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VOORWOORD

Het onderwerp van dit proefschrift, verbliiftijdspreiding in dubbelschroefextruders, is
een onderdeel van het extrusie-onderzoek aan de Landbouwuniversiteit. Dit onderzoek
werd begonnen en wordt nog steeds gestimuleerd door Dick van Zuilichem en Willem
Stolp. Het meten van verblijitijdspreiding aan extruders begon in 1975 'in
samenwerking met John de Swart van het ITAL, Enig werk uit de periode van voor
de aanvang van dit promotieonderzoek is opgenomen in deze thesis. De metingen
tijdens het promoticonderzoek zijn voornamelijk uitgevoerd door Ernst-Jan Spaans en
Pien de Ruig, met ondersteuning van Willem Stolp en de technische werkplaats.
Bij het schrijven van de publicaties waaruit dit proefschrift is samengesteld zijn
taalkundige en inhoudelijke adviezen gegeven door Dick van Zuilichem, Klaas van 't
Riet, Ronald Jowitt en Brian McKenna. Leo van Dorp heeft mij bij de omzetting naar
een proefschrift door enkele handige schakelingen nog 250.000 handelingen bespaard.
De tekening op de kaft is een weergave van de 'hemelpoort' uvitgevoerd in baksteen
door Herman Helle. De tekeningen in het binnenwerk zijn voor het grootste deel
het werk van Willem Stolp. Het overige deel is uitgevoerd door de tekenkamer.
Verder moet een grote groep studenten vermeld worden, die '131¢' tot een begrip
hebben gemaakt in de levensmiddelenindustrie. Hun precieze functie voor dit
proefschrift is moeilijk te omschrij-ven, maar kan mogelijk verduidelijkt worden met
een citaat vit 'The taming of the screw’ van Shakespeare: 'Without pleasure no
fortune is taken'.

Het werk aan extruders is zeer dankbaar wat betreft toepassingen. Bij theorievorming
blijkt echter dat dit eenvoudige werktuig ecn groot aantal facetten heeft waardoor het
eerder door een team moet worden bestudeerd dan door een enkeling. Het was mij
een buitengewoon genoegen om samen met Willem Stolp, Jaquelien Gaakeer, Dick
van Zuilichem, Monique van der Berg, Paula Santbulte en kamergenoot Eric van der
Laan een team te vormen, dat op een bizonder grondige en prettige manier de
grenssteen der menselijke kennis een eindje verder heeft gerold.
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1. GENERAL INTRODUCTION

Twin-screw extruders have been applied succesfully for approximately 120 yvears (Janssen 1976).
Still considerable scientific programs are founded in order to understand their working
mechanism. These efforts are a result of the advantages that twin-screw extruders have in a
production environment and their promise of a wide range of new applications. Twin-screw
extruders can handle extreme viscous fluids in a continuous process for an intensive treatment in a
short time. They need a small working space given their capacity and can run several weeks with
only minor adjustments. The twin-screw extruder is an established unit operation with a growing
number of applications.

Other reasons for the considerable research efforts in twin-screw extrusion are the complications
they give for research and development. For the extrusion-cooking of biopolymers accurate
measurement of relevant variables as: viscosities, temperatures and internal leakage flows are
problematic as they exist only in the environment of the extruder, The possibilities to simulate this
environment are limited (Van Zuilichem 1992). A second reason is the absence of a standard
geometry for twin-screw extruders. Therefore studies on different machines can not be compared,
which increases the research efforts considerable .

Comparable problems exist for the up-scaling of processes from a small pilot plant to a large
production plant. For this reason some companies have considered to do their entire extrusion
research on a production plant scale.,

In order to compare the processes in different extruders the mass flow, heat flow and mixing
properties must be examined. Mixing can be divided in dispersive mixing, which generates a large
part of the heat flows and distributive mixing, which is strongly related to the leakage flows in the
chambers of the twin-screw extruders, A description of different leakage flows is given by
Janssen (1976). The heat is generated partly by viscous dissipation from the dispersive mixing and
partly by the barrel heaters (Van Zuilichem 1992). The heat is transported from the barrel to the
extrudate by radial distributive mass flows, From these descriptions it follows that mass flow, heat
flow and mixing are related phenomena,

In this paper the comparison of mass flow in different extruders is studied by residence time
distribution (RTD). The mass flow in a twin-screw extruder results in a RTD of the extrudate,
which can be used to check theories on the mass flow present, with the condition that a similarity
in RTD does not prove a similarity in mass flows. However, a similarity in measured and modelled
RTD can be a first condition in order to describe the differences in mass flows present between
different twin-screw extruders.

This requires the development of a model which describes the axial mass flow in a twin-screw
extruder and its relation with the RTD, The main part of this thesis deals with the development of
this model, which is finally described in Chapter 7.

In the Chapters 4, 5 and 7 RTDs for twin-screw extruders are measured, modelled and discussed,
Chapter 4 and 5 describe respectively the feed zone and the compression zone of a conical,
counter-rotating, twin-screw extruder, while Chapter 7 deals with a corotating type. The results
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from these chapters are summarized in Chapter 2, which gives an introduction and review of
residence time distribution (RTD) in twin-screw extruders. Several models to predict or describe
the RTD are compared with the published data. By comparing the available literature the average
response of the RTD on changes in process conditions, feed material properties and extruder
geometry are given and discussed. Generally three elements can be recognised in all measured
RTDs. A zone of the extruder can be described with a plug flow, while the main part of the axjal
mixing is generated by the leakage flows in other zones of the extruder. The third recognised
element is a stagnant-like behaviour which can be observed in the tail of the RTD. The detection
of this stagnancy requires an accurate detection system. In this thesis the RTD is measured by a
caincidence detector which counts the radiation of an annihilating %4Cu tracer. The merits of this
system are discussed in Chapter 3, while its accuracy is calculated in Chapter 7.

