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Extrusion is the operation of forming and shaping a molten or dough-like material 
by forcing it through a restriction, or die. It is applied and used in many batch and 
continuous processes. However, extrusion processing technology relies more on 
continuous process operations which use screw extruders to handle many process 
functions such as the transport and compression of particulate components, melting 
of polymers, mixing of viscous media, heat processing of polymeric and biopolymeric 
materials, product texturization and shaping, defi bering and chemical impregnation 
of fi brous materials, reactive extrusion, and fractionation of solid-liquid systems. 
Extrusion processing technology is highly complex, and in-depth descriptions and 
discussions are required in order to provide a complete understanding and analysis of 
this area: this book aims to provide readers with these analyses and discussions.

Extrusion Processing Technology: Food and Non-Food Biomaterials provides an 
overview of extrusion processing technology and its established and emerging 
industrial applications. Potency of process intensifi cation and sustainable processing is 
also discussed and illustrated. The book aims to span the gap between the principles 
of extrusion science and the practical knowledge of operational engineers and 
technicians. The authors bring their research and industrial experience in extrusion 
processing technology to provide a comprehensive, technical yet readable volume that 
will appeal to readers from both academic and practical backgrounds.

This book is primarily aimed at scientists and engineers engaged in industry, research, 
and teaching activities related to the extrusion processing of foods (especially cereals, 
snacks, textured and fi brated proteins, functional ingredients, and instant powders), 
feeds (especially aquafeeds and petfoods), bioplastics and plastics, biosourced 
chemicals, paper pulp, and biofuels. It will also be of interest to students of food 
science, food engineering, and chemical engineering.

About the authors

Professor Jean-Marie Bouvier is Scientifi c Advisor at Clextral, Firminy, France.

Professor Osvaldo H. Campanella is a Professor of Agricultural and Biological 
Engineering at the Whistler Carbohydrate Research Center, Purdue University, Indiana, 
USA.

Also available

Formulation Engineering of Foods
Edited by J.E. Norton, P.J. Fryer and I.T. Norton
ISBN 978-0-470-67290-7

Food and Industrial Bioproducts and Bioprocessing
Edited by N.T. Dunford
ISBN 978-0-8138-2105-4

Handbook of Food Process Design
Edited by J. Ahmed and M.S. Rahman
ISBN 978-1-4443-3011-3

www.wiley.com/go/food

Jean-Marie Bouvier 

Osvaldo H. Campanella

B
o

u
v
ie

r  an
d

 C
am

p
an

e
lla

9 781444 338119

ISBN 978-1-4443-3811-9

Bouvier_Extrusion_9781444338119_hb.indd   1 10/03/2014   10:09


201342
File Attachment
9781444338119[1].jpg





Extrusion Processing Technology





Extrusion Processing
Technology
Food and Non-Food Biomaterials

Jean-Marie Bouvier
Clextral, Firminy, France

Osvaldo H. Campanella
Purdue University, Indiana, USA



This edition first published 2014 © 2014 by John Wiley & Sons, Ltd

Registered Office
John Wiley & Sons, Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

Editorial Offices
9600 Garsington Road, Oxford, OX4 2DQ, UK
The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK
111 River Street, Hoboken, NJ 07030-5774, USA

For details of our global editorial offices, for customer services and for information about
how to apply for permission to reuse the copyright material in this book please see our
website at www.wiley.com/wiley-blackwell.

The right of the author to be identified as the author of this work has been asserted in accordance
with the UK Copyright, Designs and Patents Act 1988.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system,
or transmitted, in any form or by any means, electronic, mechanical, photocopying, recording
or otherwise, except as permitted by the UK Copyright, Designs and Patents Act 1988, without the
prior permission of the publisher.

Designations used by companies to distinguish their products are often claimed as trademarks.
All brand names and product names used in this book are trade names, service marks, trademarks
or registered trademarks of their respective owners. The publisher is not associated with any product
or vendor mentioned in this book.

Limit of Liability/Disclaimer ofWarranty: While the publisher and author(s) have used their best efforts
in preparing this book, they make no representations or warranties with respect to the accuracy
or completeness of the contents of this book and specifically disclaim any implied warranties
of merchantability or fitness for a particular purpose. It is sold on the understanding that the
publisher is not engaged in rendering professional services and neither the publisher nor the author shall
be liable for damages arising herefrom. If professional advice or other expert assistance is required,
the services of a competent professional should be sought.

Library of Congress Cataloging-in-Publication Data

Bouvier, Jean-Marie.
Extrusion processing technology : food and non-food biomaterials / Jean-Marie Bouvier

and Osvaldo Campanella.
pages cm

Includes index.
ISBN 978-1-4443-3811-9 (cloth)

1. Polymers–Extrusion. 2. Food–Extrusion. 3. Biochemical engineering. I. Campanella,
Osvaldo. II. Title.
TP156.E98B68 2014
660.603–dc23

2013046765

A catalogue record for this book is available from the British Library.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may
not be available in electronic books.

Cover image: Extrusion machine ©Clextral
Cover design by Meaden Creative

Set in 9.25/11.5pt Minion by SPi Publisher Services, Pondicherry, India

1 2014



Contents

Foreword ix

Acknowledgements xi

1 Generic Extrusion Processes 1
1.1 A history of extrusion processing technology 1

1.1.1 The introduction of screw extruders 1
1.1.2 The generic extrusion process concept 2
1.1.3 Extrusion technology in the polymer-processing industry 3
1.1.4 Extrusion technology in the food- and feed-processing industry 4
1.1.5 Extrusion technology in the paper-milling industry 8

1.2 Factors driving the development of extrusion processing technology 9
1.2.1 Process productivity 9
1.2.2 Product innovation and functionality 9
1.2.3 Environmentally friendly processing 10

1.3 The industrial and economic importance of extrusion processing technology 10
1.3.1 In the polymer and plastics industry 10
1.3.2 In the food and feed industry 10
1.3.3 In the paper milling industry 11

1.4 Contents and structure of the book 11
References 12

2 Extrusion Equipment 13
2.1 Extruders 13

2.1.1 The kinematics of extruders 13
2.1.2 The screw-barrel assembly 15
2.1.3 The die assembly 20
2.1.4 The central operating cabinet 28

2.2 Extruder screw-barrel configurations 28
2.2.1 Single screw extruders 29
2.2.2 Intermeshing co-rotating twin screw extruders 31
2.2.3 Screw-barrel configuration and wear 33

2.3 Ancillary equipment 39
2.3.1 Upstream ancillary equipment 40
2.3.2 On-line ancillary equipment 44
2.3.3 Downstream ancillary equipment 46

References 51

3 Extrusion Engineering 53
3.1 Thermomechanical processing in screw extruders 53

3.1.1 Process configuration of single screw extruders 53
3.1.2 Process configuration of intermeshing co-rotating twin screw extruders 55
3.1.3 Processing specificities 56

v



3.2 Thermomechanical flow in screw extruders 58
3.2.1 Modeling approaches 58
3.2.2 Solids conveying section 67
3.2.3 Melt conveying section 72
3.2.4 Single screw extrusion versus twin screw extrusion 110

3.3 Thermomechanical extrusion processing: use of numerical methods 115
3.3.1 Single screw extrusion 115
3.3.2 Twin screw extrusion 118
3.3.3 Commercial software 120

References 122

4 The Generic Extrusion Process I: Thermomechanical Plasticating of Polymers and
Polymer Melt Forming 125
4.1 The bio-based polymers and bio-based plastics 126

4.1.1 Definitions 126
4.1.2 Macromolecular characteristics of bio-based polymers 129

4.2 Melting mechanism of polymer materials in screw extruders 138
4.2.1 Melting mechanism in single screw extruders: qualitative description 139
4.2.2 Engineering analysis of polymer melting in single screw extruders 140
4.2.3 Melting mechanism in intermeshing co-rotating twin screw extruders 143
4.2.4 Polymer melting: single screw extrusion versus twin screw extrusion 146

