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ABSTRACT

The basic understanding of mixing in the process of polymer melt
extrusion by twin screw extruder is limited by their geometrical
complexity and the interactions of the process parameters.

Mixing and flow in a 100mm diameter, trapezoidal channeled,
intermeshing co-rotating twin-screw extruder have been characterised
by determination of residence time distribution (RTD) and of the paths
taken by tracers added to the melt. -

The axial mixing and the effects of varius parameters on it were
established by studying RTD using tracer techniques. As the tail of

the distribution is of paramount importance, the reproducibility of
the RTD curve was extensively studied.

Radioactive MnO_ 2 was used as a tracer and detected by gamma ray
spectroscopy, giving more reproducible results than added barytes
estimated gravimetrically after ashing.

Shock cooling of the extruder and sectioning of the solidified
compound in the screw channels was used to-study the flow mechanism.

The maximum throughput achieved, polymer melting mechanism, filled
volume and axial mixing are interrelated, and are dependent on the
configuration and position of segmented mixing discs present in the
screw profile.

In the upstream position these act as melting discs and their
efficiency is increased in a closed configuration. Initial melting ls
achieved over a remarkably short distance along the screw profile.

The screw speed affects the axial mixing which is shown to be related
to the net relative pressure change at the.screw tips..

A flow model is proposed such that the overall material flow taking
pPlace in an anticlockwise direction along the screw channel comprises
two separate flow regimes. The upper regime rotates anti-clockwise and
is made up of main and small tetrahedron flow and calender flow. The
lower flow regime rotates clockwise and is made up of main and small
side leakage flows and a portion of the main tetrahedron flow,
together with a central flow.

The flow studies show conclusively that the melt from a particular
site ahead of the intermeshing zone occupies a predestined site after

passing through the intermeshing zone.
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CHAPTER 1. INIRODUCTION

Extrusion is one of the most important mixing and forming techniques
of polymer processing. With a few exceptions, all thermoplastics can
be extruded and many may pass a screw extruder not once but twice

during their journey from the reactor to the finished product - first

through a pelletizing extruder after the reactor, then through a

shaping extruder. More thermoplastics are converted into useful

products by extrusion than by any other method.

The extrusion process can be accomplished by a screw rotating in a

cylindrical barrel. The feed to the extruder may be solid or it may
sometimes be liquid. When fed by a solid, it is called a plasticating
extruder while if it is fed by liquid, it is termed as a melt
extruder. In a plasticating extruder, the solid feed is introduced at
one end of the extruder and as it advances along the extruder length,

1t 1s melted, homogenised (mixed) and transported to the die at high

pressure and temperature for forming into a product.

As discussed above, one of the functions carried out by the extruder

is homogenising or rather mixing. This function of the extruder is of
prime importance. The thorough mixing is required to ensure complete

dispersion (dispersive mixing) of ingredients and also to create a
homogeneous _mass, such that each particle has been subjected to the

same mechanical and thermal treatment. As the flow path followed by

each particle and the shear, temperature and residence time for each
particle can vary widely, it can lead to varijations in the viscosity
of the melt and the final characteristics of each particle. So in an

extrusion process it is desirable that particles change position with

each other, in order to receive the same average treatment. This



continuous reorientation also distributes additives (distributive

mixing) - such as colours, stabilizers, fillers, lubricants, as the
case may be - throughout the material thereby rendering the mixture
uniform. So in a nutshell it can be said that mixing is of two types

- dispersive and distributive.

Dispersive mixing concerns the breaking up of the agglomerates. So the
component breaks up only upon reaching a certain yield stress.
Distributive mixing can be achieved only by inducing physical motion
of the ingredients. The homogeneity or rather randomness of
distribution of components of the material passing through extruder,
is achieved by distributive mixing. The distributive mixing can be of

two types. First being the axial or longitudinal mixing - in this the
distribution of ingredients occurring in axial direction (in direction
of flow). The second type being the transverse mixing - in this the

randomisation or distribution of the ingredients happening 1in

transverse to flow direction.