A main problem in extrusion research is the large number of variables necessary to describe an
extrusion-cooking process. Process conditions such as the rotational velocity of the screws, feed
rate, temperatures, screw geometry, die design, RTD, distributive mixing and viscous dissipation
are accompanied by material related properties as: contents, density, particle size, reaction rates,
water absorption, melting behaviour, protein dispersion, expansion, appearance, texture,
tribology, rheclogy and nutritional aspects. This large number of variables, combined with the
different types of twin-screw extruder designs can make it difficult and time consuming to
recognize which variables affect each other.

The use of a predictive model is not always helpful as its validity can be limited to a smail number
of applications and the confirmation of such a model to a specific application is, by the large
number of variables, also time consuming. In Chapter 6 the use of statistical methods is discussed
in order to deal with this complexity and to improve the suitability of the predictive models, The
discussed statistical method can generate a statistical likely hypothesis. A separate empirical proof
of these statistical relations remains necessary. This approach was, besides for the example given

in Chapter 6. useful for the improvement of two different commercial extrusion processes with
more than thirty variables.

The Chapters 3 to 7 have been published as part of a series in the Journal of Food Engineering
and contain a large number of internal references.
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university of Wageningen, the Netherlands.
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2, THE MEANING OF RESIDENCE TIME DISTRIBUTION IN TWIN-SCREW
EXTRUSION

ABSTRACT

The residence time distribution (RTD) of twin-screw extruders can be described as a combination
of plug flow, axial mixing and stagnancy. The RTDs can be modelled for these three elements in
several ways. Purposes to measure the RTD are: the longitudinal smoothing of the variations in the
feed stream, indications of wear, prediction of reaction rates and optimization of the axial mixing.
Guidelines are given which models can be used for each application. The reactions of the RTD on
changes in the extruder geometry and process parameters are also compared with three predictive
models,

NOTATION
a tangent of the tail of the logarithmic RTD (s71)
A dimensionless residence time corrected for the minimum residence time
c constant
C(t)  extinction
d barrel diameter (m)
D degree of fill
D dispersion coefficient (m%s1)

]
E(t)  exit age distribution

F(t) cumulative exit age distribution

G coefficient for the mixing of leakage flows and chamber ¢ontent
h channel depth {m)

H hatd-up volume {m%)

H_;, minimum hold-up volume (m®)

H,  H-H_ (m®

1 specific feed rate

i counting variable

k number of chambers on one screw channel

1 extruder length (m}

L dimensionless extruder length

M; moment of the RTD (s%)

N number of CSTRs

N, corrected number of CSTRs

p - percentage of the filled volume above the minimal fill which is occupied by plug flow

This chapter has been submitted for publication.,
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Pe tatio of transport by convection and by diffusion (Peclet number)
Q feed rate (kgs™)

Quax Mmaximal feed rate (kgs™)

R,

i constant
t time (5)
t, time in which x percent of the tracer has passed the detector (s)
U rotational speed of the screws (s™)

<v> average velocity (ms™Y)

V(i) volume of the i-th chamber {m®)

V.. reactor volume {(m%)

W screw pitch (m}

Y end time of RTD measurement or the time in-which a bend can be found in-the
logarithmic RTD (s)

z number of thread starts on one screw

Zz reduction percentage of a

T average residence time (s)

p specific density (kgm™3)

e dimensionless residence time

a, dimensionless minimal residence time

INTRODUCTION

Twin screw extruders are used in various types of industry for rubber, metal, glass, plastic, ceramic,
food and paper pulp pracessing .to form, heat, devolitilize, shear and mix materials with highly
viscous properties. The different types of twin-screw extruders can be divided by their geometrical
design. They have two paralle! screw axis in a closely fitting barrel. In the case of the conical
twin-screw extruders the axis are nearly parallel. The screws rotate in the same or in the opposite
direction (co- or counter-rotating).

The screw elements are closely intermeshing, self-wiping or non-intermeshing (Van Zuilichem et al.
1983), resulting in C-shaped chambers (Fig. .]) separated by clearances (Janssen 1976). The screw
elements can vary in pitch, channel-depth, reversed or forwarding direction of pumping action
(Martelli 1982; Ziminski and Eise 1930; Rauwendaal 1990; White et al, 1987) and the dimensions of
the clearances between the C-shaped chambers and barrel. Except for the continuous cut screws other
geometrical elements are used such as screw elements with cut flights, reversed elements (Tayeb et
al. 1988}, kneading elements, drossel elements (Jager et al. 1990), barrel valves (Todd 1980) and other
valve types (Elsner 1990},

The large number of extruder typesand process applications is an invitation to develop models with
a goneral validity. The internal flow in extruders is laminar (Rauwendaal-1990), The viscosity is high
and heat generation occurs due to viscous dissipation. The rheology is for most process applications
non-Newtonian and shear-thinning with elastic propesties while slip between extruder.and extiudate
is possible. Combined with the complex geometry of the C-shaped chambers or other elements a three
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Fig. 1. C-shaped screw chamber.

dimensional model of the internal mass flow can become quit complicated.

The residence time distribution is the result of the complex three dimensional mass flow in the
extruder. It gives a limited information on the internal mass flows as they are not measured directly,
The RTD is used as an indication of the axial mass flow as it can be measured faster and more easily
than the three dimensional mass flow. Consequently it gives a possibility for an experimental validity
check for two or three dimensional mass flow models.

A second reason to measure the RTD is given by Potente and Koch {1989) and Potente and Schultheis
(1988). The RTD is used to determine the capacity of the extruder to smooth out the variations in the
inlet feed stream. As twin-screw extruders have narrower RTDs than single screw extruders there
output streams are considered to be more sensitive to feed variations than single-screw types (Potente
and Schultheis 1988). Hasal et al. (1985) give a theoretical analysis of this type of smoothing for a
Gaussian RTD, For twin-scraw extruders equipped with loss in weight feeders the axial smoothing
is only limiting for extreme demands in product uniformity or for a very narrow RTD.

