally

costs from 1.5 to 1.7 tim es more than that made of

carbon steel and 2 to 3 times more if built of titanium .

The co st depen ds also on the au xiliary e quipment ,

and this is a reason for some uncerta inty in co st

predict ion from literat ure sources withou t vend ors’

data. Figu re 53.3 present s, as an exampl e, the pur -

chase co st for severa l dryers in relat ion to their ca p-

acity that is updated to the yea r 2000 wi th the M&S

Index equal to 1089.

Once the FOB costs of all equipment compri sing

the drying syst em are establ ished, the install ed cost

and other costs of the plan t, as well as fixed costs , can

be estimat ed us ing the factor method of cost estima-

tion. Usually, the follo wing co mponents of inst alled

cost are consider ed:
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1. FOB cost (vendo rs’ prices or estimat ed prices)

2. Assembly, piping, wiring, instrumentation using

vendors’ data, or the following factors:

. Fully eq uipped compact syst em—25 to 3 0%

of FOB cost
. Fully equipped syst em, deliv ered in many

parts —40 to 45% of FOB cost
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URE 53.3 FOB costs (US$, in the year 2000) vs. dryer volu

ospheric cabinet dryer (aluminum); 2, vacuum cabinet dry

l); 4, steam tube rotary dryer (carbon steel) with instrumenta

l); 6, double-cone tumbler dryer (304-stainless steel).

06 by Taylor & Francis Group, LLC.
. Equip ment delivered without piping and in-

strumen tation—71 to 99% of FOB cost
6
V, (

me

er (

tio
3. Freight (funct ion of trans port method, weight,

and dist ance, or 7% of [componen t 1 þ com-

ponent 2])
The total direct co st of the plant ex pressed in

terms of the ‘‘batter y limit s’’ is much higher than the

install ed cost of the equ ipment becau se of addition al

costs such as

. Buildi ngs, laborat ories , wareh ouses
0
m3

4

 in

alu

n;
1. If a dryer syst em is inst alled insid e a build-

ing, the cost of the bui lding is fact ored in as

20 to 35% of the inst alled cost.

2. If a dryer system is outsi de of the buildin g,

the cost of the building is factored in as 1 5%

of the inst alled cost.
. Utility-supply facilities, site development,

other direct expenses (20 to 40% of the in-

stalled cost).
To roughly estimate the total direct cost of the dry-

ing installation, it is recommended to multiply the

equipment FOB cost by a factor of 2.25 if the equip-

ment is made of carbon steel or by 2.75 if stainless-steel

equipment is used [22]. These figures include the cost of

piping, instrumentation, electrical connections, insula-

tion, building space, and engineering when applied to
80 100 120
)

 

3 

1 

 m 3 of selected dryers according to Equation 53.5: 1,

minum); 3, spray dryer fully equipped (304-stainless

5, vacuum dryer with unheated agitator (304-stainless



spray, flash, rotary, or fluid-bed continuous dryers. In

specific cases, however, different factors may have to be

used. For instance, the costs of instrumentation and

piping may be included in the purchase price of a fully

equipped dryer [23].

Besides the total direct cost, the FCI of a drying plant

contains

. Contractor’s fee (10 to 27% of direct plant cost)

. Insurance, customs, taxes, land, and other

owner’s costs (as per local regulations or 7% of

direct plant cost)
. Contingencies (10 to 30% of direct plant cost)
. Procurement, supervisory, administration, and

other owner expenses related to the plant (5 to

15% of direct plant cost)

Overall, the FCI of a drying plant that is sensitive

to the dryer type and the product processed may be

much higher, even by 3 times of the equipment cost.

A number of dryers that form multistage, combined,

or hybrid drying systems are often assembled from the

components purchased from different suppliers.

Therefore, the cost of the entire installation is not

directly related to the dryer capacity but depends

greatly on the cost of the ancillary equipment. When

other operations such as conveying, grinding, or

screening must be performed simultaneously with dry-

ing, the investment and operating costs can be reduced

significantly by allowing for a partial write-off of the

dryer cost for these secondary functions [13].
53.3 FIXED COST

Fixed costs (fixed charges) of a drying process are

incurred for a long period of time and tend to be

unaffected by fluctuations in the production level.

The factor method of fixed-cost estimating is based

on some simplifications such as:

. Fixed cost of drying is a function of installed

cost of a drying system and FCI.
. Variable part of maintenance cost is given to-

gether with fixed part as a percentage of FCI.

