a6 fn S2co o —
N% Yy bj

Extrusion Cooking

Craft or Science ?

D.J. van Zuilichem

MilmIlllImlﬂllll\lmIHIIIMIWJIHII\IIHIIWI

0000 0664 4526

“egyb



Promotoren:

dr. ir. K. van 't Riet, gewoon hocogleraar in de
levensmiddelenproceskunde aan de Landbouwunif
versiteit Wageningen.

dr. ir. L.P.B.M. Janssen, gewoon hoogleraar in
de technische scheikunde aan de Rijksuniversi-

teit Groningen.




D.J. van Zuilichem

Extrusion Cooking

Craft or Science?

Proefschrift

ter verkrijging van de graad van

doctor in de landbouw- en milieuwetenschappen,
op gezag van de rector magnhificus,

dr. H.C. van der Plas,

in het openbaar te verdedigen

op woensdag 29 januari 1992

des namiddags te vier uur in de aula

van de Landbouwuniversiteit te Wageningen.



BIBLIOT .
CARDBOUWUNIVE: .
NAGENINGEN

This thesis has been accomplished at:
Agricultural University Wageningen,
Department of Food Science,

Food and Bioprocess Engineering Group
office: Biotechnion, Bomenweg 2,

P.0. box 8129, 6700 EW Wageningen,
The Netherlands.

Manuscript typing: J. Krauss/S. Nijweide
Photography: J.B. Freeke
Illustrations: W. Stolp/M. Schimmel



aan Ria
Dirk
Janneke



Voorwoord

Dit proefschrift is gegroepeerd rond een zestal wetenschappelijke artikelen,
waarvoor het onderzoek is uitgevoerd bij de Sectie Proceskunde van de
Vakgroep Levensmiddelentechnologie te Wageningen. Het extrusie-
onderzoek dateert uit de zeventiger jaren. Sinds 1973 is regelmatig
gepubliceerd en gerapporteerd op symposia. Daarom is hoofdstuk 1 méér
dan een publicatie, nl. een uitgebreide algemene inleiding, die de stand
van zaken beschrijft op het gebied van de levensmiddelen-extrusietechniek.
Tevens blijkt hieruit de filosofie achter het onderzoek sinds de aanvang in
de zeventiger jaren, toen is begonner met de bestudering van een
eenvoudige enkelschroefextruder van Nederlandse makelij. De complexiteit
van de extrusietechnologie zorgde voor een langzame maar gestadige groei
van de Wageningse kennis op dit gebied, waarbij een omvangrijke groep
collega’s en medewerkers nauw betrokken is en zonder wie dit proefschrift
niet tot stand zou zijn gekomen. Graag wil ik hier bedanken Willem Stolp,
Theo Jager, Eric van der Laan, en de vele studenten die bij experimenten,
discussies en presentaties onmisbaar waren. Voor hun wetenschappelijke
kriticken en aanmoedigingen ben ik veel dank verschuldigd aan Henk
Leniger, Solke Bruin en Klaas van ’t Riet, die mij achtereenvolgens in de
gelegenheid stelden dit onderzoek te verrichten. Buiten de LU, maar heel
nabij in het vak als vriend en promotor is er Leon Janssen, die mij
aanmoedigde om een deel van de Wageningse kennis te bundelen in dit
proefschrift. Bij de vele contacten met hem bij de TU Delft en bij alle
samenwerkingen met de collega’s van de Rijksuniversiteit Groningen is er
altijd die prettige sfeer van collegialiteit zijn, die zo zeldzaam is.

Van de extruderfabrikanten met wie is samengewerkt wil ik vooral APV-
Baker noemen, die zeer genereus onze groep van medewerkers en
studenten heeft ondersteund met apparatuur.

Tenslotte wil ik graag de medewerkers van de mechanische werkplaats, de
electrowerkplaats, én de servicegroep resp. onder leiding van Johan van
de Goor, Guus van Munster, Rink Bouma en Leo Herben bedanken voor
de vlotte en deskundige hulp bij de vele modificaties en onderhouds-
werkzaamheden aan de vele types extruders, waarop de metingen ten
behoeve van dit proefschrift zijn verricht.



Preface

This thesis is written around six publications for which research has been
undertaken at the Food and Bioprocess Engineering group of the
Department of Food Science in Wageningen. The extrusion research in
Wageningen originated in the seventies. Since 1973, results were regularly
published and presented at symposia. Because of this, chapter one has
more to offer than just a publication; it is more of an extended general
introduction which describes the state of the art of food extrusion. It also
elucidates the idea behind the extrusion research program when started in
the early seventies with a simple single screw extruder of Dutch origin.

The know how in Wageningen progressed slowly but steady due to the
complexity of extrusion technology. A considerable group of colleagues
and co-workers were closely involved in the accomplishment of this thesis.
With pleasure, I would like to thank Willem Stolp, Theo Jager, Eric van
der Laan and the numerous students who were indispensable for the
experiments, discussions and presentations. For the scientific criticism and
support I would like to express my gratitude to Professor H.A. Leniger,
Professor S. Bruin and Professor K. van ’t Riet who respectively offered
me the opportunity to undertake this research. From outside the university,
I thank Leon Janssen for being a friend, colleague as well as promotor and
for encouraging me to write this thesis. The numerous contacts with him
and his staff respectively at the Delft Technical University and now at the
Rijksuniversiteit Groningen always lead to a cooperation on extrusion
topics in a pleasant and rarely found atmosphere. A word of special thanks
is reserved for APV-Baker, the extruder manufacturer who supported
generously our group of co-workers and students with extruder equipment.
Also should be mentioned the great support of our mechanical, electrical
and service workshop respectively supervised by Mr. J. van de Goor, Mr.
A. van Munster, Mr. R. Bouma and Mr. L. Herben. Their expert
assistance was very much needed performing the many modifications and
maintenance activities concerning the several extruder types used for the
measurements resulting in this thesis.



