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Sumnmary

The present work describes an experimentél and theoretical investigation into
the melting process that occurs in single screw extruders that are used %o
process thermoplastic materials,

The aim of the investigation was to develop a theoretical analysis.of this
Eelting process, This was thought desirable for three reasons; to aid in
extruder designj to aid the improvement of the processibility of ‘thermoplastics;
to help to optimise the operating performance of extruders,

An experimental investigation into the melting piocess was carnied out with

the aid of an experimental extruder that was equipped with a split barrel and

a set of pressure transducers. A series of screw extraction experiments

were performed so that the pattern of meltine could be’observed and also so
that the melting pattern could be!correlated with the detail pressure recordings
that were taken during the experiments.

The knowledge gained by observing these melting patterns was used to formulate
the present theoreticsl melting modei. The experimental results were also

used to evaluate the accuracy of the subsequent theoretical predictions,
Although the experimental results showed that the pattern of melting agreed
with that hitherto reported the present theoretical melting model based in

this pattern differs somewhat from the ususl interpretation. The main difference
are the inclusion of a melt film between the solid bhed and the screw root and
the fact that the solid bed iz allowed to accelerate,

A comparison between the present experimental results and the theoretical
gimulations of those experiments showed good asgreement bhetween the melting
profiles but not such good sgreement between the pressure profiles. In sddition
the éxperimentally observed phenomenon of solid bed bresk-up correlated well
with the theoretical prediction of a region of high acceleration of the solid
bed., Since the experimental results show fairly conclusively that solid bed
bresk~up causes pressure cycling of periodicity between five and fifteen
geconds, the ability of the model to predict the likely occurrence of such
surging may be of considerable use.

Some theoretical results are presented to indicate how the theory may be used as



& tool in extruder design, in improving material processibility and in improving
the operating performance of extruders,

Lastly an explanation of the occurrence of solid bed break-up is proposed. It
is suégested that although solid bed break~-up is in general dependent on the
strength of the compacted and heated solid granular bed and on the boundary
stresses on the bed it is the nature of the boundary stresses %ﬂat essentially
determines whether or not the solid bed fractures.

Further, the results indicate that the more Newionian the molten thermoplastic

is the more conducive these boundary stresses are to solid bed break-up, all

other things being the same,



Acknowledgements

T would like to express my appreciation to I.C.I. Plastics Division for their ‘
generous financial and technical support during this project.
T would also like to thank both the Polymer Supply and Characterisation Centre
of RAPRA for the materials they supplied and the thermal property measurement
section of RAPRA for the data they supplied'congerning these néterials.
T would like to thank the staff ‘of the Mechanical Engineering Department of

v Imperial College for their assistance during the course of the project, in
particular Se Watfs and G, Williamson,

" Lastly I wish to thank my supervisor, Dr.,R.T. Fenner, for his help and

encouragement throughout this project.

R Lol



Contents

Summary
Acknowledgements
Chapter 1 Introduction

Chapter 2 Experimental Investigation

L

2.1 Extruder Screw Geometry
2.2 Experimental Literature Review
2.3 Present Experimental Work
2¢3.1. Introduction
243.2, Experimental Apparatus and Materials
2e3+3. Preliminary Experiments and Bxperimentsl Procedure
2e3e4e Preparation and Presentation of the Experimental
Results

2.4+ Discugsion of the Experimental Results
2.5, Conclusions

Chapter 3 Theoretical Analysis of the Melting Process
3.1 Introduction
3,2 Theoretical Literature Review
3.3 Discussion of the Bagic Assumptions made in the

present Melting Model
3.4 The Derivation of the Mathematical Equations Describing
the Melting Hodel

3.5 The Solution of the Goﬁerning Equations of the Model
3.6 Experimental and Theoretical Correlétions
3641, Introduction
3.6.2, The Date Reguirements of the Melting Anelysis
34.6.3. Presentstion of the Results
3464, Conclusions

Chapter 4 Theoretical Simulations and Conclusions
4.1 Introduction

442 Theoretical Similations concerning Extruder Design

page

C =3 Lo

14
17

30
33
49

62
81

131

132

133

143

150

175

186
187
193
234

235
236



'4.3 Theoretical Simulations of the effect of Material
Properties on Melting Performance
A.4 Theoretical Simulations of factors affecting the
Performance of Extruders in operation
4.5 Concluding Discussion
Plates
Notation
References
Appendices
Appendix A
Appendix B

Appendix C

—~

249

256
259
267
283

. 291

294
297
303




Chapter 1 : Introduction

Extrusion is a forming process of great importance to the plastics industry.
There are two main reasons for this, TFirstly the inherent nature of

thermoplastic materials lends itself to the process in that these materials

3
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have relatively low melting ftemperatures, 10500 to 40060, and when molten
fequire.é relativelf low force to extrudes; several thousand‘Newtons being
usually adeguate, Further, the high viscogity of most thermo plastics
enables the extrudate to maintain the shape imparted to it by the extrusion
die until it ig cooled. The second reason for the extensive use of
extrusion in processing thermoplastics is the continuous nature of the
process itself. This inevitably mekes it economically attractive in what is
essentially a mass production industry, and also one ¢n which.the cost of
the faw material is relatively high, putting sreater emphasis still on cheap
processibility. The continmuous nature of the extrusion process is valuable
also in some stages of the manufacture of raw polymers.