Twin screw extruders have established their place in two key areas.
These being profile extrusion of thermally sensitive materials and
speclality polymer processing operations such as alloying,
compounding, devolatilization and chemical reactions etc. . In some of
these applications, distributive mixing or rather longitudinal mixing
is central to their successful application. The longitudinal mixing is
being defined as the random movement in the axial direction,thus
making the mixture more random. For example in chemical reactions and
in extrusion of thermally sensitive polymers, the time spent by each
polymer particle within the extruder (Residence time distribution or
RTD) should be the same so that all the particles receive the same

treatment. But at the same time the particles have to spend a certain



minimum time within the extruder (residence time) so as to get the
thermal treatment, e.g. to achieve good gelation in PVC extrusion.
However in other cases, such as in polymer compounding, it {is
desirable that the time spent by polymer particles, in the extruder,
should be different from each other. This would even out the feed

irregularities. So detailed information on axial mixing could be

instrumental in selecting screw design and extruder type for a
particular application area. The theoretical work on characterising of

axial mixing (by RTD studies) has been extremely limited ( Janssen et
al. 1979 ; Werner and Eise 1979). Some researchers have carried out
some work in characterising RTD by using model fluids ( Todd and Irwin

1969 ¢ Todd 1975 ; Janssen and Smith 1975 ; Kim et al. 1978 and Sakal
1981 ; Kao and Allison 1984). Similarly others have carried out work
on the polymer melt in extruders ( Janssen 1379 ; Werner and Eise 1978
» Kim et al 1980 ; Rauwendaal 1981 and Walk 1982: Nichols et al 1983;
Sakai et al 1987). However in all these investigations no one has done
work on a large size extruder with polymer melt (it is either based on
model system or if a polymer system is used then the size of extruder
being small) and no one has studied the complete set of processing

variables.

The transfer mixing and flow pattern studies inside single screw
extruder have been established for a long time. However, as the mixing
mechanism { distributive mixing ) in twin screw extruders is quite

Complex and difficult to describe. It is rather difficult to calculate
it theoretically. A number of workers have carried out work on the
mixing and flow patterns. Most of them have ignored the effect of

helix angle and/or intermeshing zone ( Kim et al 1973, Wyman 1375,

Burkhardt et al 31978, Denson and Hwang 1980 and Eise et al 1981 ). As

the overall extruder performance seems to be dominated by the effect



of the intermeshing region, these studies are of limited use. On the

other hand, work that attempts to accurately describe the flow 1in the

intermeshing region can easily become very complex ( Maheshri 1977 and

Maheshri and Wyman 19179),.

In twin screw extruders, there are several flow regimes which tend to
contribute towards axial mixing. So to understand flow and mixing
behaviour empirically, the flow behaviour and various leakage flows
become rather important. The knowledge of flow 1s of considerable

importance in giving information of the following :,
(1) In monitoring the flow patterns and extent of intermixing of

various zones in the tangential direction thus giving information on
temperature uniformity achieved.

(2) The shear history of material during its passage through extruder.
(3) In monitoring the stagnant zone detrimental to colour changes and

stagnation of temperature sensitive polymers.

In the past some experimental work has been done by various

researchers using a model fluid ( Jewmenow and Kim 1973 ; Kim,
Skatschkow and Stunqgur 1976 ; Janssen and Smith 1975 ; Janssen 1978).
However up to now, the studies in twin screw extruders have been based
on flow visualization techniques using model fluids with either model

or actual extruders. Naturally studies are of significant importance
but of limited practical use. Some work has been done by the following
investigators using actual polymer systems (Kim et al (1975) : Janssen
(1978): Howland and Erwin (1983); B8igio and Erwin (1985); Sakai et al
(1987) and Hornsby (1987)). In the case of Howland and Erwin (1383)
and Bigio and Erwin (1985), the work is based on low viscosity curable
silicone rubber and not on polymer melts. In all these cases 1t 1is

either the local mixing in a confined chamber of twin screw which is



discussed, or just the interaction between the chambers.

So there is a need for some experimental work in order study the flow
mechanism inside the extruder, to recognise the various types of flows
and study their contribution in mixing and also to demonstrate how the

various operating variables could affect the mixing performance of the

extruder. Besides, as the maximum throughput rate is achieved, filled
volume, power consumption and melting behaviour give indication on the

melt state of the polymer and available flow path to the melt. By
studying the effect of variables on the above, this tends to give a

clear picture of their influence on the melt state and therefore on

its conveying and mixing action.

This kind of work would give a better understanding of mixing process
and thus it can be used to design better extruders. The one which are
not so much dependent on processing variables and with optimum amount
of mixing of various flows. Or at least to be familiar with the

parameters which seems to affect the mixing performance substantially.

- In this work, the mixing studies were carried out on GKN 250X. The
extruder used is a low speed co-rotating intermeshing twin screw
extruder. It has a closely fitted flight and channel profile and
therefore has a higher degree of positive conveying character. However
because of its small mechanical clearances, the processing screw speed

is lower.