CONTENTS

CHAPTER 1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
References
Notation
CHAPTER 2
2.1
2.2
2.3
2.3.1
2.4
2.4.1
2.4.2
2.4.3
2.5
References

Notation

GENERAI, TINTRODUCTION TO EXTRUSION COQKINRG OF

FOOD AND FEED 1
Definition and scope 1
Historical development 3
Differences between food- and plasticating-
polymers ’ 6
Food melting 9
Rheological considerations 14
Residence time distribution 18
Quality parameters 20
Influence of marketing interests on extrusion
cooking 22

24

27

RESIDENCE TIME DISTRIBUTIONS 1IN SINGLE-SCREW

EXTRUSION COOKING 28
Introduction 29
Theory 30
Experimental 34
Measuring the residence time distribution 35
Results 35
General 35
Soya 37
Maize 38
Conclusions 42

44

46



CHAPTER 3

References
Notation
CHAPTER 4
4.1

4,2

4.3

4.4

4.6

4.9

References

Notation

Appendix 4.1

CHAPTER 5

MODELING OF THE AXIAL MIXING IN

TWIN-SCREW

EXTRUSION COQKING 47
Introduction 48
Theory 49
Materials and methods of measurement 51
Simulation model 53
Optimization method 56
Results 59
Conclusions 65

a6

69
CONFECTIONERY AND EXTRUSION TECHNOLOGY 71
Introduction 72
Problem description 73
Status gquo of realised extrusion cooking pro-
cesses 76
Extrusion of starch 77
Extrusion of dry sucrose-crystals 78
Extrusion of sucrose-starch mixtures 83
Extrusion of sucrose-syrup mixtures 83
Dissolution time of crystals 88
Water content 92
Experimental results and conclusions 93

95

97

9B

MODELLING OF HEAT TRANSFER IN A CO-ROTATING

TWIN SCREW FOOD EXRUDER

Introduction

101

102



5.3.1
5.3.1
5.3.3
5.3.4
5.4
5.5
5.5.1
5.56.2
5.6
5.7
5.8
5.9
5.10
References
Notation

Appendix 5.1

CHAPTER 6

6.1
6.2

6.6

References

Notation

CHAPTER 7

The basic model for a single screw extruder
Various models

Introduction

Dimensionless numbers

Heat transfer

Theory of Tadmor and Klein

Boundary layertheory in the pump zone
Extruder model by Yacu

Solid conveying section

Melt pumping section

LU Model

The viscosity

Material

Results

Discussion

103
106
106
107
108
110
112
114
115
116
119
122
123
125
126

130

133

136

THE INFLUENCE OF A BARREL-VALVE ON THE DEGREE

OF FILL IN A CO-ROTATING TWIN SCREW EXTRUDER

Introduction
Theory
Experimental
Results
Discussion
Conclusions

138
139
140
141
143
145
149

151

153

MODELLING OF THE CONVERSION OF CRACKED CORN BY

TWIN-SCREW EXTRUSION-COOKING

154



7.1
7.2
7.3
7.3.1
7.3.2
7.3.3
7.4
7.5
7.5.1
7.5.2
7.6
7.
References
Notation

Appendix 7.1

CHAPTER 8
8.1
8.2
8.2.1
8.2.2
8.2.3
8.2.4
g.2.5
8.3
8.4
References

Introduction
Theoretical background

Experimental

Setup

Methods and materials

Calculation

Results

Discussion

Extrusion (disclosure & liguefaction)
Saccharification

Proposed process

Conclusions

GENERAL DISCUSSION ON EXTRUSION COOKING

Gain in knowledge

Market

Petfood

Coextrusion

feed industry

Other food branches
Agrochemicals

Equipment manufacturers
Technology, final remarks

155
155
160
160
160
182
163
164
165
165
169
170

171

173

174

175
175
177
179
181
185
185
186
187
187

189



Bxtrusion Cooking, Craft or Science?