To extrude thermoplastics optimally one needs a continuoﬁs supply of the
material at the die in'a pfécessible state, that is under suitable conditicus
of témperature; pressure, and homogensity. One alsc desires thesé supply
conditions to be steady. If for any reason they are not then the condition
knovm as surging arises, which manifests itself as a variation in output
rate, This‘is undesirable as it leads 4o variation in product quality end
caﬁ upset the smooth continuous operation of the haulecff systems,

Cleafly to have a positive flow through the die there must be a positive
pressure in the supplied material, the higher this pressure is,6the greater
will be the flow rate. To ensure adequate quality of the extrudate, if

this is a processing criterion, the supply material must have thermal and
physical “homogeneity, a uniform shear and thermal history, and must he
supplied under steady conditions. The supply temperature must be abowe

the matefiags melting or softening point and below its decomposition

temperature, One further requirement of the supply material is that it

\
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Diagram of a Single Serew Extruder.



be free from impurities of any sort., With most thermoplastics the most Ei
troublesome impurities are gaseous, eitherlair that hag become entrapped or
other gases'which nay have been given off by the material itself,

The machine most usually used to fulfill these supply requirements is the
single screw extruder, as it is normally caelled, In fact the extrusion

process only takes place through the die, the rest of the machine is concerned
with supplying the material to the die., A schematic diagram of such a machine
is shown in figure 1.1. It consists of a helical screw which rotates in a
heated barrel. The die assembly is fitted at one end of the barrel after the
tip of the screw., The screw itself may be, in general, heated, cooled, or left
neutral, The barrel is usually heated thbugh exceptionally part or all of it
mey be cooled to prevent overheating which may be caused by high viscous
dissipation in the molten thermoplastic, Solid materisl in granular or

powder form is supplied through the feed hopper st the opposite end to the

die. The material is transported alons the screw melting or softening as it
does so and becoming pressurised so‘that ideally the material entering the

die zone fulfills the previously outlined requirements for extrusion. The
increase in energy the material acquires during its passage along the screw
cdﬁes from two sourcesy from thermal energy supplied by the barrel heaters

by means of conduction through the barrel inside wall, and from the mechanical
energy supplied to the screw by its drive motor. This mechanical energy is
used to generate pressure in the material and to increase its temperature by
transformation into thermal energy by mesns of viscous dissipation in the
plastic when it becomes molten or softened,

The machine described briefly above is more correctly termed a single screw
plaéticating extruder in that it is required to melt the plastic as well as
pressurise it., Another type of machine is often used in the mamufacture of
raw polymer, this may be called a single screw melt pump extruder, This
machine differs from the plasticating extruder in that it is supplied with molter
material and its purpose is to mix the polymer end pressurise it in readiness fo1

extrusion, This type of machine is not considered in the present work.



As has been said one requires the plastic entéring the extrusion die to be
sufficiently molten or softened, sufficiently mixed thermally end physical,
of uniform thermal and sheer history, having sufficient pressure to flow
through the die at s reagonably rate, and that these conditions be steady.
These regquirements form a bhasis for judging the performance oﬁlthé single
screw plasticating extruder, hereafter called the extruder. |

There are many reasons why one would like to be able to predict how well a
particular extruder fulfills these requirements, Firstly the capital cost

of such machines is high and therefore a considersable amount of expenge on
theoretical work is economically justifiable in that once the initial
theoretical simulstions have been set up the cost of performing‘theoretical
experiments is low in comparison with the cost of building a machine or

part of a machine. This is the machine design indéentive, Then there is the
protlem of material processibility. Here again it could be more economical
to simulate the processing of new grades of prastics or even new types, theﬁ
to perform actual experiments, which would of necessity be of limited range.
Lastly theoretical simulations would be of value in optimising the processing
conditions of existing materiasls in existing machines.

One must now look at the different psrts of the single screw extruder in more
detail to define more precisely what has fo be analysed. Before doing so
however it is useful to point out some important properties of plastic
materisls which are of relevance to their processing behaviour in extruders.
Plastices are highly viscous, pseudoplastic’or shear thinning fluids which
also exhibit visco-elasticity. Their viscosity is also highly sensitive

to temperature. They ﬁave generally low thermal conductivity and hence are
ggod practical insulators. I£ should be pointed out that for any theoreticeal
simulation to be of value one needs accurate information about the properties
of the material.

Firstly then one cen congider the die flow problem., The most important
information that one needs to know is the relationéhip hetween flow rate

through the die and pressure drop across it. After this a knowledge of the



temperature distribtution through the plastic,'and how this is affected by
the flow rate, is reduired. This is so that one can prevent overheating of
the material and help in predicting the elastic recovery of the extrudate,
Clearly the final requirement is that the flow properties, in particular

the elastic effects and the thermal properties of the plastic Pe known,

In die design the elastic recovery the material undergoes on eiif from the
die has a significant effect on the final dimensions of the éxtrudate and
hence must be included in the desipn calculations, There are several
comprehensive analyses of die flow in the literature (21,?2).

The rest of the extruder is usually thought of as having three distinct
sections. This is a useful concept to employ at this stage. The first is
termed the sclids flow zone. This is characterised by the complete absence
of molten material, Transport along the screw of the solid material is due
to surface stresses produced by coulomb friction between the metal surfaces
!and the plastic. An analysis of this zone should provide information about
the relationship between flow rate and pressure gradient and the thermal
developement of the material. The litersture provides a number of analyses of
this zone (93,24,75,26). |

The second section is called the transition or melting zone. This zone
follows the solids flow zone and starts at the point of appearance of molten
material, Usually molten material appears first adjacent tg the barrel
surface. As soon a3 this molten materiasl appears the transport mechanism
changes and viscous stresses bhecome important, The zone ends when the
material has become completely molten, Again in this zone the pregsure
gradient flow rate relaﬁionship needs to be known as well as the final thermal
state of the material and the éegree of physical mixing x; One other piece
of information that is of vital importance is the lengih of the zone znd its
starting point. Clearly it is essential that the end of the zone comes
before the physical end of the screw, The literature relevant to this zone

is considered in the next chapter.