4.3 Physical transitions of bio-based polymers 147
4.3.1 Physical transitions of polymeric materials: generalities 147
4.3.2 Glass and melting transitions: basics 149
4.3.3 Glass and melting transitions of bio-based polymers 151

4.4 Flow properties of bio-based polymer melts 157
4.4.1 Flow behavior: basics 157
4.4.2 Measurement of flow properties of polymer melts 159
4.4.3 Rheological characteristics of bio-based polymer melts 161

4.5 Case studies: emerging applications 162
4.5.1 Melting of polyamide-11 in a single screw extruder: exercise 162
4.5.2 Extrusion processing of biodegradable starch-based loose-fill

packaging foams 163
4.5.3 Extrusion compounding of flax fiber-reinforced thermoplastics 165

References 168

5 The Generic Extrusion Process II: Thermomechanical Micromixing and Reactive Extrusion 173
5.1 Reactive extrusion: qualitative description 174

5.1.1 Bulk polymerization 174
5.1.2 Reactive processing of polymers. Reactive plastics reprocessing 175
5.1.3 Reactive extrusion in classic organic chemistry 177
5.1.4 Reactive solid-liquid extrusion-pressing 178
5.1.5 Processing characteristics of reactive extrusion 178

5.2 Reactive extrusion: chemical reaction engineering approach 179
5.2.1 The continuous plug flow reactor 181
5.2.2 Mixing in screw extruder-reactors 189
5.2.3 Heat transfer mechanisms in extruder-reactors 206
5.2.4 Coupling of transport phenomena and chemical reactions 210
5.2.5 Basic principles of process engineering in reactive extrusion 213

vi Contents



5.3 Reactive extrusion applications and processing lines 215
5.3.1 The classes of chemical reactions in reactive extrusion 215
5.3.2 Case study 1: casein-to-caseinate extrusion processing 217
5.3.3 Case study 2: extrusion pulping of non-wood fibers 220
5.3.4 Case study 3: enzymatic hydrolysis of starch 225

References 238

6 The Generic Extrusion Process III: Thermomechanical Cooking and
Food Product Texturization 243
6.1 Food extrusion-cooking: qualitative description 244

6.1.1 Thermomechanical cooking of biopolymer-based systems 244
6.1.2 Texturization of extrusion-cooked melts 254

6.2 Engineering analysis of process functions 255
6.2.1 Preconditioning 255
6.2.2 Extrusion-cooking 261
6.2.3 Steam-induced die texturization 276

6.3 Examples of industrial applications: food extrusion processing lines 293
6.3.1 Breakfast cereals extrusion processing 294
6.3.2 Aquafeed extrusion-cooking process 300
6.3.3 High-moisture extrusion-cooking process 304

References 306

7 Quality Analysis of Extrusion-Textured Food Products 311
7.1 Methods of thermomechanical cooking analysis 311

7.1.1 Optical microscopy for birefringence analysis 312
7.1.2 Water solubility (WSI) and absorption (WAI) indices 312
7.1.3 Alkaline viscosity 313
7.1.4 Differential scanning calorimetry 313
7.1.5 Rapid Visco™ Analyzer 314

7.2 Methods of characterizing extrudate texture 327
7.2.1 Measurement of product density 327
7.2.2 Measurement of structural characteristics 328
7.2.3 Measurement of mechanical characteristics 334
7.2.4 Physical texture of directly expanded extrudates 342

7.3 Case study: texture monitoring of directly expanded extrudates 343
7.3.1 Main features of process–product relationships 343
7.3.2 Methodology for texture monitoring 344
7.3.3 Master correlations between sensory attributes and

puncture parameter 346
References 348

8 The Generic Extrusion Process IV: Thermomechanical Pretreatment and
Solid–Liquid Separation 351
8.1 The fourth Generic Extrusion Process: continuous mechanical expression 352
8.2 Engineering analysis of thermomechanical expression 356

8.2.1 Structure of cellular biological materials 357
8.2.2 Introduction of the nomenclature 359
8.2.3 General description of the filtration and consolidation processes 363
8.2.4 Rheological properties of cellular biological materials and

their characterization 367

Contents vii



8.3 Process modeling 370
8.3.1 The fluid mechanics of the process and determination of relevant parameters 370
8.3.2 Effects of material properties on the process yield 375
8.3.3 Effects of processing conditions and screw geometry on pressure build-up and

liquid expression 378
8.4 Case studies: examples of industrial applications 381

8.4.1 Continuous screw extrusion-pressing of copra, a hard cellular material 382
8.4.2 Continuous screw extrusion-pressing of groundnuts/peanuts, a soft cellular material 382
8.4.3 Soybean processing 383
8.4.4 Feed pretreatments 386

References 390

9 The Generic Extrusion Process V: Thermophysical Micromixing and Material Porosification 393
9.1 The new generic extrusion-porosification process 395

9.1.1 Typical drying processes for instant powders 395
9.1.2 Main drivers of instant powder drying 417
9.1.3 The extrusion-porosification process 421

9.2 Engineering discussion of process functions 425
9.2.1 Vacuum evaporation 426
9.2.2 Twin screw extrusion-aeration 440
9.2.3 Intensified spray drying 450

9.3 Perspectives on industrial applications 451
9.3.1 Range of applications 451
9.3.2 Case study: extrusion-porosification of dairy products 453

References 459

10 Extrusion Technology and Process Intensification 465
10.1 From sustainable development to process intensification 465

10.1.1 The IPAT equation 466
10.1.2 Sustainable development 467
10.1.3 Sustainable technology 469
10.1.4 Concept of process intensification 470

10.2 Process intensification in extrusion processing technology 472
10.2.1 Characteristic times of process phenomena 473
10.2.2 Process-intensifying methods in extrusion 474
10.2.3 Sustainability of extrusion processing technology 497

10.3 Case studies: exercises 499
10.3.1 Exercise 1: Residence time distribution 499
10.3.2 Exercise 2: Polymer melt coupling in reactive extrusion 501
10.3.3 Exercise 3: Weighted average total strain 502
10.3.4 Exercise 4: Energy saving in extrusion-cooking 503
10.3.5 Exercise 5: Water saving in solid-liquid extrusion-pressing 503

10.4 Conclusion: future trends 504
References 505

Index 507

viii Contents



Foreword

Extrusion as a means of forming products has been a
mainstay in the food and non-food industries for nearly
100 years and has been used to produce a wide variety
of products with a wide range of compositions, densities,
structures, and textures. Much work and many publica-
tions have, over the years, been devoted to the extrusion
of food and non-food biomaterials but few works have
successfully brought together the engineering aspects of
the extrusion process with the physical and chemical
changes made to the product at both the fundamental
and practical levels.
The authors of this book, who are truly experts and

leading scientists in extrusion technology, have produced
a very impressive text that surely will be the standard for
many years to come. This work will no doubt be extremely
useful not only for academicians but also for practicing
engineers. To facilitate a thorough understanding of the
process, the authors introduce the concept of the Generic
Extrusion Process (GEP) to present in a very comprehen-
sive way the fundamentals of extrusion derived from
experience in other industries. The basic functions
include melt formation, micromixing and reaction,

cooking and texturization, and solid-liquid separation.
This concept allows for an understanding of the complex-
ity of the extrusion process, linking science with long-
term practical experience.
The book is divided into three parts.

• Part 1: Extrusion equipment design and engineering
analysis with emphasis on fundamental engineering
principles.
• Part 2: Application of extrusion to food and non-food
biomaterials that is demonstrated with numerous case
studies.
• Part 3: Emerging extrusion technologies with emphasis
on developing sustainable extrusion processes.
Each part is well written and very comprehensive.
It is my belief that this work will stand the test of time

and be one of best books on extrusion technology.