CHAPTER 1

GENERAL INTRODUCTION TO EXTRUSION COOKING OF FOOD AND FEED

1.1 Definition and scope

It is not longer ago than the seventies when a food extruder
was described as a piece of equipment, consisting out of a barrel
and one or two screws. The function of the extruder was believed
to receive an agricultural product, to transport it from a feed
section to a screw metering section over a compression section.
With the help of shear energy, exerted by the rotating screw, and
additional heating by the barrel, the food material is heated to
its melting point or plasticating-point. 1In +this changed
rheological status the food is conveyed under high pressure
through a die or a series of dies and the product expands to its
final shape.
It is obvious that this more or less phenomenclogical definition
is simple and not complete, since some important properties of
the extruder as a food and feed unit operation are not yet
mentioned. In the first place one should recoghize the cooking
extruder to belong to the family of HTST (High Temperature Short
Time)-equipment, with a capability to perform cocking tasks under
high pressure (van Zuilichem et al. 1975; van Zuilichem et al.
1976). This aspect may be explained for vulnerable food and feed
as an advantageous process since small time span exposures to
high temperatures will restrict unwanted denaturation effects on
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e.g. proteins, aminocacids, vitamins, starches and enzymes.
However, one should realize that now physical technological
aspects like heat transfer, mass transfer, momentum transfer,
residence time and residence time distribution have a strong
impact on the food and feed properties during extrusion cooking
and can drastically influence the final product quality. Secondly
we should realize that a cooking extruder is a process reactor
(van Zuilichem et al. 1979; Janssen et al. 1980), in which tha
designer has created the prerequisites in the presence of a
certain screw lay—-out, the use of mixing elements, the clearances
in the gaps, the installed motor power and barrel heating and
cooking capacity, to control a food and feed reaction. This can
be a reason "in itself", when only mass is transferred in wanted
and unwanted reaction products due to heating, e.g. the
denaturation of proteins under presence of water and the rupture
of starches, both affected by the combined effects of heat and
shear. The reaction can also be provoked by the presence of a
distinct biochemical or chemical component like an enzyme or a
pH controlling agent. When we consider the cooking extruder to
be more than was mentioned originally, a thorough investigatien
of the different physical technological aspects is more than
desirable. This is the motive for the set up of the chapters 1
to 7 and the objective for this study. In cooking extrusion, it
is obvious that the study concerns the residence time behaviour,
which is done in the chapters 2 and 3 for single and twin screw
extruder equipment. The transfer of heat and mass during
extrusion-cooking is reported in the chapters 4 and 5. The effect
of equipment design on reactor performance has always been very
strong. As an example of the outcome of a certain important
design feature on the degree of £ill in a twin-screw extruder and
the resulting unaveoidable residence time distribution effects is
reported in chapter 6. Finally the capability of an extruder to
replace partly a conventional bioreactor, is discussed in chapter
7, in which a process is developed for starch disclosure in a
cooking extruder, followed by a saccharification process in a
conventional piece of equipment, leading to a calculable process
with unique features in biocconversion. The above mentioned



" aspects are explained further in the paragraphs 1.2 to 1.7.

1.2 Historical development

Extrusion c¢ooking is nowadays a food and feed processing and
manufacturing tool. The significance of it should not be
underestimated since the technology is relatively new and also
during the last 40 years it is one of the few successfull unit
operations for food in Europe that is still developing.
Industrial extrusion processes however did not originate in the
food sector but in the rubber and plastic polymer industry. In
this branche there was a need for continuously operating
manufacturing equipment in order to meet the increasing demand
for rubber hoses, tubing and sheets for building, householding,
farming and starting chemical industry. Between 1855-1880 single
‘screw extruders for rubber products were developed. Just before

Fig. 1.1 cold forming extruder

1900 alsoc some applications in the metal branch were described.
e.g. the continuous production of tubing out of lead and alumi-
nium and some heat-forming processes used by the steel industry,
that can be partly understood as extrusion processes. In those
cases single screw extruders were used as friction pumps, while
lat the same time a forming task is performed (Fig. 1.1).

At first in 1935 the application of single screw extruders for
plasticating thermoplastic materials became more common as a
competitor for hot rolling and shaping in hydraulic-press
equipment. A plasticating single screw extruder is given in Fig.
1.2, provided with a typical metering screw, developed for this
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solid melting melt
conveying zZone conveying
Zone zone

Fig. 1.2a Typical plasticating single sorew extruder

feed tompression metering
section ar tapered section
section

Fig 1.2b Typical plasticating screw

application.

In the mid thirties we notice the first development of twin-
screw extruders, both co-rotating and counter rotating, for food
products. Nearly in the same period, but shortly after, single
screw extruders in the pasta industry became commeon use for the
production of spaghetti and macaroni-type products. In analogy
with the chemical polymer industry the ;ingle screvw eguipment was
used here primarily as a friction pump and it acts more or less
as continuously cold forming equipment, using conveying-type
screws (Fig. 1.1). It is remarkable that nowadays the common
pasta products are still manufactured in the same single screw
extruder equipment with a length over diameter ratio (L/D) of
approximately (6 to 7). The main difference with the thirties is
that since that period much development work has been done for
screw and die-design and much effort has been put into proceess
control, such as sophisticated temperature control for screw and
barrel sections, die tempering and, the application of vacuum at
the feed port. Finally scale up of the egquipment has been done
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from a poor hundred kiles hourly production up to several tons.
It should be noticed that this progress in pasta extrusion
technology mainly has been gained in the time period after 1975.
In order to achieve this, combined research was performed by
equipment manufacturers and technologists from universities. This
has led to the construction of high efficiency screws, improved
screw and barrel-design, the development of good steeltypes,
reduced wear, and better constructed downstream equipment such

as cutters and dryers.

The development of many different technologies seems to be

catalysed by World War II, as is the extrusion cocking

expanded
product

solid compacting melt
conveying melting conveying
Zone . zone zone

Fig. 1.3 Food extruder for direct expanded products

technology. In 1946 in the US the development of the single screw
extruder to cook and expand corn- and rice-snacks occurred (Fig.
1.3). In combination with an attractive flavouring this product
type is still popular, and the way of producing snacks with
single screw extruder equipment is in principle still the same.
A wide variety of extruder designs is offered for this purpose.
However it should be mentioned that the old method of cutting
preshaped pieces of dough out of a sheet with roller-cutters is
still in use, which is due to the fact that complicated shapes
of snacks lead to very expensive dies and die-heads for cooking
and forming extruders. Here the lack of knowledge of the physical
behaviour of a tempered dough and the unknown relations of the
transport phenomena of heat, mass and momentum towards physical
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and physico-chemical properties of the food in the extruder are
clearly noticed. Although modern control techniques offer a big
help in controlling the mass flow in single screw extruders, iIn
a lot of cases it is a big advantage to use extruders with better
mixing and more steady mass flow, then single screw equipment is
offering.

In the mid seventies the use of twin screw extruders for the
combined process of cooking and forming of food products has been
introduced, partly as an answer to the restrictions of single
screw extruder equipment since twin screw extruders provide a
more or less forced flow, and partly because they tend to be
machinery with better results in scale up from the laboratory
extruder types, in use for preduct development.