The third section of this part of the extruder is the metering zone which
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follows the melting zone, occupying the rest of the length of the screw and
consisting of fully &olten material., The length of the zone is obviously
dependent on the previous zones. This fact stresses the importance of being
able to predict the length of the previous zones, The requirements of the
metering zone analyses are as Lefores the pressure gradient f%ow rate
dependence, the thermal developement of the material and the d;gree of
physical mixing that takes place. This zone of the extrudef has perhaps
been more comprehensively analysed than the other two and there is a wealth
of literature concerning it (15,27,28,29),

Usually the screw is divided into three physical sections, a constant channel
depth section starting at the feed hopper end followed by a decreasing
channel depth or tazpered section, which in turn is followed by another
constent chennel depth section® These sections of the screw do not, however,
automatically correspond to the three processing zones described above. The
)

vast majority of screws used in extruvders conform to this basic pattern,
thovgh in some cases certein of these screw sections may be absent, for
example, the screw may taper continuously along its whole length, In more
recent years various fundamentally different screw designs have been tried
with some success. In particular are these screwd with .miming devices of
different sorts such as smear tips, .#ixing rings or longitudinal flutes on
the screw (30), Also the use of tapered grooves in the feed end of the
barrel coupled with various mixing devices on the gscrew has been tried (51)«
However congideration of any such screw geometries does not fall within the
scope of the present work which confines its attention to the more normal
type of screw design, |

A; can be seen from the foregéing there are gseveral different component
processes which plastic materials are subject to in the rather imprecisely
termed process of single screw extrusion., Of these different component
processes the present work is concerned with that occurring in the trensition
zone; this process one may term the melting process. It ig hoped that this

contribution in conjunction with analyses of the other relevant processes
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in the extruder will enable useful theoretical predictions to be undertaken.
In addition a gualitative explanation of certain forms of surging which

can be particularly troublesome in extruding plastics and which are believed
to originate in the melting zone is proposed,

To be able to undertake an analysis of the melting process one needs some

1
I3

basic information as to how the process of phase change manifests itself in
this pariicular environment, The importance of such a knowiedge of the
pattern of melting becomes more apparent later, To obbtain this information
one needs to perform experiments, Therefore it is appropriate now to
present a review of past experiments and then to consider the present

experimental contribution prior to the theoretical work.
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Chapter 2: Experimental Investigzation

2.1t Extruder Screw Geometry
It is important at this stage to present a thoroush description of the
geometry of the extruder screw and the impertant simplifications to this ’

geometry that will be made use of in both the experimental and theoreticsal

4

results what follow, It is also an opportunity to introduce éome terminology.
Figure 2.1 shows the important geometrical guantities associated with a
single start screw, that is, a screw with one continuous channel only.
Multiple start screws are less usual though they do occur. The present
work desls consistently with single start screws only. It should be noticeé
that the channel width,W, the flight land width,(r, and the helix angle, &,
are functions of the radial coordinate,v ., The helix angle normally quoted
for a screv is that at its nominal outside diameter,D, which is calculated
as &) (D/.?;..) = ton”' (P‘/‘I‘C D) (2.1)
Wherer is the pitch of the single start screw,
For a square pitch screw, that is, one in which the pitch equals the diameter, D
this angle is 17.6;’/‘, | | ’
N
The channel depth,kﬂ;, usnally varies linearly in the compression or tapered
section of the screw and a ccefficient of channel taper is defined as the
change in(channel depth per unit axisal 1ength,f% , or per unit helical length
measured at the mean channel depth, E?.
Thus if the feed section channel depth is Hg,
Ho (L) = He - AL (2.2)
where L is the axial length 4
or, -
He(3)= He— &Z?& (2.3)
where gyis the helical length
The channel width is expressed in terms of the pitch as
W(‘f") = P X @(v) - L“C‘V'} | (2.4)

Finally the relation between helical length, and axial length is

}(‘{’) = L /Sf-ﬂ @(‘FX (2.5)
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- Figure 2.1

The Extruder Screw Geometry

Figure 2.2
The Cartesian coordinate system for the screw channel
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It is often useful to define position alons the screw'in terms of a number
of "turns” or pitch lengths from the feed hopper. Thus the beginning of
the tapered zone may be after, say,5 turns. For a square pitch sérew this
position is defined as

L=85P =5D (2.6)
The helical position may be computed from equation (2,5). i
Two important assumptions will now be introduced. The first is that one may
treat the system as consisting of a stationary screw and a rotating barrel
rather than the actual case of a rotating screw and stationary barrel, The
obvious objection to this concept is that one is thereby neglecting fhe
ef Tect of contrifugal forces on the radial pressure distribution, However,
because plastics are highly viscous and the flow in'the extruder is slow,
the Reynolds mumber is low and the flow is laminar. In such a case this effect
is reasonably insignificant,
The 'second assumption is that of imposing a geometrical simplification on
the flow %féain. The now stationary screw channel will be thought of as //fﬁ
having been unwound into a long parallel sided channel, In other words a
cartesian coordinate system is to be defined in place of the true helical
coordinate one; this cartesian system. is defined in figure 2.2. The channel
crosg-section is now rectangular and hence the width is not a function of
the depth, These two assumptions are essentially made to simplify the
visualisation of the flow behaviour and the mathemstical formulation of the

theory, A fuller treatment of these assumptions is given in Reference 15,
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2.2 Experimental literature Review