Martin R. Okos
Professor, Agricultural and Biological

Engineering Department
Purdue University, West Lafayette,

Indiana, USA
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1 Generic Extrusion Processes

Extrusion, one of the most important innovations of the
20th century, is often presented as a model of scientific
and technology transfer between different processing
industries, such as the polymer and plastics, food and feed,
and paper-milling industries in particular. Although the
first technical designs of screw extruders were introduced
in the latter years of the 19th century, extrusion processing
really established itself approximately 60 years later, with
the development in the plastics industry of polymer-based
materials. It was later successfully exploited by the
industries that processed plant biopolymers and has
developed into a widespread extrusion processing culture
over the past 80 years.
The purpose of this introductory chapter is to give a

brief historical overview of the emergence of screw extru-
ders and of the extrusion processing culture that owes its
existence to the remarkable transfers of technology from
polymer processing to food and feed processing and to
paper milling.

1.1 A history of extrusion processing
technology

Extrusion is commonly defined as the operation of form-
ing and shaping a molten or dough-like material by forc-
ing it through a restriction, or die. This operation is
extensively applied in many processes as a batch or con-
tinuous operation. While adhering strictly to this defini-
tion, the understanding and analysis of extrusion are quite
simple and straightforward.
Extrusion processing technology relies on a continuous

process operation which uses extruders to handle process
functions such as the transport and compression of
particulate components, melting of polymers, mixing
of viscous media, cooking of polymeric or biopolymeric
materials, product texturization and shaping, defibering
and chemical impregnation of fibrous materials, reactive

extrusion, fractionation of solid–liquid media, etc. Extru-
sion processing technology is highly complex and in-
depth descriptions and discussions are required in order
to provide complete understanding and analysis of this
subject.
Extrusion processing technology uses two different

equipment designs: the single screw extruder and the twin
screw extruder. Within each design, there are various
engineering options, which depend upon the equipment
manufacturers and/or the processing requirements. Read-
ers who are interested in a complete historical review of
the development of extruders should refer to the excellent
and well-documented book by White (1990). This intro-
ductory chapter focuses mainly on single screw extruders
and intermeshing co-rotating twin screw extruders.

1.1.1 The introduction of screw extruders

Single screw and intermeshing co-rotating twin screw
extruders appeared over the last 30 years of the 19th
century. An 1871 US patent to Sturges (1871) presents
a single screw machine for pumping and forming soap.
Gray (1879) developed a single screw extruder for proces-
sing and extruding gutta percha with specific application
to wire coating. In fact, the rubber industry was an early
user of screw extrusion machinery for the continuous
compounding of rubber. Throughout the period from
1880 to 1930, though no notable industrial application
emerged, there was significant mechanical engineering
activity that brought remarkable improvements to the
designs of the single screw extruder (segmented screws,
threaded and grooved liners, pin barrel designs, steam-
heated barrels, etc.).
In 1869, the first patent for a fully intermeshing co-

rotating twin screw extruder was granted to Coignet
(1869). This patent described amachine called amalaxator,
which pumped and processed artificial stone paste. There
was real development of the intermeshing co-rotating

Extrusion Processing Technology: Food and Non-Food Biomaterials, First Edition. Jean-Marie Bouvier and Osvaldo H. Campanella.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.
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twin screw extruder design in the late 1930s, when
Colombo (1939) proposed an advanced design which
was manufactured by the Italian company Lavorazione
Materie Plastiche (LMP). LMP machines were deployed
extensively to the polymer industry over the period
between 1940 and 1956, through manufacturing licenses
(to Clextral, formerly CAFL and then Creusot-Loire in
France, to R.H. Windsor in England and to Ikegai Iron
Works in Japan), and through exportation sales, to IG
Farbenindustrie in Germany, for example.
The introduction of thermoplastics in the 1930s gave a

boost to the development of extrusion processing technol-
ogy. In Germany in 1939, Paul TroesterMaschinenfabrick
(PTM) built an electrically heated, air-cooled single screw
extruder, with automatic temperature control and varia-
ble screw speed. This was the precursor to modern auto-
mated extrusion technology for the emerging plastics
industry. In following years, various ancillary equipments
were introduced to meet the process requirements of the
polymer-processing industry (venting, breaker plates,
screen packs, co-extrusion dies, film blowing, etc.).
As the polymer industry burgeoned, along with the

complexity of polymer formulations, single screw extru-
ders showed real processing limitations in their ability
to efficiently mix, compound and pump polymer melts
of specific characteristics. Then, following World War
II and at the request of plastics manufacturers, twin screw
extrusion technology was introduced, adding significant
value to the process. For example, in July 1956 CAFL
delivered its first intermeshing co-rotating twin screw
extruder (72.5 mm interaxis) to the French Pechiney
company (Pennaroya factory of Noyelles-Godault in
France), for manufacturing plastic pipes. At the same
time, at the request of Bayer, the German company
Werner and Pfleiderer made the first prototype of the
ZSK 83 intermeshing co-rotating twin screw extruder.
Figure 1.1 shows a vertical intermeshing co-rotating twin
screw machine supplied by CAFL in 1963, for nylon and
tergal spinning.
It must be noted that screw extruders played a determi-

nant role in the spectacular growth of the polymer-
processing industry (plastics and rubber) between 1940
and 1960, when world production of plastics exploded
from 300,000 to 12 million metric tonnes per year
(Utracki, 1995). And extrusion technology really estab-
lished its processing potential with the development of
the polymer-processing industry, where, together with
the availability of reliable machinery, flexible and produc-
tive processing could be carried out at a competitive
cost-to-performance ratio.

1.1.2 The generic extrusion process
concept

The success of extrusion processing technology in the
polymer industry resulted in a close relationship between
extrusion equipment designers and plastics manufac-
turers. Both industries pragmatically combined their
efforts and skills to make the use of screw extruders tech-
nically and economically viable at an industrial level, in
order to produce marketable plastic materials.
The term “use of screw extruders” means extrusion

processing. This term combines all the relevant technical
expertise, know-how and knowledge that allow the proc-
ess developers to properly operate screw extruders in
order to produce the targeted materials with the expected
functional and end-use properties. In other words, extru-
sion processing completes the synthesis, revealing the
technical harmony between equipment engineering and
product design. This technical harmony, which has
revealed itself in the numerous extrusion applications,
has led to a few generic processes whose characteristics

Figure 1.1 Intermeshing co-rotating twin screw extruder
designed in 1963 for nylon and tergal spinning.
Source: Reproduced with permission of Clextral, France.
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are worth presenting and analyzing. At this point, the
authors wish to introduce the generic extrusion process
(GEP) concept as one way of manifesting the synthesis
and revealing the fundamentals of extrusion processing
technology.
Currently, the GEP concept is fundamental to the pres-

entation and analysis of the extrusion processing culture
in a comprehensive way, and is important in achieving the
following aims:
• understanding the complexity of extrusion processing
technology
• allowing extrusion practitioners to be less dependent
on long-term experience when carrying out experimental
developments
• linking extrusion science and the long-term experience,
the lack of which often dramatically places a limit on the
optimal use of screw extruders
• creating the potential for generating new ideas for
extrusion applications.
The GEP includes the basic process functions which

govern the performances of screw extruders and resulting
products in certain groups of extrusion applications. They
are presented in the following sections and take into
account the industrial application of extrusion processing
technology in different fields.