A third and more important application of RTD measurement is the prediction of the reaction rate
in twin-screw extruders. In polymerisation and depolymerisation reactions the RTD does not only
influence the average chain-length of the product but also the chain-length distribution. In forming
and devolitilization applications the material in the tail of the RTD can be overprocessed which can
give unwanted side reactions as thermal degradation {Zeitler 1989). The sterilisation of food material
can also be modelled as a chemical reaction. Bouveresse et al. (1982) and Van de Velde et al. (1984)
study the sterilisation by extrusion-cooking of heat-resistant spores of Bacillus stearothermophilus.
The samples with the highest dose of these spores ¢can be found just after the minimum residence time
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or breakthrough time. Accuracy and stability of the first part of the RTD is a premise for these
applications. Also Schott and Saleh (1978), Madeleine et al. { 1950), Ferry-Wilczek et al. (1988), and
Komolprasert and Ofolli (1990) describe the use of the RTD to forecast the reaction rate. A wide
RTD may improve the reaction rate of reactions with a higher order than ene when three conditions
are valid,

- The RTD curve width is representative for the axial mixing.
- More axial mixing should give a better distributive mixing.
- The distributive mixing limits the reaction rate.

The first condition can not directly be measured from the RTD, Jager et al. (1988) shows that with
equal axial mixing the RTD width decreases when the amount of plug flow in the reactor increases.
The second and third condition can zlso not be checked from the average residence time and curve
width of the RTD but have 1o be checked by additional measurements. Kim et al, {1978) uses the

RTD curve width as a possible indication for the distributive mixing without additional
measurements.

The fourth application is the detection of wear of the extruder screws and barrel. Miller (1984)
describes that the average residence time on a commercial applied corotating twin-screw extruder
with a reversed element increases with 3,5 seconds by wear. Byars {1990) finds on a similar machine
that after 3650 hours of operation the RTD curve width increases significantly. The Peclet number,
2 RTD curve width indicator described in the "RTD measurement and representation’ section
decreases from 37 to 20. Also the minimum breakthrough time decreases with 14% or 2.5 s which is
an indication of wear for the reversed element,

RTD MEASUREMENT AND REPRESENTATION

The tracer is for most RTD measurements on twin-screw extruders used as a Dirac pulse. Only Curry
et al. (1988) use a tracer concentration in the feed with a cyclical nature. The eﬁctinction curve of a
Dirac pulse is known as the E-curve (Danckwerts £953). The integrated form, the F-curve, is used
with a linear or a logarithmical scale for the tracer concentration. The time axis is made dimensionless
by using the ratio of residence time and the average residence time. The amount of axia! mixing in
an extruder is for most cases represented by a figure based on the curve spread of the E-curve. It can .
be described as the dimensionless variance of the RTD the number of CSTRs, Peclet number, the
number of continuously stirred tank reactors (CSTR), an axial length on a standardised height of the
E-curve or as a ratio of two characteristic residence times. The average residence time (v) and the

c}uve width expressed as the number of CSTRs (N) can be defined with the zero, first and second
time moment (My,M,,M,) of the measured extinction C(t) as:



chapter 2 7

M ~ l ti.c(r) de L
[}
M,
r - (2)
Hy

When the average residence time is known the hold up, H, can be calculated as:

7.Q
H -

- D.Vyo | (3
P

in which Q is the feed rate, p the specific density, D the degree of fill and V, , the reactor volume
of the extruder. the number of CSTRs can be calculated as:

N ——— e (4)

RTD models

RTD models can be divided in curve fit models which describe the curve shape and in models which
describe the axial mixing in the reactor. This last type can by divided in predictive and descriptive
models. An example of g descriptive model is the plug flow model with axial dispersion (Levenspiel
1972), which is often used as a reference model. The axial dispersion is described by a pseudo
diffusion coefficient D,. The Peciet number, the ratio of the average axial convective transport and
the transport by dispersion is for this model equal to:

<v>.1
Pe = —— (5)
DQ

in which 1 is the extruder length and <v> the average axial velocity, The axial dispersion model and
a cascade of CSTRs do give comparable RTDs (Levenspiel 1972),

Stagnancy

The RTD of the most thorough processed material can be seen in the tail of the logarithmical F-curve,
Quality problems due to partly overprocessed products should be studied with this curve rather than
with the not integrated E-curve, which shows the RTD around the average residence time.
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A bend in the logarithmical F-curve which increases the length of the tail is a sign that there are
regions with fast and slow flow velocities or regions with stagnancy (Shinnar 1987}. In this paper only
the term stagnancy will be used to describe the mass flow which results a the bend in the
logarithmical RTD,

The effect of such a bend on the Peclet number is given in Fig. 2 (Jager et al. 1991) as a function of
the change in the logarithmical slope of the RTD (Z) for two values of Y, the time on which the bend
occurs. When Y increases the deviation of the Peclet number becomes less. Only in extreme cases the
Peclet number is changed significantly, This means that the Peclet number or any other curve width
indicatar can not be used to describe the curve width in the tail of the RTD. Therefore the description
of the RTD shape with stagnancy requires at least three parameters: the curve width of the E-curve,
the volume in which stagnancy can be observed and the axial mixing of the tracer which enters the

region of stagnancy. When a part of the RTD has to be described with a plug-flow the minimal
number of parameters is four.

~ o ¥=175 T
Rl ay=15T
b Pt &

20

10+

ﬁ
A

0

0

el
[

Z 1~
Fig. 2. Effect of stagnancy

on the Peclet number, The

logarithmical RTD shows a

bend at Y=1.5¢+ and ¥=1.757.

Accuracy of measurements

As all RTD measurements are ended after a time period (Y) there is still a small fraction of the tracer

present in the reactor. This truncation error can affect the values of the moments described in eqn.
1. Todd (1975) assumes an exponential curve for the RTD after truncation: ’



chapter 2 9

C(t)=C(Y).exp(-a.t) for t>Y (6)
while:

log(1-F(t))w-a(t-Y)-log(M,.a/C(Y)) (73
The truncation error of the zero moment is according to Todd (1975):

e 1))

a

The correction terms for the first and second moments are respectively (Jager et al. 1991):

(a.Y+l) C(Y) . '
al
(a2.Y2+2a.Y+2) CG(Y) (10)
a?