1.3 Differences between food-and plasticating-polymers.

When we compare the effects of the polymers in thermoplastics
and food we notice that nearly all chemical changes in food are
irreversible. A continued treatment after such an irreversible
reaction in an extruder should be a temperature, time and shear
controlled process leading to a series of completely different
functional properties of the produced food (Table 1.1}



Table 1.1 Comparison between thermoplastic- and food polymers

Plastics Food

1 Fee e Single polymer Multiple solids, water and

extruder oil

2 Composition Well defined Not well defined. Natural
structure and biopolymers, starch, protein,
molecular weight fibre, o0il and water

3 Process Melting and Dough or melt-1like formation
forming. No with chemical change.
chemical change. Irreversible continued
Reversible treatment leads to wanted

specific functional

properties
4 Die forming Shape 1s subjected Subjected to extrudate swell
to extrudate swell and possibly vapour pressure
expansion
5 Biochemicals Use of fillers, Use of enzymes and
e.g. starch biochemicals for food
couversion

An answer nowadays of food familiar extruder eguipment
manufacturers is the design of process lines, where the extruder
cooker is part of a complete line. Here the extruder is used as
a single or twin screw-reactor, wheras the preheating/
preconditioning step is performed in an especially built
preconditioner. The forming task of the extruder has been
separated from the heating and shearing. The final shaping and
forming has to be done in a second and well optimised post-die
forning extruder, processing the food at a lower water level than
in the first extruder (Fig. 1.4). In such a process line cooked



steam

vater
steam

Preconditioner

Cooker Extruder

Forming Extruder

Fig. 1.4 Bxtruder line for cooked and formed unexpanded food
pellats

and preshaped but unexpanded food pellets can be produced. Most
benefit is got in handling and controlling the amounts of water
in the different stages of the process. In the preconditioner—

Fig. 1.5 "Archimedes’ Fig 1.6 Plasticating polymez
conveying section melting modal

water, steam and possibly o0il are injected. In the cooker
extruder a special screw is operated avoiding steamleakage
towards the feed zone and thus having most benefit of the extra
steam input, for guicker cooking and higher throughput, caused
by the lower viscosity in the cooking zone. After a venting step
at the die plate of the extruder a special forming extruder
produces a homogeneous, precoocked food material at the lowest
possible moisture content. The result is a typical food process
line differing very much from a comparable extruder line out of
the chemical plasticating industry.
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With the use of the extrusion equipment in process lines their
tasks became more specialised. This encouraged the comparison of
extruder performance with that in the plastic industry, which
promotes the transformation of the extrusion-cooking craft into
a science, taylor made for the 'peculiar' properties of
biopolymers.

1.4 Pood melting

In analogy with the chemical industry, handling plasticating
pelymers, a good understanding of the so called food melting
phenomena in the different extruder types is needed for equipment
design. If that knowledge is available the shearing screw section
in the single screw extruder or the melting section of a set of
screws of a twin screw extruder can be designed. The first part
of each screw is a conveying section, that brings the food
material in the direction of the melting In a single screw
extruder this conveying screw is designed as an Archimedes—screw
allowing a limited filling degree, 'resulting' in a solid bed
that only fills up the bottom of the channel and that is pushed
by the screw flight (Fig. 1.5). As a result of the pumping
towards a "pressure slope” the food material is compacted, the
air is pressed out, pressure is developed and the food material
is heated by friction and shear. In the plastic polymer industry
the melting model of Maddock and Vermeulen (1959) is used (Fig.
1.6), which includes that the screw flight pushes a fast melting
solid bed through the compression section of the screw (Fig.
1.2). This melting takes place over the melting distance,
different in length, depending on the selected screw pitch,
compression ratio and barrel temperature. The melting models by
Maddock and Vermeulen (1959) are almost invalid for food
material, however the model described by Dekker and Lindt (1978&)
(Fig. 1.7) is guite well usable and describes more or less the
typical way of food melting for a number of food applicationa.
Here the food melting only starts in the way as described by
Maddock and Vermeulen (1959) in the first pitches, but imme-
diately after that the solid bed is lifted up by the melt and
a time consuming process starts. Hereby, the heat developed over
the decreasing friction in the direction of the die, caused by



Fig. 1.7 Melting model by Dekker and Lindt

a decreasing viscosity, has to penetrate to the solid bed, which
crumbles away and finally is present as a thin solid crust in the
middle of the screw channel. Then it depends on the length of the
metering section if the available residence time allows to melt
down the remaining solid parts of the food bicopolymer completely.
If the aim of the extrusion cooking process in guestion is a
simple denaturation of the food polymer, without furthar
requirements of food texture, then the experience out of the
chemical polymer extrusion field to apply special screw melting
parts is advisable, as the melting will be accelerated. In
principle the effect of those melting parts is based on improved
mixing.