The factors depend on the current economic conditions

that should be analyzed up front, especially interest

charges for the investment. Also the inflation index for

local currency should be taken into account. In devel-

oped countries, the estimation of an annual fixed cost for

drying can be made on the basis of the following factors:

. Depreciation of equipment—7 to 9% of in-

stalled cost
� 2006 by Taylor & Francis Group, LLC.
. Depreciation of buildings, utility facilities, site

improvement—5% of these costs
. Interest charges on the investment—3 to 5% of

FCI
. Fixed taxes and rent—2% of FCI
. Plant protection, insurance—1% of FCI
. Maintenance cost (fixed and variable):
1. Complex system, explosive or toxic raw ma-

terials, significant number of rotating or vi-

brating parts—10% of FCI

2. Simple system—5% of FCI

. Executive salaries and other fixed costs 6%

of FCI
53.4 VARIABLE COST

The variable cost of drying is the last item in the cost-

estimation process and it is predicted on the basis of

heat and mass balances, shortcut factors, or, if avail-

able, vendors’ data, unit cost of raw materials, labor,

and utilities.

The cost of raw material depends on the applied

technology and required characteristics of the end

product. In any case, this cost should take into ac-

count the transportation costs to the considered site.

When one compares several drying methods for the

same product, it may be convenient to judge only

costs of the lost and degraded material.

The cost of labor depends significantly on the

mode of a drying process: batch or continuous. The

labor cost of batch processes depends on the quantity

of handled material, the type of the equipment, the

method of material transportation, the method of

feeding, and the schedule of plant operation. Rough

estimation can be made considering the following

rule: 2 man-hour/(m3 of dried material) þ 1/3 man/

dryer/shift. The unit cost of labor should reflect the

local economic conditions and the cost should include

the insurance, taxes, and social charges. The labor

cost of continuous drying with an automatic process

control is almost independent of the production rate

because supervision of control panels and supervision

of the feeding and discharge systems do not depend

on the throughput of the drying system. Overall, with

the increasing automation, the direct labor cost de-

creases, but they are somewhat offset by the increase

in labor cost to maintain the control devices and

higher initial capital costs. Rough estimation can be

made considering the following rule: 1/2 man/dryer/

shiftþ operating labor of the other equipment in add-

ition to the dryer.

The utilities costs are usually estimated on the

basis of mass and heat balances, on the equipment

characteristics, and on the utilities’ prices. The prices



of util ities have to be co rrected for local co ndition s

and historical trends . The main constr aint at this

point is the cost of energy becau se of unstabl e prices

of fuels, which may signi ficantl y vary bot h in the long

and sho rt term s. The hist orical trends are sho wn in

Figure 53.4, wher e one ca n see the well- known effe cts

of the Irani an Revol ution and the Iran–I raq W ar

during 1979–198 0 on the crude oil and seconda ry

fuel prices . Besides fuel-pri ce fluctuat ion caused by

historical ev ents, there is also a seasonal fluc tuation

influenced by sup ply and de mand. For examp le, price

of heati ng oil given by NYMEX increa sed from 32

/c/L in Sep tembe r 200 4 to 40 /c/L in Octo ber and

Novem ber 2004, and then decreas ed to 34 /c/L in

January 2005 [24].

Fuel -prices da ta an d estimat ion for the years 2001–

2006 in the US market are present ed in Table 53.4 [25] .

Trends of elect ricity prices indicate slow er increase

than the increa se of natural gas and oil prices [26] .

In lon g term s, the most stable prices are ch aracteris -

tically for elect ricity and coal though the cost of c oal

delivery and managi ng may be signifi cant. Average

costs of co al recei pts at elect ric-uti lity plants in

the United States by some states in dollar s (Sprin g,

2000) per sho rt ton are present ed in Figu re 53.5.

More infor mation on fuel prices can be found on the
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followin g website s: http://w ww.coa ltrad e.com, http://

www. eia.doe.gov, http://www.energyshop.com, http://

www. oilnergy.com , http: //www.w trg.com/ prices.htm .