1.1.3 Extrusion technology in the
polymer-processing industry

The technical synergy which occurred between extrusion
equipment manufacturers and the polymer-processing
industry led to the first main generic extrusion process,
GEP I, “Thermomechanical Plasticating of Polymers and
Polymer Melt Forming.” Its process functions are applied
in a vast number of industrial applications, to process poly-
meric materials into marketable products. In the extrusion
world, this initial generic extrusion process can essentially
beconsideredas the “bigbang”ofextrusionprocessing tech-
nology, since it has inspired numerous scientists, process
engineers, and product manufacturers, and has led to
outstanding process and product innovations.
GEP I involves continuous melting, mixing, and form-

ing of polymeric mixtures (polymer resins with various
additives) in screw extruders, in order to adjust the pro-
cessability as well as the physical and chemical character-
istics of the resulting compounds, or blends, for future
uses. The energy required for this process is provided
by heat which can be either transferred by conduction
and/or convection between the barrel wall and the mate-
rial, and/or created by viscous dissipation of mechanical

energy into thermal energy. Hence the notion of thermo-
mechanical plasticization of polymers, which has proved
to be very efficient, in terms of processing time-
temperature history, compared to all other types of
alternative processes. The operation can be performed
within a short residence time, making it possible to min-
imize damage to polymers and to preserve their physical
and functional properties.
GEP I has many different applications, from the man-

ufacture of simple compounds (polymers compatible with
plasticizers and neutral fillers), to speciality compounds
and alloys (polymer compounds with active fillers and
functional additives). Single screw extrusion is the ideal
solution for the production of basic and simple com-
pounds while intermeshing co-rotating twin screw extru-
sion is better suited to speciality compounds which
require a relatively high level of mixing in the extruder
and flexibility of the process.
The polymer-processing industry also contributed to the

emergence of a second generic extrusion process, GEP II,
called “Thermomechanical Micromixing and Reactive
Extrusion.” This came about in the early 1940s when
added-value polymer blends appeared on the market to
satisfy specific properties with a broader range of character-
istics, depending on the end-uses of the resulting materials.
Polymer blend technology aims to combine several com-
ponents (polymers, highly reactive compatibilizers and
impact modifiers; occasionally fillers, fibers, etc.), the end-
resultbeingmaterials characterizedbyacontrolledchemical
constitution and morphology. Intermeshing co-rotating
twin screw extruders are particularly well suited to con-
tinuous reactive processing of polymer blends, as they allow
extensive variation in thermal and mechanical energy
inputs, control of the residence time and the application
of efficient micromixing (intense mixing at the molecular
level, due to the intermeshing zone of the screw profile).
Thus, the time-temperature-shear history applied in
this extruder design shows a satisfactory ability to handle
chemical reactions in viscous media. It favorably combines
chemical kinetics with the flow and thermal properties of
the reactive components and products, in order to control
the strong interrelation between processing, material
morphology, and product performance.
GEP II is well known and recognized in the polymer-

processing industry. It made a significant contribution
to the development of the polymer blend industry from
the 1960s (polymerization, polymer grafting, cross-link-
ing, etc. applied almost exclusively to synthetic polymers),
where extrusion technology offered high added-value pro-
cessing. As an example, Figure 1.2 shows a two-stage

1 Generic Extrusion Processes 3



reactive extrusion process applied to continuous rubber
polymerization, as well as to nylon and polyester polymer-
ization. It combines two intermeshing co-rotating twin
screw extruders in series (one vertical and one horizontal
machine). This assemblywas designed in 1966, and several
units were supplied to the polymer-processing industry.
Today, reactive extrusion is highly active in the tech-

nology of blending synthetic polymers, for processing
high-performance blends in particular. Besides polymer
blending, there are currently very few industrial appli-
cations. Among these are the chemical modification of
biopolymers such as milk casein converted into caseinates
(neutralization of the carboxylic acid functions of casein
by use of alkalis) and chemically modified starch for food
and non-food uses (hydrolysis, etherification, and esteri-
fication). Also, it has been successfully applied to convert
diphasic solid–liquid media in the organic chemical
industry (e.g. saponification), as well as in the paper-
milling industry (e.g. alkaline hydrolysis of lignocellulo-
sics, peroxidic bleaching of cellulose pulps).
Undoubtedly, the role of reactive extrusion can only

increase over the coming years with the emergence of bio-
materials whose morphology and characteristics can be

more precisely tailored to end-use requirements. It can
also be used to convert biomass into intermediate compo-
nents (green chemistry), or to substitute existing batch
processes with a significant improvement of processing
sustainability.

1.1.4 Extrusion technology in the food-
and feed-processing industry

The food and feed industry uses screw extrusion
technology extensively (both single screw and intermesh-
ing co-rotating twin screw extruders), in particular in
two different fields: the cereal-processing industry and
the oilseed-processing industry. To date, there has been
no real technological synergy between these two indus-
tries from the equipment and process engineering stand-
points. The cereal-processing industry uses extrusion
technology in the second transformation of cereals, which
consists of converting cereal flours by kneading, cooking,
forming, and texturizing functions to produce both ready-
to-eat (RTE) food products and functional ingredients.
The cereal-processing industry, due to efficient tech-
nology transfer, has benefited considerably from the

Figure 1.2 Two-stage reactive extrusion equipment designed in 1966 for polymerization. Source: Reproduced with permission of
Clextral, France. For color detail, please see color plate section.
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polymer-processing industry in applying extrusion
technology to its numerous processes.
The oilseed-processing industry instead uses extrusion

technology in the initial transformation of oilseeds which
consists of fractionating its main components: the seed
hulls, the vegetable oil, and the proteins. This industry
has developed specific designs of single screw extruders
for solid–liquid separations.

1.1.4.1 Extrusion technology in the cereal-processing
industry

Because of the importance of continuous large-scale pro-
cessing in the pasta industry, it is worth mentioning the
development of single screw extruders for continuous
pasta pressing in the mid-1930s. The aim is to mix at
low shear the ingredients (mainly semolina and water)
and pump the resulting dough into a forming die to pro-
duce different types of pasta products – long and short
pasta. Continuous pasta processing is referred to as cold
extrusion (slightly over the ambient temperature), which
is now widely used at the start of continuous pasta pro-
duction lines. Cold extrusion is not covered in this book,
as it is extensively described and discussed in many docu-
ments and books dealing with pasta processing.
Intermediate/high-shear, hot-extrusion processing

appeared almost simultaneously in the cereal-processing
industry, due to the remarkable technology transfer of
GEP I applied to native cereal-based biopolymers. Harper
(1981) presented a well-documented historical review of

the deployment of extrusion technology in the cereal-
processing industry. A review of the key steps follows.
GeneralMills Inc. (USA)was the first to introducea single

screw extruder in the processing line of RTE cereals in the
late 1930s. The extruderwas only used to shape a precooked
cereal dough which was subsequently dried and flaked or
puffed. In this case, the process functions of the extruder
were quite similar to those of pasta pressing. The first
expanded, extrusion-cooked product was made in 1936; it
was the former corn-based snack product which was com-
mercially exploited by Adams Corporation (USA) from
1946. Figure 1.3a shows the former extrusion-cooked food
product (corncurl snack)madeusing single screwextrusion
technology. In the 1950s came the development of dry,
expanded extrusion-cooked pet foods. In the 1960s the
development of expanded, extrusion-cooked RTE cereals
should bementioned, aswell as the introduction of textured
vegetable protein (extrusion-cooked soy-based rawmateri-
als). All these applications used single screw extruders to
continuously process cereal-based raw materials.
Intermeshing co-rotating twin screw extrusion tech-

nology was introduced in the late 1960s, spurred on by
Clextral and by the industrial and commercial develop-
ment of crispy flat bread in Europe, which was the result
of a collaboration between the CTUC (food technical cen-
tre in France), the BSN Group (now the Danone Group),
and Clextral. Figure 1.3b shows the former extrusion-
cooked food product (crispy flat bread and co-filled flat
bread) made using twin screw extrusion technology.
From the early 1970s, secure in the potential of twin screw

Corn curl snacks
(made on single screw extruder)

(a) (b)

Crispy flat bread and co-filled flat bread
(made on intermeshing co-rotating twin screw extruder)