The earliest published work on the melting process was naturally experimental,
The now classical cooling experiment was first performed by Maddock (2) and

he was soon followed by Street (3). This experiment has formed the basis

of most experimental work concerned with the melting process %n single screw
extruders and the technique has changed remarkably little ove; the years,

It consists primarily of removing from the‘extruder barrel fhe screw whilst
completely full of material. The technigue is to run the extruder until

it has settled down at the desired operating conditions and then to cool

the barrel and screw as rapidly as possible after switching off the drive to
the screw,. The idea is to so0lidify rapidly the material in the screw channel
for later observation. Once the barrel has been cooled to room temperature
the screw is pushed out by a suitable technigue, and the now solid plastic
removed from the screw ¢hannel,

The two basic experimental problems involved are achieving a sufficiently rapid
rate of cooling to prevent the material in the screw channel meltinge by

the conduction of residual heat in the metal and the mechanical difficulty

of over goming the surface stresses between the barrel we-11 and solid plastic
in the s;rew channel, —
It is usually found necessary to employ water cooling both of the screw and
more importantly of the barrel to schieve a sufficient cooling rate. This

was the method Maddock used, To extract the cold screw in general regquires

a relati?ely large force depending ohviously on the aréa of contact between
the barrel and the plastic. Normal extraction sysfems for screws are only
meant to be employed to extract a screw that is essentially devoid of

material schieved by running %he machine with the feedstock cut off until
output from the die ceases. In this case the eZtraction force is much reduce@,
the more so since the extraction may be performed at normsl processing
temperatures. Thus speciaslly desicned extraction systems are usually needed

to perform cooling experiments with the extruder. In addition it is clear

that the difficulty of performing such experiments is, approximately speaking,
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directly proportionsl to the souare of the screw diameter, all other things
includung the length to diameter,L/D, ratio being the same,
The extrasction force required for a particular size of extruder is difficult
to estimate for several reasons. The nature of the contact between the
metal and plastic is something about which little information is avsilable

:
and the proportion of the total area of the hore of the barreljthat is
honded in this manner to the plastic is uncertain. One canlcalculate an
upper bound on this extraction force if one assumes the strength of the
plastic metal bond to be equal to the \ldiwate strength of the plastic and
that this bond extends over the whole surface area of the barrel hore,
However such a calculation yieids what turn out to be ridiculously high
forces and as such is of no practical use,
Thus the size of the extraction force available even in a -specially designed
system is a fuess and is perhaps limited by, and therefore chosen because of,
the restraints on the mechanical size and strength of the transmission system,
For these reasons it has often been the case that the extraction force has
been inadequate to extract the screw in its cold state, In such cases the
normal procedure is to reheat the extruder barrel ss much as is reguired for
the extractor to function., Clearly if a lot of rehest is necessary the
point in rapidly cooling the extruder heforehand is lost. Notwithstanding
the foregoing it is possible to perform & hot extraction with useful results
provided that the hot plasiic does not adhere to the barrel surface., If this
is possible it is a much simpler task in that no barrel water coolers are
needed (theyAare not necessarily standard equipment‘on an extruder), and
the extraction force is much reduced. Street(}) was able to employ a hot
extraction procedure in his eiperiments with polystyrene,
Having extracted the screw with the solidified plastic sround it, the material
is removed and the different regions observed., The aim of this observation
is to identify the areas that consisted of molten plastic and these that
consisted of unmolten plastic while the extruder was operating., Normal

practice is to cut thin sections out of the ribbon of plastic removed fronm
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the screw at regular intervals along its length, normal to the flights, To
aid in viewing these sections and in particular to discriminate hetween
regiong that had been solid end those that had been molten, pigment is often
edded to the feedstock of the extruder during the operation, The pigment may be
added in one of two ways; either by obtaining a supply of granpleé or

powder, of the particular experimental materiasl, which has had the pigment
hemogenised within it during the final stage of manufacture, and then simply
mixing a certain proportion of this pigmented material with the natursal -
{feedstock material, or, the raw pigment itself may be mixed by hand with the
granules or powder immediately prior to being fed into the hopper of the
extruder. The differences between these two pigmentation techniques will

be discussed {urther in a later éection.

That concludes the present desdription of the experimental technigue usually
employed in investigations of the melting process. As has been ¢aid Street(})
employed a hot extraction technique'when working with polystyrene, He
performed his experiments on a 2 inch (50.8 millemetre) diameter machine with
a 20:1 E_/[) ratio. Maddock(?) on the other hand extracted cold, though
usually he found some. reheeting to be necessary, The extruder he used was
also a 2 inch diesmeter machine but having a 15:1Lﬁ>lﬁti0. He performed
experiments with both low density polyethylene and plasticised polyvinylchloride,
The sections of plestic obtained in such experiments show & pattern of
compatible displacements in a single\phaseystress—free system. From
observation of these patterns and = knowle&ge of the ac%ual thermo~-mechanical
boundary conditions one attempts to visualize a compatible set of displacement
rates which could occur in the real two phase non-isothermal system within
the extruder. The observations these two workers made of the plastic removed

*

from the screw led to essentially similar conclusions as to the manner in
which the material melted in the extruder,
A photograph of a typical cross-sectional specimen together with a schemstic

representation of it are shown in figure 2.3, This photograph is sctually

taken from the authors experimental results but serves to illustrate the



Figure 2,3%

A Typical Observed Melting Pattern

Figure 2.4

Velocity diagram for the solid bed
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results of earlier work to which it ié similaf.