The correction of the zero moment is necessary for the correct representation of the logarithmical
F-curve, Without this correction the stagnancy of the reactor is underestimated, Correction terms for
the first and second moments are necessary to calculate the truncation error for the average residence
time and the RTD curve width. Jager et al. (1991) gives a calculation of the measurement accuracy
of an on-line radiotracer method by a Monte Carlo analysis. Both the average residence time and a
curve width indicator could be measured within 1% accuracy. In other papers the reproducability is
studied by duplicate RTD measurements. Janssen et al. (1979) splits all samples and studies the
measurement accuracy in the tail of the RTD by the difference in extinction.

Tracer

Different types of colours, measured by a photospectrometer are used as tracers for of-line
measurement of RTD by Todd (1975), Mosso et al. (1982), Collona et al. (1983), Von Lengerich
(1984), Lim et al. (1985), Altomare and Ghosst (1936), Altomare and Anelich (1988), Ollet et al.
(1989), Komolprasert and Ofoli (1990), Pan et al. (1990), Byars {1990). An on-line optical detection
system is used by Kim et al. (1978) and Potente et al, (1988).

Geolba (1980), Curry et al. (1988) and Schule et al. (1988) use an on-line induction measurement with
conductive carbon or iron dust as tracers. Schule et al. (1988) compare this method with an off-line
measurement of the specific density of the iron dust with good results. An on-line electromagnetic
resonance method with iron oxide (Fe,Oy) is described by Stratil et al. (1988). Janssen et al. (1975)
use manganese dioxide powder, radiated off-line in a gamma-plant by measuring the activity of
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manganese 56. Speur (1988) used the same tracer and detected it off-line by atomic absorption
spectrometry, On-line use of a radiotracer is reported by Olkku et al. (1980) and Wolf et al. (1986)
for manganese 56, by Mange et al. (1984) for pottasium 42 nitrate and by Van Zuilichem et al, (15882}
and Jager et al. (1991) for copper 64. Two miscellaneous off-line methods described are the use of
tallow, which is detected with a Foss-Let (Miller 1984) and detection of cadmium selenide (Walk
1982) or antimony oxide (Rauwendaal 1981) by X-ray fluorescence.

Accurate measurement of the minimum residence time and the shape of the tail requires a detection
system with a low noise level, Except for transparent extrudates on line colour detection systems
generally give more noise than systems based on other tracer properties. This is in particular valid for
High Temperature Short Time (HTST) food applications were the dyes can be chemically changed or
bound by one of the multitude of chemical components present.

On-line Radiotracer systems are shielded against background radiation and premature measurement
of tracer. Van Zuilichem et al. (1988a) describes a double detector system based on annihilation
radiation which guarantees a minimum noise error. However on-line methods based on
electromagnetic resonance or induction might have a similar level of noise. Off-line systems should
have less noise problems as their measuring equipment does not have the time constraints of the
on-line systems. But, as the off-line systems require more handling as each sample must by labelled
and measured separately, the on-line systems can compensate for this difference in accuracy by a
greater number of measurements,

The flow-, and adsorption behaviour of the tracer used in RTD experiments must, ideally be equal
to that of the feed material in order to prevent an unrepresentative RTD. As the tracer deviates
mostly from the extrudate in more than one property the RTD of tracer and extrudate do not have
to be identical. By using tracers with different properties the differences between the RTDs and the
tracer can give some information on the mass flow inside of the reactor (Shinnar 1987}, Bounie (1986)
uses two different tracers, erythrosine and ZnO for the extrusion of maize grits. The solubilities of
these tracers in water are different. As the curves of both tracers are comparable for the shape of the

E-curve and the averzge residence time, this experiment is an indication that water and maize do not
separate inside of the extruder.

Weiss and Stamato (1989) developed a sulfonated polystyrene which should have similar properties
as the original polystyrene, They compared the RTD of this tracer with that of glass microspheres and
carbon lampblack in a single screw extruder. They observed a smaller RTD with the sulfonated
polymer than with the other two tracers in some of there experiments. Weiss and Stamato (1989) do
not give information on the shape of the RTD tail where the differences in tracer properties should,
re.latively give the greatest deviations. The sulfonated and the untreated polystyrene have almost equal
viscosities but they are not identical. Therefore it is still unknown whether the RTDs of tracer and
extrudate are identical. For the average residence time this can be checked by the following
E)rocedure; The RTD is measured after which the extruder is brought to a sudden stop. The material
inside the extruder is weighted and the average residence time of

: the polymer, calculated by eqn. 3
¢an be compared with the average residence time of the tracer, ‘
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The formulation of the tracer also affects the RTD. Janssen et al. (1979) describes that when in a
single screw extruder the tracer is not mixed with a solid feed material it can cause slip on the metal
surfaces of the extruder which increases the length of the tail of the RTD. This effect can be

" prevented by making a premix of the tracer and the extrudate. The viscosity of this masterbatch must
be comparable to that of the extrudate and the tracer particles must not separate from the extrudate
in the extruder.

RESULTS OF RTD MEASUREMENTS

The described responses of the RTD are ranged on the originating experimental variable. The
variables found are divided in: the geometry of the extruder and changes in the process parameters.

Co-, ar counter-rotating

Due to their construction corotating twin-screw extruders have a fow pumping efficiency when
compared to counter-rotating, twin-screw extruders. In & screw design with only continuous screw
elements the corotating extruder will be mostly empty, except for a small volume just before the die.
The higher pumping efficiency of counter-rotating twin-screw extruders results in a higher degree
of fill. Therefore geometrical elements such as reversed elements, kneading disks, blocks, and valves
are frequently used in corotating twin-screw extruders to increase the hold up on different positions
along the barrel. As the pumping efficiency of the corotating extruder is lower it needs a higher screw
speed and consequently more leakage flow and axial mixing in order to obtain an average residence
time equal to that of the counter-rotating type. Therefore the counter-rotating, twin-screw extruder
can operate at a lower shear rate. The greater amounts of leakage flows of the corotating type are
claimed to give a better distributive mixing in the extruder. '

LsD
a Wolf el al {19868) 22,31

ol a Todd 973y 7
-1 uw Janssen  [1576) 5
-

.