Figure 1.3 The former extrusion-cooked food products. Source: Reproduced with permission of Clextral, France. For color
detail, please see color plate section.
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extrusion technology, Clextral successfully promoted
intermeshing co-rotating twin screw extrusion technology
worldwide to the major segments of the cereal-processing
industry (snacks, RTE cereals, textured vegetable proteins,
food ingredients such as precooked flours, encapsulated
flavors, pet foods, etc.). Then, from the early 1980s,
other manufacturers joined Clextral to supply twin screw
extruders to the cereal-processingmarket. Itmust benoted
that the former extrusion-cooked food products (corn curl
snack and crispy flat bread) are still on the market today,
and they lead their market segment.
Another user of screw extruders is the fish feed indus-

try. In the 1970s, it adopted extrusion technology (single
screw and intermeshing co-rotating twin screw extruders)
to mix, cook, and texturize aquafeed pellets according to
the various needs of fin and shell fish, making it possible
to intensify aquaculture with high productivity, while pre-
serving the health of both animals and environment. In
this field, large extrusion units are used for producing
the main supply of aquafeed pellets. As an example,
Figure 1.4 shows a large intermeshing co-rotating twin
screw extruder (200 mm screw diameter), able to process
approximately 25 metric tonnes of feed mix per hour,
which gives approximately 30 metric tonnes of finished

aquafeed pellets per hour (after drying and fat coating,
in the case of typical salmon feed, for example).
Nowadays, the cereal-processing industry is the second

most important user of extrusion technology, owing to an
efficient technology transfer ofGEP I.Cereals are composed
of natural plant polymers or biopolymers, mainly starch
polymers (the fractions of amylose and amylopectin),
which are neutral semi-crystalline macromolecules,
and polymers combining natural amino acids (proteins),
which are amphoteric macromolecules. When applying
GEP I to native biopolymers with water as the plasticizer,
thermomechanical melting of biopolymers occurs, which
causes irreversible physicochemical modifications, making
them easily digestible by human and animal digestive
systems. This has given rise to a newmethod of continuous
cookingof starchyandproteinaceous foodstuffs calledhigh-
temperature, short-time (HTST) extrusion cooking which
favors mechanical action for the conversion of starches
and proteins and consequently offers a unique alternative
to traditional hydrothermal cooking. Extrusion cooking of
starchy and proteinaceous materials is intended to give
the resulting products a specific texture (on the macro-
molecular and macroscopic level) for a sensory and
functional purpose (Guy, 2001; Mercier et al., 1989).

Figure 1.4 Large intermeshing co-rotating twin screw extruder (200 mm screw diameter) used in the aquafeed processing industry.
Source: Reproduced with permission of Clextral, France.
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The cereal-processing industry subsequently developed
an innovative GEP III called “Thermomechanical Cook-
ing and Food Product Texturization.” It was immediately
adopted by the food and feed industry for processing
starch- and protein-based raw materials, resulting in
crispy, textured human-food products (snacks, breakfast
cereals, textured vegetable proteins, etc.) and textured
animal food products (pet foods and aquafeed pellets in
particular).
Both single screw and intermeshing co-rotating twin

screw extruders are used. Single screw extrusion is gener-
ally used for simple formulations and easy-to-control
product characteristics, while intermeshing co-rotating
twin screw extrusion is better suited to mixtures with sev-
eral ingredients and products which require greater flex-
ibility and control of quality. Both single screw and twin
screw extrusion technologies are now well established in
their respective markets within the cereal-processing
industry, on the basis of technical and economic criteria.

1.1.4.2 Extrusion technology in the oilseed-
processing industry

The first transformation of oilseeds aims to fractionate
their main components by use of a continuous process
with the following unit operations in series: dehulling,
grinding, thermal cooking, mechanical pressing, and sol-
vent extraction (Laisney, 1984). Mechanical pressing is
mainly required for high fat content oilseeds such as sun-
flower seeds, rapeseeds, cotton seeds, etc.
Mechanical pressing consists of separating part of the

oil from the seeds. Originally made by using batch
hydraulic presses, the move to continuous mechanical
pressing was particularly challenging for the oilseed-
processing industry. This became possible when Ander-
son (USA) created the first continuous single screw press
in 1904. Thanks to the efforts of Anderson and a number
of other suppliers, this became really popular in the oil-
seed industry following World War II. Continuous twin
screw pressing of oilseeds has been investigated fairly
recently, in the 1990s (Bouvier & Guyomard, 1996), but
has not yet been industrialized. Though it has been
applied in a different industrial field (the paper-milling
industry), the first intermeshing co-rotating twin screw
press was introduced by Clextral in late 1970s (see
section 1.1.5).
The design of single screw presses is similar to that of

single screw extruders. Themain difference is in the barrel
of the single screw press which has openings to collect
the oil when it is expressed from the seeds through the

pressing effect of the rotating screw. The proteinaceous
meal is then extruded at the exit of the screw-barrel
assembly.
Continuous single screw pressing has been deployed to

other agro-food processing industries to eliminate liquid
aqueous juices from various agro-materials such as sugar
beet pulp, alfalfa, etc., thus increasing the dryness of those
materials at high energy efficiency.
The introduction of continuous screw pressing for

solid–liquid separation led to GEP IV, called “Thermo-
mechanical Pretreatment and Solid–Liquid Separation.”
This process makes the most of the mechanical energy
input to generate pressure along the screw and compress
plugs of material from which the liquid exudes, while the
screw design makes it possible to fine-tune both the pres-
sure distribution and the free volume and to convey the
plugs forward. As the barrel has filtering sections where
pressurization occurs, continuous fractionation of the
liquid is obtained.
GEP IV is most important for the processing industries

that deal with biomaterials for food and non-food uses. In
fact, it offers a real opportunity to potentially save energy
in solid–liquid separation processing, by eliminating
water in its liquid state and significantly reducing the
amount of water when water-aided extraction is required,
leading to environmentally friendly processing. There-
fore, GEP IV is a worthwhile and relevant subject for
presentation and analysis in this book.

1.1.4.3 An emerging, innovative generic extrusion
process

Extrusion technology is still spreading through new pro-
cessing industries. Engineers and researchers continue to
come up with new ideas and invent new processes and
products in all fields, both to improve the performances
of existing processes and to satisfy new needs expressed
by society.
In view of this, there is one innovative GEP that needs

to be mentioned. It is presently in the development phase
and should reach industrial maturity in the coming years.
This new process concerns the field of instant porous
powders produced from liquid or from liquid–solid
concentrates for food and non-food uses. Instant powder
production technology must be able to handle the
dehydration of the starting material and the texturization
of the resulting powder. The most widespread technolo-
gies and processes used are spray drying, drum drying,
and freeze drying. One characteristic of these technologies
and processes is their generally high investment and
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operating costs (notably energy), sometimes prohibitively
so. Because of its capability to deal with viscous media,
to texturize and form mono- and multiphase mixtures,
intermeshing co-rotating twin screw extrusion technology
is a valuable aid in handling instant powder products and
“porosifying” (creating porosity), more cost-effectively
than traditional processes and technologies.
The advantages and potential of twin screw extrusion

in processing and functionalizing porous powders have
led Clextral and its partners to take a hands-on interest
in the field in recent years (Bouvier et al., 2006). The
current R&D investigations have lead to GEP V, called
“Thermophysical Micromixing and Material Porosifi-
cation.” It is also called the “Extrusion-Porosification”
process, by its inventors.
This process aims to use the mixing efficiency of inter-

meshing co-rotating twin screw extrusion technology to
mix gases into viscous media, in order to produce aerated
foams which lead to porous particles when later dried.
This process was invented during consideration of the
requirements of the dairy industry for improved perfor-
mances of the spray-drying process (to reduce operating

costs and increase process flexibility) in the production of
powders from milk and dairy co-products. However, the
dairy industry aside, the process is conceptually generic,
as it can be applied to various types of powders (food
and non-food) which require easy and quick rehydration
for use. For this reason, the authors have dedicated a full
chapter in this book to this emerging new extrusion proc-
ess in the field of porous powder texturization.