The demain can be divided into three regions shown in the fisure; the melt

pool consisting of re-circulating molten mate{ial between the trailing or 'b&@
pushing flight and the solid bed; the solid begﬁy;ade up of the unmolten j(
granules or powder situated between thelgading flight and the ?eltvpool;and
the melt film which is 8 thin layer of molten material between‘the upper
surface of the so0lid bed and the barrel. Street (3) observea a2 fourth region;
part of the solid bed adjacent to the melt pool differed from the remainder

of the solid bed in that the granules had become softened and haé partially
fused together, In addition Street noted that melting occurred at the interfeace
between the melt pool and this region of the solid bed., Other experimenters
including Maddock (2) have not mentioned this fourth zone and study of
published cross~sectional photographs, see for example Tadmor (5) or Martin(9),
do not seem to support Btreets original observation. It may well be that this
subdivision of the solid bed into two regions was a consequence of a lack of
compaction of the solid bed due to the constsnt pitch, constant channel depth
screw used by Street. Certainly all the other published experimental results
with one exception (15) have come from extrusion trials using tapered screvws,
albeit of different designs. Maddock (?) noted one other secondary aspect

of the pattern, At lster stagés of melting he observed a film of material
between the screw roct and the solid bed, and between the leadins flight and
the solid bhed, forming a circulsting flow path around the solid ved,

This then was the observed pattern of melting. The quaiitative explanation

;
of the mechanism which resulted in this observe/ﬁattern wag given as follows. /
Melting essentially takes place by the solid piastic receiving,from the hot
barrel surface; conducted heat; which originates from the barrel heaters.
Initially the molten material will form a layer coating the barrel surfsce and
i; addition filling in the gaps between the solid granules. As soon as the
first molten layer is formed shesring within it leads to the conversion of

mechanical energy by viscous dissipation, The presence of this extra thermsl

energy within the melt film will in general increase the thermal gradient at



22

the interface of tﬁe melt film with the solid bed and hence increase the

rate of melting at this interface., When the thickness of the film becomes
greater than the flight clearance‘the trailing flight will act as & wiper and
this action leads to the collecting of the molten plastic in the melt pool,
Thus the mechanism consists of material melting off the top of the s0lid bed
being entreined in the melt film and then discharging into the?melt pooljthe
melt pool increasing in width at the expense of the solid bed width until

the whole channel is full of molten materisl,

Bxperimental results Obtained'by Martin (9) show partial sgreement with this
méiting mechenism, Martin employed a cold extraction technioue though it
appears that the extruder barrel was sir cooled, and hence cannot have been
particularly rapid. He carried out experiﬁents with one short and one long
compression screw on low density pblythylene grahules and powder, His results
show agreement with the model of Maddock and Street during the early stages

of melting. With the short compression screv and gramular materisl the rapid
compression section caused the solid bed to fracture with the result thab
individual granules or groups of granules were dragged along in the melt.
However the behaviour of the powder material sgrees with the previously

stated model even after the compression zone., With granular material processed
on the long compression screw the resulits agreed witl the model unitil the
width of the melt pool was between 30% and 50 % of the channel width. At

this point the solid bed underwent a gross deformation, spreading itself across
the channel, and molten material appeared all around the granules,

Perhaps the‘most comprehensive set of melting experiments reported t7%ate is that
bf Tabior! et al (5,8,15). They carried out a series of experiments on a

2.5 inch (76.2 millemetre) diameter extruder havine g 26.9 l./E) ratio. The
machine was not fitted with barrel water cooling jackets but a system of

water jets was arranzed around the barrel to cool it reasonably quickly. HMost
of the experiments were performed with low density polyethylene granules under
a variety of operating conditions. However individual experiments were alsc

performed with pelypropylene, high density polyethylene, rigid polvv:nylchlor*ue

{ PVC )slylon , and acryl@nltlllebut&dlene styrene (ABS ).

r

v
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Additionally experiments were performed with plasticised PVC on a 3,5 inch
(88,9 millemetre) diameter extruder and with low density polyethylene on an ‘

8 inch (203,2 millemetre) diameter extruder,

These experiments were primarily performed to ohtain results with which to

test the accuracy of the melting theory that Tgdmor (4) had developed. For
this reason the information concerning the experimental conditions and the
particular materials used is much more comprehensive then for cother reported
melting experiments. Also, because of this primary function of the experiments
some interesting features which the plastic croggesections show that differ
from the simple medel : were not discussed in the original publication (5),

The first of these being the presence of g melt film around three sides of the
s0lid bed as noted earlier by Maddock (2). In some cases towards the end

of melting the film between the”solid bed and screw root increased in

thickﬁess and could no longer be considered a thin film., The second feature
of note is the regulsar occurrence of a phenomenoh called solid bed bresk-up

o fracture. At some point during the melting zone the solid bed can be seen
to fracture in the plane of the channel cross-section. There is thus &

series of separate pieces of solid bed at different locations along the
channel, separated by parts of the channel totally full of melt. These
separate pieces of solid bed would appear to melt by the game mechanism as

that applying before fracture occurs,

This so0lid bed break-up shown in the resnlts of Tedmor et al (5) is not the
same as that observed by Martin (9) which was referred.to earlier. The
fracture of the solid bed in the 1atte§s experiments was produced by the
sho;t compression section of the screw and in effect the metal wedge formed
by the barrel and screw root continuocusly separated the bed into small
segments., In the,formefs experiments the bresk-up of the solid bed does not
appear to be caused directly by screw taper, which in this case, is gradual
extending over about ten "turns" of the screw, Further, the occcurrence of
this break-up iz periddic.