This mixing effect can be based on particle distribution or on
shear effects exerted on product particles. For distributive
mixing the effects of mixing are believed to be proporticnal to
the total shear given by:

&
- dv 1
y_!ﬁdxdt (1)

Whereas for dispersive (shear) mixing the effect is proportional
with the shear stress (r):
dv
=] — 2
T=p {2}

The group of distributive mixing screws can be divided in the pin
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mixing section, the Dulmage mixing section, the Saxton mixing
section, the pineapple mixing head, slotted screw flights and the
cavity transfer mixing section respectively (Fig. 1.8). The pin
mixing section or a variant of this design is used for food in
the Bugss Co-kneader which is a reciprocating screw provided with
pins of special feature, rotating in a barrel provided with pins
as well. When we recognize food expanders to be food extruders
then much use is made here of the pin-nixing effect, since the
barrels of expander eguipment, built like the original Anderson
design, are provided with mixing pins. The amount of mixing and
shear energy is simply controlled by varying the number of pins
{(Fig. 1.9). Mixing heads like the Dulmage design and the Saxton
mixing section as such are not used in food extrusion cooking,
although some single screw extruder manufacturers have designs

d™ MM
AL AL A 2
por =,

ey AN

. Cavity Transfer Mixing Section b, Buss Kneader
Fig. 1.8 Distributive mixing Fig. 1.9 Mixing pin elements
elements Anderson and Buss designs

available, like e.g. special parts of Wenger single screw
equipment, where some influence of the mentioned designs is
recognizable. The pineapple mixing section or the most simple
mixing torpedo has a future in food extrusion cooking due to its
simplicity and effectivity. The designs of Fig. 1.8.e and 1.8.f
are attractive in food extrusion because of their gentle mixing
action, which implies that mixing heads of this design can be
used at the end of the metering sections of food extruders

11



without disturbing the mass~flow at this location too much.

In chapter 4 is described how solid saccharose crystals are
succesfully melted in a single screw extruder using a torpedo
mixing head and how heating and dissclution of saccharose
crystals in liguid glucose syrup in a twin screw extruder can be
described when a mixing region consisting of a pair of slotted
screw flights is present.

Both the designs in Fig. '1.8.e and Fig. 1.8.f are used to
correct the non complete melting of food particles in the melting
parts of the extruder screws. It is logic that the less expensive
slotted screw flight is mostly used, especially in the metering
zone, providing the final mixing before the food materizl enters
the die area, at a low level of shear. When we need mnore

a Union Cartide Mixing Section b. Egan Mixing Section

barrel valve clossd

e Z-Shoped Fluted Mixing Section APY-Barrel Valve

Fig. 1.10 Dispersive mixing Fig. 1.11 Adjustable barrel-
element valve by D. Todd (APV-Baker)

dispersive mixing to be exerted to the product, we can make use
of the mixing elements, such as the Union Carbide mixing section,
the Egan mixing section, the Dray mixing section, the Blister
mixing ring or the Z-shaped fluted mixing section (Fig. 1.10}.
All these designs originate from the plastic industry, but in
food extrusion cooking only variants of the Blister mixing ring
are used, of which the most remarkable design is the one used in
the Baker Perkins equipment, an adjustable barrel valve,
constructed by D. Todd (Fig. 1.11). Here an adjustable valve of

12



which the position can be controlled from the topside of the
barrel, is mounted between two Blister rings, placed as a pair
in the screwset. The exact function is described in chapter 6.
It is expected that the use of such elements in food extrusion
cooking will shorten the melting section of the extruder screw
and by this will shorten the total length of the screw, due to
the ability of the barrel valve to influence the degree of fill
in the extruder and increasing the fully filled length as a
result. This allows a better dissipation of the motor power over
the friction of the product.

In plastic polymer extrusion we will alsc find the so called
barrier flight extruder screws (Fig. 1.12). A well-known design
is the one by Maillefer at which the melt is allcwed to flow over
the screw flight to its own melt channel. A variant on this
design is the one by Ingen Housz which can be seen as an
optimization of the separation of melt and solids on the screw
for plastic polymers.

Up till now in the food and feed industry there is not made any
use of those barrier flight screws. In single screw food

b. ingen Housz Screw . Ventlg Screw

Fig 1.12 Barrier flight extruder Fig. 1.13 Special screws for
screws single screw extruder

extrusion one will make use of double flighted screws, variable
pitch screws and in rare cases a venting screw (Fig. 1.13). Some
extruder manufacturers offer modular screw set-ups for single
screw designs, making them more flexible than the solid screws
out of Fig. 1.13, but it should be said that, especially when

13



aspects of flexibility are in question, the selection of a twin

screw extruder can be justified.

In conclusion it can be said that there is a strong impact of
plastic polymer extrusion on the field of food extrusion
technology. At first there is the availability of well developed
and refined hardware, which includes extruder equipment and
instrumentation & control systems. Of course they have to be
developed further and/or sifted out to suit specific foed
applications. Secondly there is the availability of polymer engli-
neering process know-how. Although this know-how is very limited,
even for thermoplastic extrusion operations, it has formed the
basis of food extrusion engineering analysis as well.

1.5 Rheological considerations

It has already been mentioned that usually non-Newtonian flow
behaviour is to be expected in food extruders. A major
complication is that chemical reactions also occur during the
extrusion process (e.g. gelatinization of starch or starch-
derived materials, denaturation of proteins, Maillard reactions),
which strongly influence the viscosity function. The rheological
behaviour of the product, which is relevant to the modelling of
the extrusion process as such, has to be defined directly after
the extruder screw bhefore expansion in order to prevent the
influence of water losses, cavioles in the material and
temperature effects due to the flashing process that occur as
soon as the material is exposed to the (environmental) air. A
convenient way would be to measure the pressure loss over
capillaries with variable diameter and length. However, this
method has a certain lack of accuracy, since pressure losses due
to entry effects are superimposed on the pressure gradient
induced by the viscosity of the material (Bagley 1957). Moreover,
since the macromolecules in +the biopolymers introduce a
viscoelastic effect, the capillary entry and exit effects cannot

be established easily from theoretical considerations.
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In order to overcome the difficulties mentioned above, several
authors (van Zuilichem 1974, 1980, von Lengerich, 1984) prefer

driving power

extruder i $I11 viscometer

wmperaturs
cantroller

presiure S&Nsors

meaauring skt

variatde slit height
(OS5 -2.0mm)

Fig 1.14 8l1lit viscosimeter

a slit viscosimeter (Fig. 1.14). Here pressures can be measured
inside the channel in order te¢ eliminate the entry and exit
effects.