1.1.5 Extrusion technology in the paper-
milling industry

The paper-milling industry is the third most significant
user of extrusion technology, owing to two consecutive
technology transfers, one from the polymer-processing
industry and the other from the food- and feed-processing
industry. It adopted extrusion technology quite recently, in
the late 1980s, to promote environmentally friendly contin-
uous processing of lignocellulosic materials.
Actually, the adventure began at the end of the 1970s

when process engineers and technologists attempted
to use intermeshing co-rotating twin screw extrusion

Figure 1.5 Intermeshing co-rotating twin screw extruder (240 mm screw diameter) used in the paper-milling industry.
Source: Reproduced with permission of Clextral, France.
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for cellulose fractionating, to take advantage of the
continuous nature of the extrusion process and minimize
the consumption of utilities (water, energy, and chemi-
cals). This represented a real technological breakthrough
for the paper-milling industry, and was the result of the
collaboration between Clextral and the Centre Technique
du Papier (Grenoble, France), which played a decisive
role in the success of this invention. At present, Clextral
is the only twin screw extrusion equipment manufacturer
in the world that is capable of handling this application.
Figure 1.5 shows a Clextral intermeshing co-rotating twin
screw extruder for the paper-milling industry.
The extrusion fractionating process includes several

unit operations in two intermeshing co-rotating twin
screw extruders in series, which use two generic extrusion
processes presented earlier, GEP II and GEP IV, as
follows.
• In the first extruder, mechanical defibering of lignocel-
lulosics and chemical impregnation of the plant substrate
are carried out. This unit exploits the principles of reactive
extrusion (GEP II) in a solid–liquid medium to digest the
lignin component and bleach the cellulose pulp, making
it possible to significantly decrease the consumption of
chemicals and reduce the total processing time.
• In the second extruder, washing and fiber refining of
the cellulose pulp take place through continuous solid–
liquid separation. This unit exploits the principles of
mechanical expression (GEP IV), through the ability of
the intermeshing co-rotating twin screw extruder to gen-
erate pressure build-up sections, thus creating a series of
dynamic plugs which cause the separation of the liquid
(liquor) from the solid fibrous substrate (cellulose).
Mechanical expression allows very effective washing to
be achieved with small amounts of water, which leads
to an important saving of water, compared with tradi-
tional cellulose-washing processes.
Because of the technical and economic environment for
cellulose fractionation, twin screw extrusion technology
is used for speciality pulps from annual plant by-products
such as cotton-based pulp for bank notes and security
papers, flax- and hemp-based pulp for cigarette papers
and filter papers, and cotton-based pulp for printing
and writing paper, etc.

1.2 Factors driving the development of
extrusion processing technology

Given the major applications that were developed and
successfully industrialized in the 20th century, it appears

that the adoption of extrusion technology in the proces-
sing industries was driven by the following three factors.
• Process productivity (continuous, flexible, versatile
processing)
• Product innovation and functionality
• Environmentally friendly processing

1.2.1 Process productivity

Extrusion is a continuous process. This is a determinant
characteristic in industrial processing, particularly when
dealing with viscous media. Actually, early developments
and industrialization of screw extruders were driven by
continuous processing, such as pasta screw pressing, oil-
seed screw pressing, and polymer processing. And contin-
uous extrusion processing has been always valuable when
promoting extrusion-processed materials at an indus-
trial level.
Extrusion is a flexible and versatile process, due to the

modularity of the screw configuration and the wide var-
iations of independent process variables, which make it
possible to make extensive adjustments to the processing
conditions (energy inputs, residence time, temperature
profile, on-line addition of ingredients, etc.), depending
upon process requirements and characteristics of the
materials. It should be noted that screw extruders can
handle a wide variety of media (various viscosities and
rheological behaviors and both single- and multiphase
mixtures), process functions (intense mixing, chemical
reactions, cooking, physical separation, cooling, degas-
sing, etc.) and product characteristics (forming, shaping,
texturizing, etc.). Continuous, flexible, versatile proces-
sing is globally linked to process productivity. This has
been particularly well investigated and exploited in the
following fields: polymer processing, oilseed processing,
feed processing, and cost-competitive manufacturing.

1.2.2 Product innovation and functionality

Extrusion technology has brought determinant value to
processing industries in several areas by permitting mate-
rial and product innovation, in particular through the
following:
• physical and chemical fine-tuning of functional proper-
ties of the end-products, including polymer blending,
modified starches, flavor encapsulation, etc.
• physical fine-tuning of end-use properties of the fin-
ished products such as structured polymer-based materi-
als (such as multilayer films, reinforced composites, etc.),
textured food and feed cereal-based products (crispy flat
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bread, multigrain snacks, crispy-crunchy cereals, chewy
pet treats, aquafeeds, etc.).
The growth, in both volume and value, of extrusion-
processed materials and products (for food and non-food
uses) in the business-to-business and the business-
to-consumer markets indicates how defining the impulse
of extrusion technology was in the dynamism of product
innovation in various processing industries.

1.2.3 Environmentally friendly processing

Continuous extrusion is characterized by low processing
volumes and relatively low residence times, compared to
traditional batch processing. In other words, the extrusion
processing volume is restricted in comparison with the
processing volume of current agitated vessels. As a matter
of fact, the rate of physical and chemical modifications
that occur in extrusion processing is usually far higher
(heat, mass and momentum transfers, reaction rates, for
example) due in particular to significant mechanical
energy inputs. This places extrusion processing technol-
ogy in the process intensification class, leading to econo-
mies in energy, rawmaterials and consumables, a reduced
equipment footprint and reduced investment costs com-
pared to non-intensified processing, thus minimizing the
impact of the processing industries on the environment.
The positive impact of extrusion processing technology

on the environment became particularly noticeable from
the 1980s, when promoting this technology in the aqua-
feed-processing and paper-milling industries. This factor
will certainly become increasingly important over the
coming years and decades, given the trend driven by sus-
tainable development, which should increasingly encour-
age process intensification in processing industries.

1.3 The industrial and economic
importance of extrusion processing
technology

From the early designs of screw extruders in the latter
years of the 19th century until now, important industrial
activity and business have been generated in two main
fields:
• extrusion equipment engineering; that is, companies
which deal with equipment design and manufacturing
• extrusion process engineering; that is, processing indus-
tries which deal with product design and manufacturing.
Extrusion-related industries really started to develop sig-
nificant business in the 1930s, when processing industries

had to create the appropriate technologies for processing
viscous polymer-based materials. Since then, screw
extruders have made important contributions to the
growth of those industries, which have continuously
benefited from the engineering input of equipment
manufacturers.
Nowadays, owing to the successful technology transfers

that occurred over the 20th century, three main proces-
sing industries use extrusion technology in their produc-
tion units:
• polymer and plastics industry
• food and feed industry
• paper milling industry.
Though there are no established statistics, the indus-
trial impact of extrusion processing technology can be
qualitatively assessed. There are several thousand screw
extruders presently in operation, with approximate
distribution as follows:
• two-thirds of screw extruders in the polymer-
processing industry
• approximately 30% of screw extruders in the food- and
feed-processing industry (which includes both the cereal-
processing and oilseed-processing industry)
• and the balance (less than 5% of screw extruders) in the
paper-milling industry and in miscellaneous processing
industries such as the chemical (fine chemicals, minerals)
and pharmaceutical industries, etc.
The industrial application of extrusion processing tech-
nology has generated no less than 100 applications. Some
of the major applications used in processing industries
include the following.

1.3.1 In the polymer and plastics industry

Plastic films for bags, buildings; plastic pipes for water,
gas, drains; plastic tubing for automobiles, control cable
housing, medical use; plastic insulated wire for the home,
automobiles, appliances, electric power distribution;
plastic-coated paper for film cartons, meat packaging,
moisture barriers; plastic sheeting for formed products,
lighting; plastic profiles for sliding and storm windows
in the home; polymer alloys, masterbatches, fiber-
reinforced composites for compression, injection; energy
materials, plastics recycling and reprocessing, modified
biopolymers (starches, proteins), and much more.

1.3.2 In the food and feed industry

3D snacks, snack pellets, 3D breakfast cereals, pellet-to-
flakes cereals, co-filled cereals, crispy flat bread, textured
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vegetable proteins, encapsulated flavors, casein-to-casei-
nates, dry pet foods, pet treats, aquafeeds, oilseed fraction-
ation, sugar beet dewatering, alfalfa dewatering, etc.

1.3.3 In the paper milling industry

Cellulose pulping for speciality papers (bank notes, secu-
rity papers, cigarette papers, filter papers, etc.), wood
pulping for horticultural uses, etc.
Table 1.1 gives a synthesis of extrusion processing tech-

nology. For each of the generic extrusion processes I–V,
the main process functions applied in the extruders are
reviewed, together with the screw extruders used and
the resulting major applications.