The problem of energy price vo latility can be re-

solved by dividin g the utility price into separate term s,

each of them be ing a produ ct of a certa in coefficie nt

and the price parame ter [27]. The first term reflect s

the co nventio nal inflati on rate whi le the second one

repres ents the con tribution from the fuel price:

Putility ¼ A � (CE Inde x) þ B � P fuel (53 : 6)

The utility cost coeffici ents A and B are charact eristic

of the con sidered utility and can be given eithe r by a

single number, as in the ca se of purchased electrici ty

(A ¼ 0.0001 3 an d B ¼ 0.01), or by a correl ation, as in

the case of compres sed air ( A ¼ 0.0000 5 q�0.3 ln p

and B ¼ 0.0009 ln p, where q and p are the total air-

plant capacit y and the delivered a ir pressur e, respect -

ively). Tabul ated data on the utilit y co st coeffici ents

are given by Ulrich [27,28]. The CE Ind ex in Equation

53.6 is the Plant Cost Index report ed monthl y in

Chemic al Eng ineering .

The varia ble maint enance cost, accordi ng to the

previous assum ption, is estimat ed toget her with a

fixed part in relation to FCI.
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TABLE 53.4
Fuel Prices for the Years 2001–2006 (United States)

Year 2001 2002 2003 2004 2005 2006

Crude oil spot prices (FOB) ($/barrel) 21.2 (March) 22.5 (March) 26.5 (March) 31.1 (March) 47.6 (March)

Crude oil West Texas intermediate ($/barrel) 31.12 (year) 41.44 (year) 58.77 (year prediction) 63.46 (year prediction)

No. 2 heating oil, wholesale ($/gallon) 0.76 (year) 0.69 (year) 0.88 (year) 1.13 (year) 1.70 (year prediction) 1.76 (year prediction)

Natural gas, City Gate ($/thousand cubic feet) 5.72 (year) 4.12 (year) 5.8 (year) 6.6 (year) 7,18 (June)

Natural gas, average Wellhead ($/thousand cubic feet) 4.01 (year) 2.95 (year) 4.89 (year) 5.50 (year) 7.81 (year prediction) 7.64 (year prediction)

Natural gas residential average price ($/thousand cubic feet) 9.63 (year) 7.89 (year) 9.51 (year) 10.74 (year) 13.03 (year prediction) 15.33 (year prediction)

Electricity nominal industrial average retail prices ( /c/kWh) 5.04 (year) 4.88 (year) 5.13 (year) 5.11 (year) 5.71 (June)

Electricity residential average prices ( /c/kWh) 8.62 (year) 8.46 (year) 8.70 (year) 8.92 (year) 9.22 (year prediction) 9.37 (year prediction)

Imported coal average prices ($/short ton) 33.72 (year) 35.51 (year) 31.45 (year) 37.52 (year) 46.49 (June)

Coal (11,700 Btu, 0.8 lb SO2/mm Btu) spot price ($/t) 18 (September) 17 (September) 30 (September) 37 (September)

Coal for electric power sector ($/million Btu) 1.23 (year) 1.25 (year) 1.27 (year) 1.35 (year) 1.55 (year prediction) 1.62 (year prediction)

Source: http://www.eia.doe.gov/.
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FIGURE 53.5 Average delivered cost of fossil fuel receipts at US Electric Utility Plants by state; coal: April–June 2000, US$/

short ton; gas: 1999, US$/100 MJ. (From Federal Energy Regulatory Commission, FERC Form 423, ‘‘Monthly Report of

Cost and Quality of Fuels for Electric Plants.’’)
Servicing the working capital depends on the

credit value and its type, as well as on the interest

rate. It is reasonable to assume the credit to be equal

to the variable cost of a drying process. In developed

countries the interest charges on the working capital

can be estimated as 4 to 7% of the annual credit, but it

is strongly recommended to consider local conditions.

Royalties usually do not occur; but when a

profit is calculated on the basis of new technology,

royalties should be taken into consideration as a

cost item.

When comparing the competing drying technolo-

gies, it is recommended to relate the capital invest-

ment (FCI) and the annual drying costs to the annual

production rate. Usually, comparable estimates are

made on optimistic and pessimistic assumptions of

the level of costs (level of factors). With progress in

computer-aided design, a number of software pro-

grams have been custom-developed in order to provide

the engineers with an efficient tool for calculations

of approximate cost [29,30]. Although such software

programs are necessarily provided without warranty

of any kind, the reliability of the estimate of +30%

covers the majority of the cases tested. An implemen-

tation of a process simulator with a cost evaluator is

useful for the analysis of variants of a new plant,

especially for
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. Process calculation and equipment sizing

. Estimating fixed investment cost

. Performing a scheduling calculation, including

direct and indirect labor costs
. Providing a detail evaluation of production cost
. Evaluating project profitability
53.5 DRYING COST ESTIMATE:
A WORKED EXAMPLE

The following example of the cost-estimate procedure

made in the year 2005, for example, illustrates the

method of a preliminary cost evaluation for a drying

process.