Overall the results of Tgdmor et al (5) agree with the earlier work of
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Maddock and Street and that proposed melting mechanism can be applied to
them with the differences menticned above.
As these experimental results were to be used o check with theoretical
predictions, certain relevant measvrements were made, The most important
was the measurement of the ratio of mean solid bed width to channel width at
regular intervals down the channel. From these fisures a graﬁh was drawn of
this ratio, called the reduced solid bed width, .against channel position,
usually for convenience expressed in terms of the number of "turns" along
the screw, These curves were termed experimental solid bed profiles and were
compared to solid bed profiles predicted by the melting theory. L
The extruder used to perform these experiments was eouipped with 2 series of
pressure transducers at a range of locstions along the tarrel, With these,
records of the operating pressures were made, Again these were later used
to check theoretical predictions of pressure in the melting zone (8),
Additional experiments were reported for which pressure records were made
but no cooling GKPSX}me?t performed (8,153, these included 2 series on an
8 inch diameter extruder.
Donevan (10) reported a series of experiments performed on 2.5 inch (76,2
millemetre), 4.5 inch (127 millemetre) and 8 inch (203.2 millemetre) diemeter
extruders. The plastics used were low density polyethylene, PVC, ABS and
polypropylene. As with the previously described experiments, thege by
Donovan were primarily intended to check theoreticsl predictions., For this
reason pressure measurements were taken at seversl points along the bharrel (12)g
Although Donevan has not published any photographs of his experimental cross-
section he confirms that during the earlier stages of melting the observed
pattern supports the proposed mechanism, Towever as with Tadmors résults
he noteé the appearance o” melt films, on the sides of the solid bed in
contsct with the screw, at a later stage of the meltings process. TIn addition
he comments on the regular occurrence of sclid hed tresk-up.
Donovan presented a new piece of experimental information of great significance,

namely evidence of scceleration of the s0lid bed in the down channel direction,
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Figure.2.4 shows a plan view of part of the unwound zcrew channel,\JLis the
barrel ‘velocity and its direction is at asn ansle® s, the helix angle, to

the channel w2ll, havin~ components\f%x,and\Jb}Ln the o and gy coordinate
direction respectively. The velocity of the solid bed is \/Sﬁﬂ in the 3%
direction. The relative wvelocity between the barrel and the g0lid bed

is\[j at an angle ﬁ% to the channel wall, Clearly if the sol&d bed is not
moving then ;ﬁ becomes equal to € ., The maximum vslue of }% is likely to
befﬂ#&i at which‘\éébecomes equal to\Jbé_. Donovan observed smear lines

on some of his experimental specimeﬁs,the angle of which he was able 1o ‘measure.
These measured smear angles were an indication of the angle /3 defined above.
Dongven cobserved that these smear angles increesed as ine solid bed moved
further along the screw indicating acceleration of the solid bed.

There is one difference in the form in wﬁich Done&an presents his experimental
solid bed profiles, Instead of measuring the ratic of mean solid bed width

to channel width he messured the ratioc of the area of the solid ted to the
channel cross—sectional area at each section, thus taking into sccount any
significant amo?nt of molten material hetween the sclid bhed and .the screw.
Bither approach is valid provided any theoretically predicted profiles are
expressed in s consistent fashion. |

Vermeulen et al (15) obtained results from a short series of c¢ooling experiments
on g 60 millemetre diameter 15:1 LID'ratio extruder., The screw used here was

a constant pitch and constant channel depth design and the material was low
density polyethylene. The results as with those of Donovan and Tadmor,

showed asgreement with the basic modei of HMaddock and Street up to approximately
half way through the melting process. Thereafter appeared a molien film
between the solid bed and the screw root and the solid bed fractured.

T admor énd Klein (15) discussed the occurrence of solid bed breske-up in the
experiments reported.in the work of Tedmor et al (5) and which have heen
previously described. They noted the reqularify of the phenomenon and tuat

the severity of it seemed to be much influenced by the material, granule size

and screw geometry rather than the operating conditions. They also noted
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that bed breek-up could explain the temperature fluctuations observed in
the screw mounted thermo-couple probes of the expeyiments of Marshall et al (18).
The alternating of solid plug and-melt plug pass§ébﬁég prohes was suggested as

-

,\/’
the cause of these fluctuations. The passage of a melt plug paspéﬁ the

probe was recorded ss s period of rising temperature snd the passage of the
s0lid plug as a period of falling temperature. 'Tadmor and Klegn also

propogsed that pressure and output surging of freguency 1 to 15 cycles / min
wag due to bed breakuup.\ \

Comment was also ﬁassed on the beneficial efféct of screw cooling on stébility
of pressure and output rate, Maddock (2) first reported results that showed
that screw cooling could prevent bed break-up and Tadmor and Klein sugzested
this to be the reason for lack of surging.

Maddock (30) observed pressure vafiations alonsr the 1eﬁgth of the extruder in
éxperiments performed with a negative pressure gradient in the metering zone,
He suggested that surging arose gs s result of excessive pressure devel opement
in the feed and transition zones and 2 resultant tendency to over supply

the metering zone.

A recent paper by Klein (19) dealt in more detsil with surging and its
relationship with thembiing process; He made a distinction between two

forms of bed break-up . The first he described as being due to excessive
rapidity of taper such that the solid bed is deformed to fill an increased srea
of the channel crogs~section with the result that it tended to jesm and

block the channel, The channel only became unblocked after guvfficient pressure
had been generated behind it to cause ﬁhe bed to fracture and the broken

piece to move forward down the channel. The second form of bed break-up
Klein described, what he terméd "melting instability", is essentially that
phenemenon that has been described as bed breake~up in the present review.