1.4 Contents and structure of the book

Industrial applications of extrusion technology have led to
the establishment of a rich extrusion processing culture
which has emerged progressively from continuous inter-
action between practitioners and scientists. This is partic-
ularly true where extrusion processing media are based
on synthetic polymers. As this field has been a former user
of extrusion technology, it has had the advantage of

extensive scientific investigation and modeling, making
it possible to predict process performances. Polymer
extrusion processing applied to synthetic polymers has
led to many relevant scientific and engineering develop-
ments, and the resulting information given in numerous
books is particularly rich and well documented.
However, biomaterials extrusion processing (for food

and non-food uses) is relatively new for most of the appli-
cations, and it suffers from a lack of written information.
In addition, this field tends to be more segmented and
application oriented. In biomaterials extrusion proces-
sing, an accumulation of long-term experience generally
precedes the scientific developments, since it usually deals
with complex raw materials whose characteristics are
not sufficiently known. A multidisciplinary approach to
extrusion processing must then be applied, for which
the complete prediction of the process performances is
not yet available.
The purpose of this book is to provide an engineering

analysis of extrusion processing technology dedicated to
biomaterials, for food and non-food uses. The content
has been inspired both by existing applications of extru-
sion technology and by emerging applications that are
mainly the result of sustainable development. The
objective of this work is to broach the distance between

Table 1.1 Extrusion processing technology: synthesis.

Generic extrusion
process Major process functions

Screw
extruders used Relevant applications concerned

I Thermomechanical polymer
melting

Mixing
Material forming

SSE and TSE Polymer compounding
Plastics shaping/forming
Masterbatches
Fiber-reinforced composites

II Thermomechanical micromixing
Chemical reaction
Cooling

TSE Polymer blends
Chemically modified biopolymers
Hydrolysis of lignocellulosics and cellulose
pulp bleaching

III Thermomechanical plant
biopolymer melting

Mixing and cooking
Product texturization/shaping

SSE and TSE Snacks and breakfast cereals
Crispy flat bread
Pet foods and aquafeeds
Textured proteins

IV Thermomechanical pretreatment
Solid–liquid separation

SSE and TSE Oil separation from oilseeds
Dewatering of agro-products

+ Material refining TSE Cellulose pulp washing and refining
V Thermophysical micromixing

(gas–liquid)
Cooling
Product porosification

TSE Instant porous powders
(food and non-food products)

SSE, single screw extruder; TSE, intermeshing co-rotating twin screw extruder.
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long-term experience in extrusion and the science of
extrusion, in order to create a link between the world of
extrusion practitioners and that of extrusion scientists
in the field of biomaterials. For this purpose, the generic
extrusion process concept (as described in section 1.1.2)
has been applied in order to present and discuss the extru-
sion processing culture and to organize the framework of
the book content.
Apart from this introductory chapter, the book is

composed of three main parts and nine chapters.

Part I: extrusion equipment and extrusion
engineering

Chapter 2 reviews the basics of the design and configura-
tion of extrusion equipment. It is dedicated mainly to sin-
gle screw extruders and intermeshing co-rotating twin
screw extruders, as well as to ancillary equipment which
is relevant to extrusion processing.
Chapter 3 gives an engineering analysis of extrusion

processing (fluid mechanics and transport phenomena)
in close relation to the process functions which are pre-
sented and discussed in Part II through the generic extru-
sion processes. Of great interest to extrusion practitioners
is the comparison between single screw and twin screw
extrusion, which is included at the end of the chapter.

Part II: generic extrusion processing and
industrial applications

Chapter 4 presents and analyzes GEP I, focusing on extru-
sion processing of bio-based plastics. Resulting applica-
tions are included, such as extrusion processing of
biodegradable materials and fiber-reinforced composites.
Chapter 5 presents and analyzes GEP II, focusing on

reactive extrusion applied to the functional modification
of biomaterials for food and non-food uses.
Chapters 6 and 7 are concerned with GEP III, focusing

on extrusion cooking of plant biopolymers and methods
relating to quality analysis of extrusion-cooked food pro-
ducts. Relevant existing and emerging applications are
included.
Chapter 8 deals with the presentation and analysis of

GEP IV, focusing on existing applications of screw

extrusion pressing. Relevant industrial applications are
considered.

Part III: the prospects for extrusion
processing technology

Chapter 9 presents and discusses the emerging GEP V,
focusing on bio-based instant porous powders. Although
this process has not yet been applied at an industrial level,
its potential in terms of industrialization is discussed.
Chapter 10 presents the process intensification con-

cept, and discusses the ability of extrusion technology
to intensify specific process functions and, in doing this,
to meet the requirements of sustainable development in
the processing industries.
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2 Extrusion Equipment

It is worth describing the design of extrusion equipment
in this chapter, particularly hardware components, which
have a direct impact on extrusion processing perfor-
mance. Single screw and intermeshing co-rotating twin
screw extruders are considered exclusively, as they both
support the generic extrusion processes which are pre-
sented and analyzed in the following chapters.
Screw extruders are composed of four main parts,

which are generally supported by a frame (Figure 2.1).
• The kinematics (motor and gearbox, in particular),
which delivers the mechanical power required by the
extrusion process.
• The screw-barrel assembly, in which the material is
converted.
• The die assembly, through which the converted mate-
rial is shaped, formed, or textured, depending upon the
targeted products.
• The central operating cabinet or “brain” of the equip-
ment, which monitors equipment operation (control of
independent variables, automation, equipment security,
display, etc.).
Equipment parts are presented in this chapter, with
emphasis on the hardware of the screw-barrel assembly,
the design of which determines the quality of the
product obtained in the extrusion process. Screw extru-
ders are associated with ancillary equipment the role of
which is to suitably preprocess raw materials upstream,
or postprocess products downstream; sometimes they
manage on-line the addition or removal of process-
related components. Thus, most important ancillary
equipments required for traditional extrusion processing
are also presented.
The aim of this chapter is not to provide a complete and

exhaustive mechanical engineering background on the
hardware of extruders and ancillary equipment, but rather
to point out those engineering characteristics which are
important for successful extrusion processing. Readers
who are interested in a detailed description of the

hardware of extruders should refer to the excellent and
well-documented books published by Martelli (1983)
and Rauwendaal (2001).

2.1 Extruders

Figure 2.1 shows a schematic view of an extruder and its
major parts, all supported by a frame. This can be either a
fixed frame or a ready-to-open frame which allows quick,
easy access to the screw configuration for cleaning,
checks, and maintenance, in particular. The frame open-
ing can be handled either manually or with electrical assis-
tance. Ready-to-open frames are offered by a few
suppliers of intermeshing co-rotating twin screw extru-
ders, for the food and feed industry, as well as for the
paper-milling industry, as this design does offer recog-
nized operating and economical added value through
improved process productivity and flexibility.
The characteristics and functions of extruder parts with

respect to their major functions in extrusion processing
are now described.

2.1.1 The kinematics of extruders

The kinematics of extruders is composed of a motor drive
system and a gear reducer, the designs of which determine
the torque-speed domain covered by the extrusion equip-
ment. The torque-speed domain is fundamental to defin-
ing the extruder’s performance in terms of process
productivity and product conversion.

2.1.1.1 The gear reducer

The gear reducer transmits the power supplied by the
motor to the shank of the screw, the screw shaft for single
screw extruders, or the two screw shafts for intermeshing
co-rotating twin screw extruders. The gear reducer also
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has to match the relatively low speed of the screw(s) to the
high speed of the motor drive. The mechanical design of
the gear reducers defines the torque-speed domain of the
extruder and therefore, the maximum torque and screw
speed available for extrusion processing. It should be
noted that the efficiency of gear reducers is high, generally
greater than 95%.
The design of a twin screw extruder gear reducer is

more complex, as it must symmetrically divide the torque
between each screw. It is composed of two stages: the first
stage reduces the speed of the motor drive (1200 to 2000
rpm) to the final speed of the screws (generally 100 to
1200 rpm for modern intermeshing co-rotating twin
screw extruders), while the second stage distributes torque
between the two screw shafts. The design and manufac-
turing of high-performance gear reducers require a high
level of expertise due to the tightness of the interaxis of
the exit shafts.
Manufacturers have tremendously improved the design

and performance of gear reducers over the past 30 years.
This is clearly illustrated by the development of the stand-
ard maximum torque density-speed characteristics of
intermeshing co-rotating twin screw extruders, which
progressed from about 2.5 N.m/cm3-250 rpm in the
1970s, to 12 N.m/cm3-1200 rpm in the 1990s. This allowed
end-users to significantly improve the competitiveness of
extrusion processes through process productivity and
product functionalities. Over the same period of time,

gear reducers have achieved a high level of reliability
which today ensures long lifetimes, over 50,000 hours
for most extrusion applications, provided end-users rigor-
ously adhere to the appropriate maintenance and lubric-
ation procedures.