It has to be realized that if the pressure gradients have to
be measured at different slit geometries, and at different
throughputs, the thermal history and the temperature of the
material in the slit are changing. In order to determine the
exact viscous behaviour of extruded food, a correction for these
two variations has to be introduced.

It is well known that within normal operating ranges starches
and protein~rich material are shear thinning. This justifies the
use of a power law egquation for the shear dependency of the
viscosity:

na=k[y[*? (3)
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in which n, is the apparent viscosity, ¢ stands for the shear
rate and n is the power law index.

Metzner (1959) has argued that for changing temperature effects
this equation can be corrected by multiplying the power law
effect and the temperature dependency, thus giving:

n,=k’ |7|** exp (-BAT) (4)

The viscosity will also be influenced by the processing history
of the material as it passes through the extruder. In order to
correct for this changing thermal history it has to be realized
that interactions between the molecules generally occur through
the breaking and formation ¢f hydrogen and other physico-chemical
bonds. This cross-linking effect is dependent on two mechanisms:
a temperature effect determines the frequency of breaking and the
formation of bonds and a shear effect determines whether the end
of a bond that breaks meets a "new" end or will be reattached to
its old counterpart. If we assume that this last effect will net
be a limiting factor as socon as the actual shear rate is higher
than a critical value and that the ghear stress levels within the
extruder are high enough, then the process may be described by
an Arrhenius model, giving, for the reaction constant:

K{t) =k.exp—m

where AE is activation energy, R the gas constant and T the
absolute temperature. Under the assumption that the crosslinking
process may be described as a first order reaction, it is easy
to show that from the general reaction equation:

dc_ .
a2 - K179 (6)
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the following can be derived:

¥
C = - __AE_ {7
1-C = ex !exp e D!:]

in which C denotes the ratic between actual crosslinks and the
maximum number of crosslinks that could be attained, and where
Dt is a convective derivative accounting for the fact that the
coordinate system is attached to a material element as it moves
through the extruder. Therefore, the temperature, which is of
course stationary at a certain fixed position in the extruder,
will be a function of time in the Lagrangian frame of reference
chosen. This temperature history is determined by the actual
position of the element in the extruder, as has been proved for
synthetic polymers by Janssen et al (1975). It is expected that
this effect will cancel out within the measuring accuracy and
that an overall effect based on the mean residence time 7 may be
chosen. In combination it may now be stated that the apparent
viscozsity of the material as it leaves the extruder may be
summarized by the fellowing equation:

t
n,=k” [¥[?? exp(-BT) exp[fexp——}%g:—)—-ﬂt] (8}
1]

Under the restrictive assumption that the constants k, n, B and
AE are temperature independent, it is obvious that at least four
different mneasurements have to be carried out in order to
characterize the material properly!

It appeared that the proposed procedure can be applied adequately
to materials with sufficient homogeneity as there is e.qg. in soy
and purified starches.

Once the apparent viscosity is known it is possible to plot the
value of a power number P* for different Reynolds numbers Re,
This is presented for soy in Fig. 1.15 and leads to a value of
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Fig 1.15 Power-number vs -Re- for soy (van Zuilichem et al.,
1980)

P*=10¢ for the single screw extruder in question (van Zuilichen
et al., 1980).

The expression for the apparent viscogsity in eg. 6 can now be
a key factor in the calculation of the dissipated and conveg-
tional heat, as will he described in chapter 5.

1.6 Residence time distribution

The irreversible chemical reactions of food materials as
mentioned in Table 1 make the time temperature history an
important subject in extrusion-cooking. The residence time
distribution gives some clues to the time temperature history and
it is not surprising that there are more residence tima
distribution studies known for food,- than for plastic
applications (Jager, 1991). Several studies by Wolf and White
(1976), Janssen (1979), Pinto and Tadmor (1970), and Bigg and
Middleman (1974) have been directed towards experimental
verification of residence time distributions in extruders.
Measurements performed with radicactive labelled material such
as %Cu are shown for maize grits in Fig. 1.16 and Fig. 1.17. The
measurement system consists of a dual detector-set in coincidence
mode, allowing to measure accurate RTDs as described by van
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Fig 1.17 F({t} curve for extrusion of corn grits in a single screw
extruder (Bruin et al., 1978)

Zuilichem at al. (1988). It can be seen from Fig. 1.17 that,
within reasonable limits, the distributions in residence times
agree with the theory as it is derived for synthetic polymer
extrusion. The same result holds for our soy and maize extrusion
measurements ag reported in chapter 2. There is some tendency for
an early breakthrough at higher rotational speeds when compared
with the theory. This was taken from earlier work by van

19



Zuilichem et al (1973) where measurements with a single screw
extruder were reported. When evaluating these measurements
careful, the conclusion was made to investigate this problem once
again but this time with a better measurement set up. This is
shown in the following chapters 2 and 3 for single and twin screw
extruders, where in both cases the single detector from the work
in 1973 was replaced by a pair of detectors working in
coincidence mode. This measuring set up allows very accurate
measurements, giving reliable RTD-plots for single and twin-screw

extruders.