c

[

tracer left (%)

Jnger eb ol (1969} 16:1
Janssen etal(1979) 75:1
Rauywendaal {1981) 26:1

"
e

-
~

/-’
4
r./

10+

100 . .
0 4 t/T 4

Fig. 3. Logarithmical RTD of counter-rotating, twin-screw extruders.
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Rauwendaal (1981), Kim et al. (1978) and Potente and Schultheis (1988) measured the RTD of a co-,
and counter-rotating, twin-screw extruder and found that in comparable circumstances the
counter-rotating type has a steeper RTD. In Fig. 3 and 4 same logarithmical RTDs of co-, and
counter-rotating, twin-serew extruders are shown. Fig. 5 gives some extreme curve widths expressed
as the ratio of the times in which 84% and 16% of the tracer has been measured or as a Peclet number
according to the method of Todd (1975). It can be seen that the steepest RTDs are measured on
counter-rotating types and that the curve width tends to increase with the length diameter ratio (L/d),
as is described by eqn. 5. On the dotted line the Peclet number increases linear with the L/d ratio.
Therefore it can be seen in Fig. 5 that the Peclet number of one diameter extruder length decreases
when the L/d ratio increases. As the RTD of twin-screw extruders is in most cases measured for

L/d<20, it is possible that future measurements on extruders with L/d»20 will result in larger Peclet
numbers.

L/D
* Sounie 119841 13:1
a Curcy etal (1988) 281
w Joger etob (1931} ducerin 191 curve width 1,/
© Joger etal [1991) auire grirs15:1 Rbl o/t
o Rauwendaat 1951) 29:1
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2.5+
84 16 \
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Fig. 4. Logarithmical RTD of corotating, Fig. 5. Extreme curve widths found in co-, and

twin-se . .
rew extruders, counter-rotating, twin-screw extruders. The

Peclet numbers are calculated according to Todd
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Extruder zones

Wolf et al. (1986) measured the RTD of one Dira¢c pulse at several locations on the barrel.
Accidentally the curves have similar curve widths. Therefore, according to eqn. 5, the dispersion
coefficient D, must increase in the direction of the die outlet, Kim et al. (1978), Bounie (1986) Van
Zuilichem et al. (1988b), Jager et al, (1988), Jager et al. (1989) measured the RTD at several points
along the barrel, The axial mixing was in all cases dependant of the choice in which axial length the
RTD was measured. Jager et al, (1988) and Jager et al. (1989) analysed the axial mixing in the feed
zone and the compression zone of a counter-rotating, twin-screw extruder and found different
responses of the RTD for changes in the specific feed rate. It was calculated that in some cases the
curve width of the RTD at the die was more influenced by the axial mixing in the feed zone than by
that from the "High Temperature Short Time' compression zone near the die. When the RTD is used
for the modelling of chemical reactions the model must have the flexibility to give each zone a
specific axial mixing,

Transport zones

Van Zuilichem et al, (1988b) describes zones consisting of screw elements without leakage flows as
transport zones. The minimal hold up volume (H_ ;) for these zones is:

2z .k.Q
Hpjp = ——— (11>
U.p

in which U is the rotational speed of the screws, k is the number of chambers on one screw channel
and z is the number of thread starts on each screw. The absence of leakage flows limits the axjal
mixing 1o a neglectable level, that can be represented by a plug-flow. When different extruders are
compared for .their axial mixing by their curve width a correction for these transport zomes is
necessary, The remaining hold up volume (H,) is now:

r.Q

H = - Hoyn (12)

T

P

The axial mixing of different twin-screw extruders can be compared by a carrected number of
CSTRs, N_, (Jager et al. 1988):

(13
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Feed rate and screw speed

The RTD responses on changes on these two process variables have been described by more than
thirty authors. Changes in feed rate and screw speed can be compared when they are converted to
changes in the specific feed rate, I, which is defined as:

Q Q
I= - (14)
2z.V(1).U.p

Qmax

in which, Q, is the mass flow which enters the extruder, V{1), is the chamber volume of the first
chamber and Q,,, is the theoretical maximum mass flow, Typical values for the specific feed rate
are between 0.1 and 0.3. When a chamber in a continuous cut screw with equal chambers is completely

filted, while the specific feed rate is 0.2, the remaining 80% of the velume in this chamber must be
filled due to the leakage flows.

Table 1
Average residence time (7}, hold-up volume (H), stagnancy and curve spread
for corotating twin-screw extruders versus changes in specific feed rate (I},
rotational screw speed (U), and feed rate Q).

author screw type change in: T H spread stagnancy
Janssen et al, (1979) co U constant T p p - n
Jager et al. (1989) co Uconstant I 1 1 m 7
Mosso et al,(1982) RS Uconstant I i p {1 ?
Jager et al. (1989) Do Uconstant I {1 - L ?
Altomare and Ghossi (1986) KS Uconstant I 1 - - ?
Bounie (1986) cs Iconstant Q p p 1 i
Lim et al (1985) cs Iconstant @ p p m ?
Schule et al. (1988) cs I constantQ p p i
Ollet et al. (1989) cs I constant Q p p i i
Kac and Allison (1985) cs I constant Q p p ? ?
Oliveira (1990) Cs I constant Q p p i ?
Von Lengerich (1984) cs Iconstant Q p p ?
Rauwendaal (1981) KS Iconstant Q i 1 i i
Walk (1982) cN Iconstant Q p p p ?
Speur (1983) co I constant Q p p P ?
Tucker and Nichols (1987) cN I constant @ p.p 7 ?
Rauwendaal (1981) co I constant ¢ - .- { i
Todd (1975) Cco I constant § p m P m
Bounie (1986) RS T constant @ p p i i



Lim et al (1985)

Mosso et al.(1982)
Boissannat et al. (1988)
Pan et al. {(1990)

Oliveira (1990)

Altomare and Chossi (1986)
Jager et al, (1991)
Komolprasert and Ofoli (1990)
Kao and Allison (1985)
Altomare et al. (1990)
Potente and Schultheis (1988)
Kao and Allison (1985)
Von Lengerich (1%84)
Oliveira (1990)