Bed break-up was also observed in a series of moéel experiments reported by
Stevens(?O). These' were performed utilizing a transparent extruder barrel
made of polymethylmethacryléte (PMMA) and a model fluid, He recorded the

fact that bed bresk-up occurred only after the solid bed had bhecome surrounded
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by melt. However he did not connect this phenomenon with surging.
Roussgelet (’6\ carried out a number of novel experiments using a 60 millemetre
diameter 20:*1,/01@%10 extruder. The materials wape powder PVC, crystal
polystyrene and a PVC / vinyl'acetate copolymer. The method of extracting
the screw was unusual. Instead of the normal procedure of pushing the screw

;

out of the die end of the barrel, he employed a 1ongitudinally?split barrel.
In other words the barrel waes opened up after the experimenﬁ and the screw
lifted out. It is not clear what form of barrel cooling wass used in thgse eYPeT
iments, Rousselet reports sgreement with the earlier findings of Maddock
and Street. He also gives a detailed explanation of the nature of the pressure
traces obtained in his experiments, The particulsr pressure transducers used
were of a sufficiently fast response time to#llow the recordings to show the
variation of pressure that occurred within ;ne revolution of the screw,
Discuséion of these results in the light of the present experimental work
will be given in the appropriate section later.
Cooling experiments reported by Menges and Klenk (6) on rigia PVC powder
showed a completely different melting pattern from anything observed elsewhere.
This pattern is shown schematically in figure 2.5. ZEssentially "melting" of
the PVC only takes place between the flight land and the barrel. FPowder is
dragged into this gap and is intensely sheared as it does so and bhecomes
"molten".Clearly this is a very slow process and rarely can all the material
become molten by this means, The remsining s0lid bed becomes compacted and
gintered ut the resulis showed a considerable proportion is not mixed at
811 by the time it gets 1o the end of the screw. Menges and Klenk concluded
that the PVC did not follow the pattern of Maddock and,Street hecause it was
a highly viscous non-wetting piastic. However a subsequent paper by Gale (32)
whieh reports cooling experiments on rigid PVC powder, has shown that the
melting pattern of rigid PVC powder is highly dependent on the lubriczant used
and its concentration., The melting pattern of Maddock with melt films all
around the golid bed wes observed for rigid PVC by Gele if a suitable choice

of lubricant was made,



Figure 2.5
Disgraii of the trailing flight melting mechanism
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This concludes the literature review of the experimental work. The general
conclusion to be drawn is that the basic patitern first observed by Maddock
would seem to apply fairly generally during approximately fthe first half of
the melting process. "Thereafter it can bvecome modified in a number of ways.

The following sections describe the present experimental work snd discuss the
g

?

present resulis and how they agree or not with the work discussed in thig

section,
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2,3 Present Experimental Work

2.%.1: Introduction

Experimental investigations into the melting process occurring in single screw
extruders can have three primary functions, not entirely connected. Firstly,
experiments can yiéld information which gives insight into the physical
mechanism of the process, Into this category falls the work éf Maddock (2),
Street (3), Menges and Klenk (6), Gale (32); and Mertin (9), Secondly, the
effects of different extruder operating conditions and screw geometry on the
melting process can be studied in what is essentially an empirial fashion,
Typical examples of this are Maddock (2) and Martin (9). Thirdly, experiments
can provide sets of results which can be compared with the predictions of a
theoretical analysis of the melﬁing process. The work of Tgdmor et al (5),
Donovan (10) and Vermeulen et al (13) comes under this heading. The second
and tﬁird functions are perhaps served by experiments which set out to imitate
practical}operating conditions, The first function, however, may also be
served byéeliberately operating the exiruder under extreme conditions which
would never be used in praectice,

The present experimental work was undertaken with the aim of fulfilling -»
functions one and three but not two, It was thought necessary to do basic
experiments on the nature of the melting mechanism for two reasons., Firstly
early experience of the suthor of performing cooling experiments with rigid
PVC powder produced results which were not consistent with the Maddock model.
Unfortunately these experiments were performed on an extruder set un that

did not permi*t {he idezl experimentsl technique of a cold extraction)nor W&S
the machine equipped with instrumentation above that normal for a production
machine. In particular there were no pressure transducers or gauges and no
barrel water coolers., Bence ¥ere was an incentive to repegt the experiments
with an experimental extruder specifically designed {o perform cooling
experiments. In additicn to this, other early cooling experiments performed
by the author had shown that the mechanism of extraction of the screw by
pushing it out of the end of the barrel furthest from the feed hopper coild,

if reheat of the barrel was necessary, produce a set of thermo-mechanical
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boundary conditions on the material in the screw channel that partially
similated those thermc-mechanical_boundary conditions occurring during
operation of the extruder, Hence there could be produced a melting pattern
during the extraction process thet was not there during operation of the
extruder. The potential effect of this was twofold. Firstly the part of the

'

channel that was,during operation, completely full of w803id.. could becoue
molten to a certain extentduring extrsction. Secondly the region where

melting was taking place during operastion of the extruder could melt even

nore during extraction., The overall effect heinsg to distort the true melting
région and perhaps, though less likely,ths spattern of melting,

At the time of setting up the present experimentnl extruder the paper by
Rousselet (46) bad not been published, Therefore there had not appesred any
detailed examination of the pressure veriation acrogs the width of the chennel
in the melting region and it was thought important to perform such a study to
8id in the visuslization of the melting mechanism,

These then were the ressons for wishine to perform some fundsmental experiments
into the melting process. As has been stated eariier the eventusl aim of

the present work is to produce a theoretical analysis of the melting process,
Therefore some detailed experimental results would be useful to compare with
the theorebical predictions. It would, of course, have been possible to utilise
the already available experimental results of Tgdwor et al (5) to this end s
has been done before (11). However it was thought prefersble to produce 2 rew
set of such results.