The mechanism of flow path taken by various flows and their
intermixing during their subsequent travel down the channel was

studied by use of various coloured tracers. This was done by

introducing tracers in the feed, stopping the extruder, freezing the



polymer in solid state, withdrawing the barrel, removing the polymer
skeleton and sectioning it. Furthermore an attempt was made to relate

these various flows the transverse distributive mixing behaviour.

The longitudinal or axial distributive mixing was characterised by
residence time distribution (RTD) studies. The tracer was introduced
at the feed hopper and tracer concentration was measured at the output
to find the time (distribution) spent by particles inside the
extruder. The effect of various variables (processing , material and

machine design) on RTD were studied.

This 1nvestigative study was unique and different from the other work

to date in the following ways.

. A low speed, co-rotating intermeshing twin screw extruder with

closely fitted flight and channel profile was used.

2. An industrial extruder( 100 mm diameter) was used and thus results

obtained from this would be more meaningful and realistic for
industrial application. Thus it contrasts with experiments and results

published on small scale laboratory size extruder from which it is
rather difficult to extrapolate the results due to scale up problems.
A small extruder generally differs from a large machine in some
fundamental respects, e.g. relative gap size, surface to volume ratio

and the relative contribution of shear and conductive heating.
Particularly if a certain combination of critical factors is being

examined the probability of direct correlation is small.

J. It has a devolatilization vent-port as a regular feature, which

makes it unique and interesting from other twin screw extruders



studied so far. It behaves as if there are two extruders operating in

series mode.

t. The effect of whole range of variables on RTD were studied so as to

see the relative effect of variables on RTD.

5. In this study it has been tried to find a link between the effect

of variables on RTD with overall behaviour of filled volume, melt

behaviour, power consumption and throughput rate etc.

6. The flow mechanism including its various flow constituents were

studied in detail together with its correlation with RTD.



CHAPTER 2. L ITERATURE REVIEW

The recent arrival of the twin screw extruder in the polymer field has
significantly changed the outlook. They not only compete with single

screw extruders but also expand their extrusion potential. For example
twin screw extruders commercial significance has steadily increased in

specialised operations such as PVC powder and reground processing

etc. However there is an enormous variety in twin screw extruders,
which differ considerably from each other in their principle of
operation. The diversity among twin screw extruders is so large that

the comprehensive analysis of all the various types would be an
enormous undertaking. Theoretical analysis of twin screw extruders

lags behind that of the single screw machines, because of the great

variety of design and screw configurations in use.

As mentioned above, several types of twin screw extruders exist which
have different conveying characteristics. The diversity among twin
screw extruders is so large that a comprehensive analysis of all the

various types would be an enormous undertaking. A classification of

twin screw extruders is shown in Fig 2.1 .

The classification is based on the intermeshing/non-intermeshing (i.e.

whether flights of one screw protrude into the channel of the other

screw), direction of screws rotating relative to each other, screw
speed and shape of the barrel/screw and relative lengths of the screw.
A fuller account is given by Rauwendaal (1981), Some typical screw
geometries are jllustrated in Fig 2.2 . In this work, a GKN 250X twin
screw extruder is used. This was 100 mm in diameter and was similar to
the commercial GKN 250 varient except for its extended length and
reduced diameter. This extruder falls in the category of low speed co-

rotating intermeshing twin screw extruder. Its schematic design is
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FHREIE FEES

Low Speed Corotating High Speed Corotating

Conical CTR rotating Cylindrical CTR rotating

Fig. 2.2 Typical screw geometries of various types (After Rauwendaal 1981)

1, main motor: 2, il circulation pump; 3, manually operated withdrawal mechanism for trolley
mounted barrel; 4, independent oil cooling for front barrel zone; 5, twin screws with interchangeable

sections; 6, quick release barrel clamp; 7, controlled material feed; 8, multipal element screw thrust
bearing; 9, large diameter standerd screw thrust bearing; 10, epicyclic primary gearbox.

Fig 2.3 GKN Windsor TS 250 twin screw extruder (Courtsy GKN Windsor Ltd.)

10
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given in Fig 2.3 . The detailed information on this 1is given in

chapter 3.