2.1.1.2 The motor drive

Themotor drive system allows the torque and screw speed
to be fine-tuned according to process requirements, i.e.:
• it maintains a constant screw speed
• it varies the screw speed over a relatively wide range
• it operates at constant torque over the range of
screw speed.
Two main motor drive systems are available: DC and AC.
Currently, the DC motor drive system is the one most
commonly used for both single screw and intermeshing
co-rotating twin screw extruders, as it covers a very wide
range of screw speed from zero to the nominal speed, and
accurately controls the exit torque which is strictly pro-
portional to the intensity of the current delivered to the
motor. This system is simple and cost-effective. The main
drawback to using DC motors is maintenance of the
brushes and commutator.
The AC motor, together with the frequency drive, is

increasingly used, as its performance has significantly
improved in recent years. It is reliable and, unlike the
DC motor, it requires very low maintenance.

Kinematics
(motor and gear reducer)

Raw materials inlet

Products
outlet

Frame

Screw-barrel
assembly

Die assembly
(with a die-face cutter)

Control cabinet

Figure 2.1 Schematic view of an extruder with the major parts. Source: Reproduced with permission of Clextral, France.
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Though it is rarely used on regular extruders, it is worth
mentioning the hydraulic drive system. It generally con-
sists of a constant-speed AC motor driving a hydraulic
pump which drives a hydraulic motor. This system can
be controlled quite well, and has a satisfactory level of effi-
ciency and reliability. It is sometimes used in critical
environments (explosive environments, for example), or
in situations where a very compact extrusion processing
unit is required, as the pump assembly can be physically
separated from the extruder.

2.1.1.3 Process operation

In practice, most single screw and intermeshing twin
screw extruders operate at constant torque over the range
of screw speeds. Thus, torque-speed characteristics can be
used to determine power-screw speed characteristics by
using the well-known relationship P = CMdN, where P
is the power (expressed in W), Md the screw torque
(expressed in N.m),N the screw speed (expressed in revo-
lutions per minute, or rpm), andC a constant (C = 2π/60).
If the torque is consistent with the screw speed, then the

power is directly proportional to the screw speed. Thus,
the maximum power of the drive is utilized when the
motor is running at full speed. Mechanical power con-
sumption is mainly determined by the screw configura-
tion, process throughput, and rheological characteristics
of the material in the screw-barrel assembly. Figure 2.2
demonstrates the evolution of the normalized mechanical
power, PN, consumed by an intermeshing co-rotating
twin screw extruder, as a function of the productivity
index, IP. IP is the ratio of the volumetric throughput
to the free volume of the screw-barrel assembly, for three
different material viscosities assuming a Newtonian

behavior. Note that PN and IP are independent of
the size of the extruder. Figure 2.2 was based on calcu-
lated data obtained from LUDOVIC® computer software
at constant screw configuration (Della Valle et al.,
1993; Sciences Computers Consultants, 2013). As the
calculation assumed Newtonian behavior of the material,
the figure shows a linear relationship between PN and
IP, the slope of which increases when material viscosity
increases. Values of PN at IP = 0 correspond to the
power consumed with zero throughput where the extru-
der barrel theoretically contains some material in the
filled sections; in this case, PN at IP = 0 is as high as
the material viscosity. Obviously, the capacity of the
extruder is governed by screw speed with low-viscosity
materials (in the case of feed applications, pet food
and aquafeed extrusion processing, for example), while
it is governed by torque with high-viscosity materials
(in the case of thermoplastic polymer extrusion proces-
sing, for example).
It is worth mentioning that a lot of consideration must

be given to the kinematics as it has a significant effect on
extrusion processing performance. Firstly, the torque-
speed characteristics of the kinematics determine the pro-
ductivity of the extrusion equipment. Secondly, the ability
of the kinematics to consistently manage the screw speed,
that is, maintain a constant screw speed in a stationary
state and vary the screw speed over a relatively wide range,
determines both the flexibility and stability of extrusion
processing.

2.1.2 The screw-barrel assembly

Mechanical power is delivered to the screw-barrel assem-
bly via a thrust bearing box which, in the case of single
screw extruders, corresponds to the point where the screw
shank, or the screw shaft, connects to the output shaft of
the gear reducer; in the case of twin screw extruders, this
is where the screw shafts connect to the output shafts of
the gear reducer.
The screw-barrel assembly is the central part of an

extruder. It receives the main stream of raw materials
at the feed port and then it physically and chemically
converts them using thermal and mechanical energy,
according to product requirements. Its design requires
special consideration as it contributes to process perfor-
mance and the quality of targeted products.
There are two main categories of screw-barrel

assembly.
• The “monobloc” screw-barrel assembly, which consists
of a single-piece, solid screw surrounded by a cylindrical
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barrel. This is the simplest and most traditional design for
the single screw extruder screw-barrel assembly.
• The “modular” screw-barrel assembly, which consists
of segmented worm screw elements and a barrel. This
design is found on advanced single screw extruders,
and is used as standard on intermeshing co-rotating twin
screw extruders.

2.1.2.1 The “monobloc” design

Figure 2.3 presents a simple version of a single-piece,
single-flighted worm screw of a conventional plasticating
single screw extruder. It shows three distinct geometrical
sections with a channel having variable depth and con-
stant pitch.
• The first section, called the feed section, has deep
flights, in order to offer a high transportation capacity
for solid and particulate raw material (solid powders
and particulates). Its function is to convey the material
down the screw.
• The following section, called the compression section, is
where the material is compressed under the compressive
effect of the screw (in a channel of decreasing depth). At
the same time, the material is heated by interparticular
friction and conductive heat transfer until melting occurs.
In this section, the material changes from a solid partic-
ulate state into a melt state (viscous fluid). This is the
longest section, and is essential for correct operation of
the extruder, as it must be designed in such a way as to
completely melt polymeric materials. The melting mech-
anism of polymeric materials is analyzed in Chapter 4.
• The third section, called the metering section, is where
the material is ideally in a molten state. This is a pumping
section in which the pressure needed to convey and feed
the molten material through the die opening is built up.
But it can also be used to fine-tune conversion of the

material. In fact, the metering section is characterized
by shallow flights which generate high shearing condi-
tions. The mechanical energy dissipated allows the mate-
rial to be converted into a rheological state which is
compatible with satisfactory processing and forming.
The melt flow mechanism of molten polymers is analyzed
in Chapter 3.
The monobloc screw-barrel assembly is traditionally
defined by geometrical parameters, which are presented
in Figure 2.4.
The screw pitch determines the helix angle θ, i.e. the

angle which the flight makes with a plane normal to the

Feed
section

Metering
section

DieCompression
section

Feed throat barrel Screw Barrel

Figure 2.3 Schematic view of a
one-stage 'monobloc' screw-
barrel assembly with operating
sections.

- Internal diameter of the barrel: D
- Screw root diameter: d
- Screw pitch: B
- Flight width: e
- Screw clearance: δ
- Actual screw diameter: Ds = (D – 2δ)
- Actual height of screw flight: H = (Ds – d)/2
- Channel width: W = B.cosθ– e
- Length of channel in one complete turn of the helix: Z = B/sinθ
- Peripheral speed of the screw: V =π.Ds.N≈π.D.N

Barrelθ

δ ScrewB

d D
s

H

D
W

e

Figure 2.4 Geometry of screw-barrel assembly of single
screw extruder (monobloc design).
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