Problem description: Based on the previously cal-

culated balance and one-parameter dryer sizing, the

‘‘factored estimate’’ for a cost of the laundry detergent

formulating and drying in a spray dryer is to be done.

The system will be located in Pennsylvania in the year

2006. The required capacity of the dryer is 4.9 t of the

product per hour (production period: 7,200 h/y; 35,280

t of dry product per annum) of which the moisture

content should be about 7% w/w. The feed moisture

content is 32.5% w/w, the feed temperature is 808C,

and the price of raw materials in the slurry in the year

2003 was US$1.48/kg (dry weight).
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FIGURE 53.6 Trends in the M&S Index (left scale) and the CE Index (right scale) in the years 1989–2004 with extrapolation

to the year 2006.
The task is to pr edict the cost of drying in a spray

system in the year 2006.

Solu tion: Based on the  data presented in Table

53.1, the M &S Index and the C E Index in the

year 2006 are predicted by linear extrapolation,

as shown in Figure 53.6. The values of the indices

are:
Fuel
tank

Burner with a
mixing chamber

Air

Slurry tank

Feed pump

Fuel pump

Bag filter

FIGURE 53.7 Flow sheet of the system for drying of the laundry d
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M&S Index2006 ¼ 1221.7

CE Index2006 ¼ 432.1
From previous experience, it is known that the

laundry detergent can effectively be formulated and

dried in a countercurrent spray dryer using combus-

tion gases at 240 and 1208C at the dryer inlet and
Conveyor

Pressure
nozzle

Exhaust

Spray
dryer

Product

etergent slurry.



outlet, respectivel y. The volume tric evapo ration rate

under these condition s is 3.5 kg H2O/m 3 h.

For the prelimina ry c ost estimat e, an assump tion

is made that ambie nt air is heated by the co mbustion

of fuel oil; the flue gases a re then mixe d with fres h air

to ensure the requir ed gas tempe ratur e. Taking into

accoun t the specifics of the dr ying technol ogy, mois -

ture content of the feed, a s wel l a s fine s that are

likely to be entrai ned with the drying gas, the dry ing

plant sho uld co nsist of a slurry feedin g syst em, an oil

burner with a second ary air-mi xing ch amber, a dr yer

with pressur e nozzles, an d an exhaust -gas cleaning

system (Figure 53.7). As product co oling, mixing of

supplem ents, and pa ckaging are down stream pro -

cesses, they are outsi de of the ba ttery limits of the

consider ed pro ject. The basic material of constru ction

should be stainles s steel .

The following values a re known from the heat and

mass balances :
TAB
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The mass flow rate of the flue gas–air mixtu re

enteri ng a dryer: 44,000 kg/h

The quantit y of fuel oil fed to the bur ner: 300 L/h

(inclu ding he at losse s) 
LE 53.5
lication of the Factor Method for Predicting Fixed Capi
the Presented Example)

Cost

FOB cost of equipment

Assembly, piping, wiring, instrumentation (1,757,000 � 0.4)

Freight ([1,757,000 þ 702,000] � 0.07)

Installed cost

Building (2,632,000 � 0.3)

Utility facilities, site development (2,632,000 � 0.2)

Direct cost of plant

Insurance, custom, taxes (3,948,000 � 0.07)

Contractor’s fee (3,948,000 � 0.2)

Contingencies (3,948,000 � 0.15)

Procurement, supervisory, administration,

and other owner expenses related to the plant (3,948,000 � 0.07

Fixed capital investment

Depreciation of drying system (2,632,000 � 0.09)

Depreciation of building, utility facilities and site improve

([789,600 þ 526,400] � 0.05)

Interest charges on the investment (5,882,520 � 0.055)

Constant taxes and rent (5,882,520 � 0.02)

Plant protection, insurance (5,882,520 � 0.01)

Maintenance (4,843,000 � 0.055)

Executive salaries and other fixed costs (5,882,520 � 0.06)

Fixed cost of drying (annual)

Unit fixed cost of drying
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The power of electrica l motor s: 190 kW
Accor ding to the specified values of the dryer

capacity and the v olumetric evap oration rate (3.5 kg

H 2O/m 3 h), the dryer volume should be 570 m 3.