Janssen et al.(1979)
Janssen (1976)

Walk (1982)

Jager et al. (1989)
Tucker and Nichols (1987)
Rauwendaal (1981)

Todd (1975)

Mange et al. (1984)

Mosso et al. (1981)

Noguch{ (1986)

Boissonnat et al. (1988)
Olkku et gl. (1980)

Pan et al. (1990)

Cliveira (1990)

Altomare and Ghossi (1986}
Jager et al.(1991)

Kao and Allison (1985)
Rauwendaal (1981)

Jager et al. (1989)

C: Continuous screw-pair
D: Drossel zone

K: Kneading elements

R: Reversed elements

RS
RS
RS
RS
RS
KS
KS
KS
KS
KS
Cs
Gs
cs
cs
co
Co
CHN
co

co
co
RS
RS
RS
RS
RS
RS
RS
Ks

KS
KS
KO

§: Corotating, twin-screw extruder
0: Counter-rotating, twin-screw extruder
N: Non-intermeshing, counter-rotating, twin-secrew extruder
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When only the feed rate or the screw speed is changed, changes in the hold-up (H) arc? c;usejnby\:;et:
changes in H, and H,. This is a cluttered result that can be corrected when Hy;, fs nown. e
the curve width and the hold-up volume are corrected with eqn. 13 and 12 the relfmon betwee i
curve width and H_ c¢an be observed, These variables will show a parallel response 1n mast cases. '
cluttered result can also be avoided by measuring changes in the rotational speed at a constant speciiic
feed rate. Advantages of this last method are: that the specific viscous dissipation oi.“ the extruder can
remain, for most cases, at a level which is representative for industrial applications and that the
response due to an increase in shear rate can be observed, o88:
Despite these advantages only a few authors (Mosso et al. 1982; Janssen et al, 1979; Jageretal. 1 ;
Jager et al 1989) have measured this response (see Table 1), The response for Altomare and Ghosst
(1986) in Table | was calculated from the published data.

The responses of the average residence time, the hold-up volume the dimensionless curve width a'nd
the stagnancy for changes in the process parameters are described in Table 1. In this table the notation
'I constant Q' means that measurements were made with different specific feed rates at a constant
throughput. When instead of the dimensionless curve width the normal curve width is used, th'e
changes in the curve width are dependent of the changes in the average residence time anfi the.lr
responses would be similar for most cases. The circumstances of the RTD experiments are given in
Table 2. When in Table 1 the specific feed rate is increased the hold-up volume increases in most
cases. For changes at 2 constant screw speed the average residence time decreases which signifies, that
in most cases the hold-up increases at a slower rate than the specific feed rate. This behaviour can
be found for all measurements in Table 1 on food applications, except for one group of measurements
by Jager et al. (1991) with maize grits. The plastic applications show 7 exceptions out of 19 (36%).

Table 2

Author, extruder type, extrudate and L/d ratio of the RTD
measurements described in Table 1.

author type extrudate L/d
Altomare and Anelich (1988) W&P C-37 rice flour 16
Altomare et al. (1990) W&P G-37 rice flour 32
Altomare and Ghossi (1986) W&P 2SK-57 rice flour 16
Boissonat et al, (1986) Clextral BC-45 wheat flour .13
Bounie (1986) Clextral BC-45 maize starch 13

Bouveresse et al. (1982) Clextral BC-45 wheat flour

corn starch
soy protein

sucrose mix 13
Collona et al. (1983) Clextral BC-45,72 maize starch 14
Curry et al. (1988) W&P ZSK-30 PE 28



Ferry-Wilezek et al. (1988)
Janssen et al.(1979)
Janssen (1976)

Jager et al. (1989)

Jager et al. (1991)

Kao and Allison (1984)

Kim et al. (1978}
Komolprasert and Ofoll (1990)
Lim et al. (1985)

Mange et al. (1984)

Mosso et al. (19B82)

Noguchi et al. (1986)
Oliveira (1990)

0lkku et al. (1980)

Ollet et al. (1989)

Pan et al. (1990)

Potente and Schultheis (1988)
Rauwendaal (1981)

Schule et al. (1988)

Speur (1988)

Todd (1975)

Tucker and Nichols (1987)
Von Lengerich (1984)

Van Zuilichem et al. (1990)
Walk (1982)

Wolf et al, (1986)
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Clextral BC-45
Pasquetti
Pasquetti
Cincinnati
APV MPF-50

W&P ZSK-30
ca/counter
APV MPF-50
Clextral BC-45

maize starch
PP

PVP solution
maize grits
maize grits
glycerin
polymer
glycerin
malize starch
wheat flour

Clextral BC-45-105 wheat flour

Glextral BC-45

Clextral BC-43
Glextral BC 45
Clextral BC-45

starch, protein,
sucrose mix
okara

fishmeal

wheat flour

APV MPF-50 wheat starch
Clextral BC-45 rice
corotating PVC-xii

W&P ZSK-28 HDPE
Leistriz LSM 30,34

W&P ZSK-23 ?

Pasquetti PE

counter-rotating polybutene
non-intermeshing ?

W&P €37/C120
APV MPF-50

wheat starch
maize grits

Welding Engineers p-MMA

Krauss-Maffei

FVG

¥

13

16
15
15
28

15
13

13
13
13
13
10
11

29
26

3oy w )

12
15
26
22.3

The dimensionless curve width in Table 1 decreases in 20 cases when the specific feed rate increases
while the opposite reaction occurs only five times, mainly for counter-rotating, twin-screw extruders
with a continuous screw pair processing non-food materials, The increase in the specific feed rate will
increase the H,,;, linearly which will make the RTD more plug-flow like and consequently decrease
the curve width. When also H, increases the axial mixing increases and the decrease in the curve width
can change in an increase. The stagnancy in Table 1 for an increasing specific feed rate could for 24
cases not be determined from the given data. For the remaining measurements it decreases 12 times
while only one increase is observed. The RTD reactions for changes in the screw speed, at a constant
specific feed rate in Table 1 show five different response patterns out of five. The number of

measurements is too small to form a meaningful pattern,
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Kneading elements

The influence of a kneading element can be observed when it is introduced in a continuous cut screw
ot when the tota! length of the kneading elements is increased. Table 3 gives the responses of the RTP
in average residence time, curve width and stagnancy for both type of experiments. The hold-up is
not given as it reacts similar to the average residence time at a constant feed rate (see eqn. 3).