Twin screw extruders are successfully used in speciality polymer
processing such as in alloying, devolatization,chemical reaction and
in profile extrusion. The main requirement and advantage of twin screw
extruders in these applications is their ability to give good
distributive mixing. The homogeneity or rather randomness of

distribution of components of the material passing through extruder 1is
achieved by distributive mixing. Three basic mechanisms of mixing are
involved in distributive mixing

(1) Molecular Diffusion.

(2) Eddy Diffusion.

(3) Convection or Bulk Diffusion.

Molecular diffusion is a process that occurs spontaneously driven by a
concentration gradient but in polymer processing it is almost
insignificant as it occurs extremely slowly. However, it may become
of significance in mixing of low molecular weight material e.g.
antioxidants, blowing agents etc. The eddy diffusion or turbulent flow
being the best to achieve mixing. However the flow becomes turbulent,

only when a high Reynolds number has been reached. The Reynolds number

depends on the fluid viscosity i, channel diameter D and average

velocity of the flow in the channel V, the fluid density @. as shown

in following equation.

DVop

Re = —
u
However, with the extremely high viscosities associated with polymer
melts (= 10‘ Pa.sec) turbulent flow is not possible and thus the flow

in polymer remains laminar. Thus effective and efficient mixing due to

turbulence is never realized. Therefore only convection is the
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dominant mixing mechanism in polymer mixing.

The convection mixing can be achieved by two methods:

(a) Bulk rearrangement.

(b) Laminar flow.

(a) Bulk rearrangement: This is achieved by a simple rearrange- ment
of the material that involves a plug type flow and requires no

continuous deformation of material. This kind of mixing, through
repeated rearrangement of the minor component, can in principle reduce
non-uniformities to the molecular level. The repeated rearrangement

can be either random or ordered. The former is the process that takes
Place e.g. in many solid/solid mixers whereas the later forms part of

the mixing mechanism in certain motionless mixers.

(b} Laminar flow: The mixing is also achieved by imposing deformation
on a system through laminar flow. It occurs through various types of
flow: shear, elongation (stretching) and squeezing (kneading). How-
ever, shear flow plays the major role in processing. It is clear that
for the interfacial surface to increase both phases must undergo flow.
The viscosity ratio plays an important role in laminar mixing. The
laminar mixing of polymeric fluid is often a limiting parameter for

achleving good mixing in screw extruders.

The decisive variable in laminar mixing is the strain, whereas the
rate of application of stress and strain play no role. The
interruption in screw or mixing section improves distributive mixing
significantly. The simplified theory developed by Mohr et al. (1957)
1s unable to explain such an improvement. The theory developed by

Erwin (1978) can explain such an improved mixing. This is based on
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reorientation of interfacial planes as the critical mechanism.

The co-rotating twin screw extruders do have a laminar as well as bulk
rearrangement through flow within the extruder. Basically the
distributive mixing ocecurs in two directions viz. in axial direction

(in the direction of flow) and in the transverse direction |
transverse to direction of transport). As discussed before, the
distributive mixing in twin screw extruders occurs as a result of
contribution of various leakages. The mechanism for distributive
mixing can be studied by the detailed study of the various leakages
flows together with the influence of intermeshing zone of twin screw

extruder. The knowledge of flow in the intermeshing zone is of
considerable importance because it not only improves transverse mixing
considerably by providing 90 degrees angle reorientation, an ideal
requirement for optimum distributive mixing (Erwin 1978), but it also
divides the melt, reblends it, thus giving good axial as well as

transverse mixing.

However the longitudinal distributive mixing alone can be studied by
the use of the residence time distribution ( RTD ) concept, while the

progress in the transverse mixing can be studied by the sectioning the

polymer in transverse direction all along the extruder.

2.1 FLOW AND MIXING IN EXTRUDERS

A considerable amount of work regarding flow within single sSCrew
extruders, has been carried out and by now it is an established
mechanism. The flow studies on single screw extruder were done Dby
Street (1961) using colour sequenced feed stock. Mohr, Clapp and Starr

(1961) studied flow patterns in the channel of a model single screw

extruder. Shah (1978) and Gailus(1980) investigated the mixing
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efficiency by using two streams of pigmented silicone fluid. Boyd
(1883) used silicone streams of differing viscosity ratios to examine
the behaviour of multiviscosity mixtures in single screw extruder. The

above work together with substantial theoretical work on single screw

extruders has well established their flow mechanism.