1.7 Quality parameters

In conclusion, from the foregoing it can be stated that an
extruder may be considered as a reactor in which temperature,
mixing mechanism and residence time distribution are mainly
responsible for a certain viscosity. Quality parameters such as
the texture are often dependent on this viscosity. The influence
of various extruder variables like screw speed, die geometry,
screv geometry and barrel temperature on the produced quality is
described by numerous authors for many products e.g. for soy and
maize by wvan Zuilichem (1974,1975,1976,1977) and Bruin et al
(1978) . However, other extruder process variables like initial
moisture content, the intentional presence of enzymes, the pH
during extrusion, etc., also play a role., Although a variety of
test methods is available a versatile instrument to measure the
changes of consistency during pasting and cooking of biopolymers
is hardly available. A series of measuring methods is used in the
extrusion cooking branch. A compilation of them is given in Fig.
1.18, from which can be seen that an extruded and cocked product
is described in practice by its bulk density, its water sorption,
its wet strength, its dry strength, its cooking loss and its
viscosity behaviour after extrusion for which the Brabender
viscosimetry producing amylographs may be chosen, which learn
about the response of the extruded material on a controlled
temperature, time function (Fig. 1.19).
Only well trained people will wunderstand those Brabender
diagrams. For a succesfull description of properties of starches
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(Bruin et al., 1980)

and proteins we will need additional chemical data like dextrose-
reaction rate constants and data describing the
sensibility for enzymatic degradation. The task of the food
engineer & technologist will be to forecast the relation between
those properties and their dependency of the extruder variables,
Therefore it is necessary to give a (semi)-quantitative analysis
of the extrusion cooking process of biopolymers which can be
done when adopting an engineering point of view, whereby the
extruder is considered to be a processing reactor. Although the
nunber of extrusion applications justify an optimistic peint of
definitely needed

equivalents,

view, more experimental verification is
focussed on the above mentioned residence time distribution, the
temperature distribution, the interrelation with mechanical
settings like screw compositions, restrictions to flow. And the
use of bio-chenicals like enzymes. Enzymes influence directly the
viscosity of the biopolymer in the screw channel of the extruder
reactor as is investigated in chapter 7 where an extruder cooker
is used as a biochemical processreactor. After many of these

efforts one will be in a position to give a fair answer to the
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content and extruder variables (van Zuilichem ot al., 1982)

question if extrusion cooking is a craft or a science.

1.3 Influence of marketing interests on extrusion cooking

In food production the most advanced extrusion processes are
found in the snack industry, where the sales are dominated by the
combined efforts of the marketing- and the product-development-
departments. The product development engineer mostly is somebody
who has grown up with the factory and who has a longstanding
experience with the raw materials, commonly handled in the
extruder-operaticns, and with the extruder equipment itself. He
will run trials with selected raw material compositions and
flavours and will develop the dies wanted by the marketeers by
extensive trial and error, and finally the new product is there.
Such a man or woman iz a key factor to the qualification of the
developed snack for the supermarket shelf. They can be described
as specialists, although their Xnowledge of the fundamental
phenomena in the extruder itself is very poor. Taking into
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account that their backgrounds are those of a good operator with

feeling for the material, feeling for a certain extruder/die
design and recognizing the possibilities of a flavour in
combination with the new product, than we will understand that
a nearly impossible appeal is done on them in modern times like
today, since there is the influence of fashion, trends, new
exotic raw materials, etc. The market expects in general every
half a year a new succesfull product in the supermarket, with
inviting taste, color, bite, outlook, shape regularity, lower fat
content, which means that the "specialist" in guestion should
know much more about the transport phenomena in the extruder-
equipment.

In other branches of the food industry a comparable situation is
found as in the snackfood branch where the extrusion cooking
technology has been introduced. The confectionery industry, the
baking industry, the pharmaceutical industry and the animal feed
industry can ke mentioned. Here the extruder cooker still is a
relatively new piece of equipment and specialists in this field
expect the extruder cooker to be a process tocl capable to help
the industry to develop new series of products. For this purpose
one can make use of the unique property of the extruder cooker
to be a high temperature/pressure short residence time (HTST)
piece of equipment, capable e.g to replace conventional process
lines in its own.
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Concentration

Convective derivative

Consistency factor of power-law model
Frequency factor

Reaction constant

Flow behaviour index of power-law model
Power number

Gas constant

Reynolds number

Temperature

Velocity

Channel depth

Temperature correction constant
Activation energy

Shear

Shear rate

Apparent viscosity

Dynamic viscosity

Shear stress
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CHAPTER 2

RESIDENCE TIME DISTRIBUTIONS IN SINGLE-SCREW EXTRUSION COOKING.

ABSTRACT

Residence time distributions were measured in a single screw
extruder fed with maize grits and defatted soya flakes. %cu was
used as a tracer. The influence of four variables has been studied:;
moisture content, feed rate, rotational speed of the screw and die
diameter. Rotational speed and die diameter are the most important
variables affecting the mean residence time. The residence time
distributions curves are analysed with a model containing a plug
flow component and a number of CSTRs in cascade. For maize this
model contains four to ten CSTRs. The fit of this model, howewver,
can be improved. With the proteinaceous material soya, the model
contains two or three CSTRs, and a better fit is reached, than with
maize. The residence time distribution model is used to compare the
measurements with models developed for plastic melt extrusion.

THIS CHAPTER HAS BEEN PUBLISHED AS:

van Zuilichem, D.J., Jager, T., Stolp, W., and de Swart, J.G.
(1983). Residence Time distribution in Extrusion Cooking,
Part II: Single-screw extruders processing maize and soya.