Table 3
Average residence time, stagnancy and curve spread for twin-screw extruders
versus changes In screw geometry, extruder length and die diameter.

author screw type change in: r  spread stagnancy
Boissonnat et al., (1988) RS Die resistance i - P
Von Lengerich (1984) C8 Die resistance P P
Altomare and Ghossi (1986) KS Die resistance - - P
Altomare et al. (1990) K8 Die resistance p ? ?

(slit viscosimeter)

Jager et al,.(1991) KS Barrel-valve resistance p P -
Jager et al,(1989) DO Die resistance D i ?
Eise et al. (1981) €S Length reversed element P P ?
Lim et al, (1985) CS8 Length reversed element P P ?
Bounie (1986) CS Length reversed element p i P
Altomare and Anelich (1988) (s Length reversed element p P ?
Bolssonnat et al, (1988) RS Length reversed element p p P
Altomare and Anelich (1988) RS Length reversed element p P ?
Lim et al. (1985) RS length reversed element P P ?
Kao and Allison (1984) €S Length kneading element 7 i i
Altemare and Anelich (1988)  ©3 Length kneading element p i 7
Eise et al. (1981) €5 Length kneading element P i ?
Curry et al, (1988) CS Length kneading element P i ?
Jager et al.(1988) CO Length kneading element P i ?
Jager et al.(1989) CO Lenmgth kneading element P i ?
Jager et al.(1991) K5 Length kneading element P i -
Walk (1982 KN length kneading element P 1 ?
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Table 3 continued

Altomare and KS Forwarding to reversed
Anelich (1988) kneading element P P P
Jager et al.{1991) KS Forwarding to reversed

kneading element P P P

(glycerin experiment)

Mange et al. (1984) RS Extruder length P ? 7
Collona et al, (1983) RS Extruder length P P P
Altomare and Anelich (1988) CS Leads - - ?
Altomare and Anelich (1988) CS Pitch r - ?
Altomare and Anelich (1988) KS Staggered elements - P ?
Altomare and Anelich (1988) CS Offset screw elements P P ?
Kim et al. (1978) CS Gaps between chambers i i -
Kim et al, (1978) CO Gaps between chambers i m ?
C: Continuous screw-pair p: Parallel response

D: Drossel zone i: Inverse response

K: Kneading elements -: No significant response

R: Reversed elements ?: Unknown

5: Corotating, twin-screw extruder

0: Counter-rotating, twin-screw extruder

N: Non-intermeshing, counter-rotating, twin-screw extruder

The kneading element s used in order to increase the average residence time and the viscous
dissipation. By replacing a part of a continuous cut forwarding screw with a kneading element the
curve width decreases in all cases for both co, -and counter-rotating, twin-screw extruders, while the
stagnancy remained constant or increased. The decrease in the curve width is explained by Jager et
al, (1988), Jager et al. (1989), Jager et al, (1991) with 2 RTD model which describes the mass flow in
all parts of the extruder. The RTD of the kneading element can be described with this model by a
plug-flow parallel to a structure with axial mixing. Fig. 6 shows that in the kneading element of a
corotating twin-screw extruder the plug-flow part of the model becomes more prominent at a greater
local degree of fill (Jager et al. 1991) and that a considerable part of the mass flow in the model is
plug-flow like, which will decrease the curve width. The decrease in curve width of the other
experiments in Table 3 can be explained likewise. The kneading element has a lower pumping
efficiency when compared to the continuous screw elements. Therefore the extrudate is pushed
through the kneading element by the adjacent screw element, This can theoretically result in a
plug-flow like mass flow which is different from the backmixing by leakage flows in the screw
elements. :
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hold-up volume [ 10* m° ] plug flow in
kneading zones
8_
80%
60%
| %

I T T
0 01 specific feed rate "1°[-} 02
Fig. 6. Percentage of the volume in a kneading element which is filled up by plug-flow,

When the Peclet number is used to indicate the amount of distributive mixing a correction is necessary
for the plug-flow like mass flow in the kneading elements. Jager and Van der Laan {1992) found that
when the RTD of a kneading element becomes more plug-ftow like the apparent heat exchangé
coefficient decreases. This may reflect a decrease of the radial distributive mixing in the kneading

element. However this single experiment can not be used as a positive proof for all extrusion
processes.

The degree of fill and the calculated percentage of plug-flow in a kneading element are strongly
dependent of the possible geometrical conf igurations of the kneading paddles which form a kneading
element. They can be placed at different angles in order to form kneading etements with forwarding
or a reversed pitch. The reversed kneading element has an increased average residence time, a wider
curve and more stagnancy when compared to the f orwarding element (Altomare and Anelich 1988).
f?(hen a forwarding kneading element js split into two parts and when a sctew element ia placed
mbet.ween, the average residence time increases while the curve width becomes steeper (Altomare and
Anelich 1988). This shows that the axial mixing in a kneading element is not uniform over the total
l.ength. When kneading elements are placed in a more staggered configuration the curve width
increases 1o a level between the forwarding and the reversed geometry (Altomare and Anelich 1988)
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Reversed screw element

The reversed element also increases the average residence time in Table 3, but in most cases, contrary
to the kneading element the curve width and stagnancy increases, Bounie (1986) finds a decrease in
curve width when a reversed element is used while the stagnancy increases. The radiotracer
measurements of Olkku et al, (1980) with six detectors along the barrel show that the main increase
in the curve width can be found on the position of the reversed element. The reversed element pumps
the extrudate back to a forwarding screw element. An increase of the axial mixing by this action is
not surprising. The pumping capacity of the reversed element can be decreased by sloths in the flights
(Tayeb et al, 1983).