However, twin screw extruder’'s case is rather different and
complicated. This is due to cumulative effect of various factors as
mentioned below. The rather late (i.e.recent) arrival on the scene of
twin screw extruders in any substantial way. As there exist various
types of twin screw extruder differing substantially from each other

in mode of operation (Rauwendaal 1981) it is very difficult to
generalise them. Furthermore as compared to single screw extruder, the
conveying and mixing mechanism in twin screw extruder is rather
Complex and difficult to describe. A considerable work has been
carried out theoretically as well as experimentally which is being
reviewed below. The work on mixing and flow pattern was carried out by
various researchers such as Kim et al. (1973), Wyman (1975), Burkhardt
et al(1978), Denson and Hwang (1980) and Eise et al (1981). However it
should be noted that in most of these studies the influence of helix
angle or/and intermeshing zone etc. are ignored. As the overall
extruder perfomance (in twin screw extruder) seems to be dominated by
the effect of the intermeshing region, these studies are of rather
limited use. On the other hand work by Mahesheri (1977) and Maheshri

and Wyman (1979) shows that the analysis which takes the effect of

intermeshing zone in consideration can become quite complex.

A limited amount of theoretical work is being carried out on mixing

and flow pattern in twin screw extruders. Wyman (1975) has examined

the down channel component of velocity for a leak~-proof twin screw
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extruder chamber and concluded that the shear rate is the inverted
image of a no net flow single screw extruder. Maheshri and Wyman
(1979) have concluded that the interaction of the intermeshing second

screw lands with the fluid in the chamber, produces a uniform absolute

strain for down channel flow in a leak proof chamber and could play an

important role in down channel mixing. Kim et al (1973) predicted
strain due to the three components of velocity by averaging the shear

rate component over the channel depth far from the intermeshing second

screw land.

Their analysis only includes the cross channel circulation between the

screw flights but ignores the fluid circulation and resultant strain
distribution due to the controlled down channel flow. However as the
intermeshing second screw land regulates the down channel flow in a
twin screw extruder chamber to some degree (depending on leakage), a
down channel circulation pattern will exist. So Maheshri and Wyman
(1380) examined the combined cross and down channel flow in an
ldealized leakproof twin screw extruder and concluded that in addition
to normal cross channel flow (similar to single screw) fluid

circulation between the independent set of channel depths in the down

channel direction occurs (in channel direction). This is due to the

seal provided by the second screw land. So combined, these two flows

give a complex flow path.

Some experimental work is being carried out by various researchers on
counter-rotating twin screw extruders to understand the flow and
mixing within one chamber and also interaction between the chambers.
The flow profile in a model extruder was established by Jewmenow and

kim (1973) and Kim ,Skatschkow and Stungur (1976). Jewmenow and Kim

established this by injecting aluminum particles in a model fluid of a
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polyisobutene solution whilst Kim et al carried it out by using
aluminum powder. Good agreement was found with the above work of
Jewmenow and Kim. Later on Janssen and Smith (1875) obtained flow
profiles by using a model extruder with "Perspex” barrel with aqueous
polyvinyl-pyrolidone solutions. The aluminum particles and coloured

dyes were injected and streamlines were observed by video recorder.

Later on these streamlines were traced during frame by frame video

replay of the tape.

In a single screw extruder the helical flow fluid is fully developed
and i1s essentially the same at all sections along a uniform screw

filled with melt. In contrast to this, the essentially closed nature
of the chamber in twin screw leads to a flow field of a fully three
dimensional character as is clearly established by experiments
(Jewmenow and Kim 1973; Janssen and Smith 1975). Because of the great
influence of the flight walls a well defined zero velocity layer
exlsts in the chamber dividing fluid moving in opposite directions.
Since the flow near the intersecting area cannot readily be analysed
numerically, Janssen (1978) investigated it by flow visualisation with

colour injection and video recording. To simplify the complex

situation he used a disc model and from this he formed a “where
to/where from™ balance over a cross section of the chamber related to
the converging side of the screw ( Fig.2.4). Janssen (1978) also
carried some work with real screws by decolouration experiments (i.e.

first extruding a coloured compound through extruder followed by
extruding a colourless compound) and found that bottom volume mixes
very slowly with the bulk of the chamber. Such mixing as does occur is
produced mainly by rotation of the processing fluid in the X-Y plane.

So he concluded that only if the calender gap was relatively wide, 18

fluid from this region drawn into this gap where it is sheared and
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then mixed with that in the rest of the chamber.

Kim et al (1975) used a twin screw extruder with soft PVC and aluminum
powder. The dielectric constant of samples taken out of the C shape
was measured and the mixing calculated using a variational

coefficient. So they showed that in the middle of the chamber the
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