Hence, the dryer FO B c ost in the year 2006 can be

calculated from Equat ion 53.5:

P ¼ 1221 :7 � 47 � 570 0 :52 ¼ 1,554,000

(in the year 2006, US $)

Accor ding to the data present ed in Table 53.3, the

above value includes the cost of a dryer, a fan, a filter ,

a heater , and the inst rument ation. The co st of the

remaining equ ipment calcul ated on the ba sis of the

past cost data is US$201,00 0 (in the year 2006). Then

the cost of the entire drying system is to be

US$1, 757,000 . The install ed cost of the syst em shou ld

contai n the co mponents present ed in Tabl e 53.5. As a

result of calcul ations, the fixed cost for drying of

35,280 t/y of the laun dry detergen t is predicted for

the year 2006 at the level of US$1,449,780 per annum,

resulting with US$41.09/t of dried product.
tal Investment and Fixed Cost of Drying (Data

Factor Range and Cost Basis Estimate (US$)

Vendors’ data or actualized

previous data

1,757,000

30–99% of FOB cost 702,000

Weight, distance, or 7% of (A þ B) 172,200

(A þ B þ C) 2,632,000

15–35% of installed cost 789,600

20–35% of installed cost 526,400

(D þ E þ F) 3,948,000

7% of direct cost 276,360

10–27% of direct cost 789,600

10–30% of direct cost 592,200

)

5–15% of direct cost 276,360

(G þ H þ I þ J þ K) 5,882,520

7–9% of installed cost 236,880

5% of building, utility facilities

and site improve costs

65,800

3–5% of FCI 294,130

2% of FCI 117,650

1% of FCI 58,830

5–10% of FCI 323,540

6% of FCI 352,950

1,449,780

41.09/t



TABLE 53.6
Predicted Variable Cost of Drying (Data for the Presented Example)

It. Cost Cost Basis Estimate (Annual, US$)

A Fuel 300L/h � 7200h � 46.5 /c/L 1,004,400

B Electricity 190 kW � 7200 h � 6.3 /c/kWh 86,184

C Labor 2 workers � 8760 h � $27/h 473,040

D Royalties Neglected 0

E Lost of raw material 5 kg/h � 7200 h � $1.59/kg 57,240

F Working capital servicing (A þ B þ C þ D þ E) � 4% 64,835

G Variable cost 1,685,699

H Unit variable cost of drying (G/35,280 t) 47.78/t
According to the forecast for the year 2006, the

cost of fuel oil (loco system) will probably approxi-

mate 46.5 /c/L and the unit cost of electrical energy

will be of about 6 /c/kWh. The unit cost of raw

materials in the year 2006 predicted on the basis of

the price in the year 2003 as US$1.48/kg (dry weight)

as well as the values of the CE Index 2003 and the

predicted CE Index2006 is

1:48
432:1

402:0

� �
¼ $1:59=kg

The unit labor cost with insurance, tax, social, and

other personal expenses is expected at US$27/h and

the interest rate of about 4%. The variable cost items

for drying of the laundry detergent slurry calculated

according to the presented method are summarized in

Table 53.6. The predicted variable cost is about

US$1,685,699 per annum and US$47.78/t of dried

product. Then, the expected unit cost of drying of the

laundry detergent in the year 2006 will most likely be

US$41:09=tþUS$47:78=t ¼ US$88,87=t

Because the fixed part of the unit cost includes the

variable part of the maintenance cost (as in the as-

sumption), the value to be compared with the costs of

alternative technologies for drying of the laundry

detergent should be the sum of both costs, i.e.,

US$0.089/kg.
SUMMARY

Very often, the published cost data (a primary re-

source is Chemical Engineering) refer to a specific

year and apply to a location of the plant in North

America. It is therefore necessary to correct the cost

estimate for the inflation index and also for different

geographical locations. Local cost of energy, as well

as the local regulations (environmental, taxes, cus-
� 2006 by Taylor & Francis Group, LLC.
tom) and legislative requirements, must be considered

carefully on a case-by-case basis to estimate the dry-

ing costs at different locations using the published

cost data for the United States. Also, no warranty

can be made concerning the accuracy of the published

correlations or data on costs of dryers, ancillary equip-

ment, as well as fuel and energy costs, but these data

are very useful for the shortcut methods of cost ana-

lyzing and for preliminary prediction of costs of a

drying process on optimistic and pessimistic levels.
ACRONYMS

CE Index Chemical Engineering Plant Cost Index

FCI Fixed capital investment

FOB Free-on-board

M&S Index Marshall and Swift Index

w/w Weight by weight
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