Drossel element and offset screw elements

The drossel element works as a shear element (Jager et al. 1990). It was designed originally as a
pressure barrier in front of a devolatilization zone {(Albers 1976) and increases the average residence
time Jager et al. {1988), The average residence time in Table 3 shows a parallel response with the
specific feed rate. Comparable with the kneading element its RTD can be described as a parallel
combination of axial mixing and plug-flow. Therefore the introduction of a drossel element does not
result in lower Peclet numbers (Jager et al. 1988). Altomare and Anelich (1988) increase the shear rate
by turning different screw elements in an offset position. When the material flows through such a
barrier the material is reoriented. An offset element does not increase the degree of fill but gives a
wider RTD,

Number of threads

According to Harper (1989) single lead screws have less curve spread than double lead screws. The
double lead screw has a more uniform shear rate across the channel depth than the single lead screw,
which ¢an result in improved processing uniformity. In contrast to this Altomare and Anelich (1988)
and Qllet et al. {1989} find that when a single lead screw is replaced by a double lead that the curve
spread remains equal, while the average residence is nearly constant (see Table 3). The double lead
screws used by Ollet et al. (1989) are self-wiping, while the single lead screw is closely intermeshing.

Die resistance

Table 3 show that the die can influence the RTD in several ways. Jager et al. (1989) and Von
Lengerich (1984) found that a small die can increase the average residence time, This mechanism has
been described by Janssen (1976). A smaller die will increase the die pressure and this will increase
the filled length in front of the extruder which is necessary to push the material trough the die.
Boissonat et al. (1988) found the opposite reaction but does not describe the mechanism of this
phenomena. A neutral reaction was observed by Altomare and Ghossi (1986). :

The apparent viscosity of the material at the die can be measured as 2 pressure gradient in an
extended slit die (Bruin et al, 1978). The geometry of these dies can be varied by using different slit
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o e It
widths. The measurements of Altomare et al. (1990) shaw that the use of a slit viscosimeter c'an re'.?l )
in a change of the mass flows present just as with a normal die, Therefore the measured viscositie
can be unrepresentative.

The barrel-valve is a device to increase the compounding and the average residence time in 2
kneading element (Todd 1980). Here it is considered to be an internal die. The axi‘al flow goe_s through
a bypass outside of the screws. In this bypass a valve is located which ¢an be ad Justed- outside of t.he
barrel during processing. When a barrel-valve is placed just before a continuous screw it does not give

significant changes in the RTI except for an increase in the average residence time (Van Zuilichem
et al, 1990; Jager et al. [991).

Barrel temperature, viscosity and moisture content

Table 4 shows the RTD respanses of changes in barrel temperature and moisture content. Plastics have
a greater thermal resistance when compared to food material, Consequently Changes in the RTD by
the barrel temperature are more important in food than in plastic applications. Still a decrease of the
average residence time is found by Kao and Allison (1985) for a plastic application by increasing the
temperature at a low screw speed. When the screw speed is increased this effect disappears. In most

food applications an increase in the barrel temperature gives a small decrease in the average residence
time white the stagnancy increases.

For most food materials an increase in moisture content will decrease the viscosity. This decreased
viscosity reduces the shear dissipation in the first part of the extruder, As the food materials in Table
2 will all be depolymerized by shear the viscosity at the die outlet will, in most cases increase when
the moisture content is increased. Therefore it can be understood that the responses in Table 4 of
curve spread, stagnancy and average residence time are divers. For a good analysis of these
phenomena the RTD should be modelled for all sections of the extruder simultanecusly with a heat
transfer and a viscosity model, This requires the measurement of the RTD combined with different
temperatures and pressures.

The only measurements made with a varying viscosity (Todd 1975) show an increasing stagnancy
when the viscosities increases. Other responses are mixed.

Stagnancy

Stagnaney can be observed in all but one RTD in Fig. 3 and 4. Whether this stagnancy is caused by
the complex geometry of the extruder or by changes in the theological properties of the extrudate is

unknown as it s extremely difficult to develop an uncluttered experiment, Hypothetical it is possible

for RTD measurements of non-food polymers that a stagnant, unscraped layer is present between
screws and barrel, which temporary absorbs the tracer and gives a too long tail to the RTD. This
process is unlikely for the measured high temperature

short time {HTST) food applications as the food
polymers degrades rapidly by the high temperatures ang the stagnant layers can not be permanent.
In some cases a bend has been found in the RTD white stilt 10% to 30% of the tracer was present in
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Table 4
Average residence time, stagnancy and curve spread for twin-screw
extruders versus changes In moisture content and barrel temperature.

author screw type change in: r spread stagnancy
Todd (1975) - CO wviscosity m m P
Walk (1982) KN Barrel temperature - p

Kac and Allison (1984) CS Barrel temperature m 7 ?
Altomare and Ghossi (1986) KS Barrel temperature P - ?
Jager et al.(1991) KS Barrel temperature i i -
Kao and Allison (1984) KS Barrel temperature m 7 ?
Bounie (1986) RS Barrel temperature i 1 P
Bolssonnat et al. (1988) RS Barrel temperature i p P
Bouveresse et al. (1982) RS Barrel temperature i - P
Ferry-Wilczek et al. (1988) RS Barrel temperature p £ ?
Bounie (1986) CS Moisture content P m m
Von Lengerich (1984) CS Moisture content - 1 P
Oliveira (1990) CS Moisture content P D ?
Altomare and Ghossi (1986) KS Moisture content r - ?
Altomare and Anelich (1988) KS Moisture content P P -
Komolprasert and Ofoli (1990) KS Moisture content i m 7
Bounie (1986) RS Moisture content m m m
Mosso et al.(1981) RS Molsture content - - 7
Ferry-Wilezek et al. (1988) RS Moisture content o p ?
Oliveira (1990) RS Moisture content i 7 7
C: Continuous screw-palr p: Parallel response

D: Drossel zone i: Inverse response

K: Kneading elements _ -: No significant response

Reversed elements ' 7: Unknown
Corotating, twin-screw extruder

Counter-rotating, twin-screw extruder
Non-intermeshing, counter-rotating, twin-secrew extruder

zna