J. of Food Eng. 7, 19-210
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2.1 Introduction

Cocking extruders are nowadays frequently described as "High
Temperature Short Time reactors", in which a range of biopolymer
reactions occur, such as gelatinization and cross linking of
starch, browning and protein denaturation. The process time,
together with factors such as shear and temperature, is very

—screw length -T
barrel barrel heating /cooling — o
—barre arrel heating /cooling supply
| «/q::;j\r~ zall T |
P L
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L die | _metering___ | compression feed serew
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Fig 2.1 8implified extruder scheme (van Zuilichem et al., 1988)

important to these reactions, which means that every element of
food should be subjected to more or less the same extrusion
history. However in a single-screw extruder (fig. 2.1) the
particles experience variations in extrusion history due to
extruder gecmetry, energy input and rheclogical effects. This
will result in a residence time distribution (RTD) which is
dependent on such engineering aspects as extruder design and the
rheological behavicur of the materials extruded. For a good
quality product it is necessary that the biopolymer reactions are
contreolled by the extrusion conditions, which requires knowledge
of mechanisms of mixing and flow behaviour. It is possible to
calculate the RTD from defined velocity profiles, but, more
importantly, the RTD can be measured by suitable experiments.
From the RTD, information about the degree of mixing, residence
time expectancy of the fluid elements and the degree of
uniformity of the stress exerted on the fluid elements during
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their passage through the extruder can be gained. A theory
suitable for predicting the RTD-curves and flow rates during
extrusion of biopolymers in a single-screw extruder is not
available at present, as mnost biopolymers underge chemical
reactions during extrusion-cooking, which significantly change
the rheology during extrusion (Bruin et al., 1978).

Earlier work was performed using a measuring system containing
a single detector (van Zuilichem et al., 1973). Residence time
distributions could be described by a model consisting of a
serial combination of a plug flow and a cascade of CSTRs. The
determination of the number of CSTRs required additional
measurements. This model gives no information on the rheclogy of
the extruded materials, but should be regarded as an intermediate
between rheclogically-defined thecoretical models and measured RTD
curves.

2.2 Theory

A single-screw extruder can be regarded as a continuous
rectangular channel, formed on three sides by the screw surface
and on one side by the barrel. For modelling, this channel is
usually regarded as a straight channel having three dimensions,

Fig 2.2 Flow pattern in the channel of a single screw extrudar
(Janssen, 1978)

with the screw stationary and the barrel wall moving. This is
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demonstrated in fig. 2.2 which omits the barrel wall. The
simplest profiles of the velocity (v) in the x-y plane of the
extruder channel arise when the material is Newtonian with a
temperature-independent viscosity and when the radial components
near the flights are neglected. This last assumption is
reasonable when the screw channel depth is less than 10% .of its
width. Such approximate profiles were derived about 30 years ago

(Carley and Stub, 1962):

v, = UE(1-P+FPE) (1)

X

and:

v, = Ug (2-3E) (2)

Uy

Fig 2.3 Two dimensional flow profile for a constant viscosity
Newtonian liquid (Bruin et al., 1978)

in which U is the relative velocity of the barrel wall with
respect to the centre line of the screw, P is the ratio between
pressure flow and drag flow, and { is the dimensionless particle
level within the channel in the y-direction. Due t¢ the nature
of the velocity profiles, a particle will circulate in the
X,y-plane. Fig. 2.3 shows the velocity profiles in the x-y and
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y-2z plane. The result is that the particles all flow down the
channel in a helical path with a net positive component in the
z-direction (fig. 2.2). The shortest path can be found at 2/3 of
the channel height. Pinto and Tadmor (1970) have analysed the
RTD's resulting from these velocity profiles. The exit age
distribution (E(t)) for Newtonian liquids then becomes:

9%ND,singeos0(1-2) E(E-1) y1r2E 36

2L{6E2-4E-1)1+2E-3E2+3E7-1

E(t)= (3)

in which N is the screw rotational speed and Q the flight angle.
This result is shown in fiqure 2.4 together with the F-diagram
for complete backmixing and for plug-flow. The mean residence
time is equal to the hold-up divided by the volumetric output
rate. The minimum residence time is approximately 3/4 of the mean
residence time. The shape of the F-curve is independent of the
pressure built-up in the extruder and of the rotational speed,
only the mean residence time will be affected. The RTD's for a
power-law fluid in an isothermal, single-screw extruder have been
analysed by Bigg and Middleman (1%74). As the temperature and the
viscosity in a food extruder are inhomogeneocus the validity of
these RTD-curves for describing a food extruder are limited.
Power-law behaviour, which is more appropriate to hiopolymers
than Newtonian behaviour was described by them as:

s 2 N 2 (-1} /2
- RAL Y AL (4)
1 M[(5Y)+( BY)]

in which n is the coefficient of dynamic viscosity and M and n
are power-law constants. When n=1 the fluid is Newtonian. In
figure 2.4 a power-law RTD (Bigg and Middleman,1974) is included.
The minimum residence time in this case of the power-law
RTD-curves depends greatly on the values of the rheological
coefficients. S8lip phenomena at extruder surfaces also influence
the velocity profile (Holslag and Ingen-housz, 1980}. When a thin
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layer of water is present on the barrel or the screw surface, the
food-material can slip over the surfaces. The barrel of a
single-screw, food-extruder is usually grooved to prevent slip.
As the surface of the screw is polished, slip is most likely to
occur there. This is contrary to the assunmption of a zero
velocity at the barrel and screw surfaces made by Pinto and
Tadmor (1970), and by Bigg and Middleman (1974). A confirmatory
indication of such slip was found by an increase in the
difference between the measured and predicted outputs, when the
rotational speed increases (van Zuilichem et al., 1983). A model
describing slip conditions and a nen-isothermal, power-law
viscosity condition was considered impracticable, as the number
of variables is too large. The RTD measurements are described by
a model consisting of a plug flow and a cascade of W perfect
mixers, as described in eq. S:

W (WR)"']' e ¥R (s)

E(R) = W11

in which R is a dimensionless time, calculated from the plug-flow
time tP and the mean residence time r, as in:
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