In the first place it was thought possible to combine the reguirements of

both the functions of the present experimental work into one comprehensive

set of experiments. Secondly the résults pfoduced by Tedmor et al (5) have

a- number of limitations. In the first place the majority of the experiments
were performed with low density polyvethylene sgranules, only single experiments
beiné performed with other materisls. Purther, although a seemingly

wide rance of operating conditions were chosen for the different runs with

the polyethylene they 2ll, in a nonedimensional charac*erization prove& to

be similar, In every experiment bsr one the non-dimensionsl flow rate,
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:T(Q, as evaluated in the melting zone, wss gfeater than one half, and the
non~dimensional preséure gradient in the metering section,.jtp,negative, that
is

7‘:Q=Q/(W~Hc_\/t-}q) > 05 (2.7)
where QQ is the dimensionsl volumetric flow rate and, ‘

ﬂp:%l:_t‘__.;& < O ( (2.8)
where % is thé?sheajrstress at the mean shesr rate \/V},/F{ﬁ .
The reason for this similarity may well be the particular screw desirn employed.
The last reason for performing a completely new set of melting experiments
is that one vitel part of the data reguired for a theoretical simulation is
that relating to the thermal and flow properties of fthe meterial heins used,
The information concerning these propertieg that Tadmor et al (5) supplies
appears to be primarily hased on information received from the materisl
manufacturers and the accuracy of it is not guoted. In other words the data
used was at best based on bulk average measurementz. It was thought dezirable
and possible to perform at least some of‘the contemplated experiments with
meterial for which fhe flow and thermal data‘could be obtsined by measurements
made on samples out of the same bags of material that were used in the extrusion
experiments,
Then there were the ressons for extending the scope of the experimental work
to fulfil the first and third functicns mentioned earlier. No attempt wes
made to fulfil the second function es one of the oversll aims of the work
presented here is %o be able to perform theoretical simulations to take the
place of such empirical experhentation.
Such then is the backgréunﬁ to the present experimental work. The following
section descrihes the specific‘experimental sauipment used in performing the
exﬁeriments. It also discusses the choice of experimental materials and the

particulsr range of operating conditions employed.
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2.%.2¢ Bxperimental Apparstus and Materials.

From the literature it can be seen that several techniques have been employed
to follow the melting process in the single screw extruder. These may be °
divided into two basic methodss; direct and indirect., The direct methods are
by means of the cooling experiment (2,3,5,9) or by employing suitable viewing
;indows in the extruder barrel (9). The indirect methods'conéist of
interpreting eitﬁer detailed pressure traces taken from barrel mounted
transducers (ﬂ6) or interpreting detailed temperature traces taken from thermo=
couple probes mounted on the screw but reading the temperature of the plastic
réther than that of thé screw (18).

A1] these methods in one form or enother have been employed previously.
However the only one which is usually sufficient Qhen employed on i%s own is
the cooling experiment. This is becsuse it provides a continuous record of
the meltins process where ss the others BE best only sive &8 representsiion

of the process at discrete intervals. In additicn the cooling experiment
gives a three-dimensional representetion whilst the others only provide a two-
dimensionsl one. The main disadvantage of the cooling experiment as compared -
to the other methods is that 1t involves & lot of extra work and hence time,
in performing each experiment. It also can involve the design of special
apparatus. iHowever it was felt that the extra effort Jdnvolved in performing
such experiments was justified in the light of the previous comments on the
validity of the hitherto observed melting patterns.

Having decided to design the extruder set-up for cooling experiments it was
not thought worthwhile to equip it with screw mounted therme~couples., This
decision was taken on two counts., TFirstly it w-s thought that having decided
to perform cooling experiments the information concerning the melting
mechanism provided by such thermo-couples wes virtuslly redundant, Secondly
the equipment =nd the modifications required to so eguip the extruder would
have been considerable,

Experience of fitting viewing windows into exiruder:barrels is limited and

1little of what has been done has been reported in any detsil in the literature.
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In the context of the overail aimg of this work it was not thought that the
results obtainable from developing a system of optical viewing probes for the
extruder dharrel would be adequate return for the~ time and effort involved,
1t was, however, thought desirable to equip the extruder barrel with pressure
transducers. One reason for this has been mentioned, namely tg attempt“ﬁg

}
provide correlation between the cross-chasnnel pressure profile and melting
pattern to confirm the interpretation of melting pstterns frbm such pressure
profiles. Secondly, of course, this enahles saxial pressure profiles to bLe
pbtained which are of importance in the theoretical comparisons. Lastly a study
of pressure recordings over longer periods of ftime than the periodicity of the
gerev rotstion is a good way of studying and characterising surging behaviour
in extruders.
The extruder that wes to be used to perform the experiments was a 1,5 inch
(28,1 millemetre) diameter Bone Brothers machine with a 20:1 L_/ED ratio,
A specially built screw extractor was available for this machine powered by an
electric a.c. motor,
In view of the suspicion of the extraction technioue discussed in the previous
section it was decided to build a new barrel for this extruder that could bhe
split into two halves thus sllowing the screw to be removed from the barrel
without it being subjected to heat or shear forces., At the time this barrel
was desisned the existence of Rousselet's split barrel extruder (16) was not
known. The barrel wss aslso egquipped with six trensducer-ports and nine
thermo~-couple mounting holes to measure the barrel tempersture. The drawings
of thé barrel are reproduced in figures 2.6 and 2.7, whilst figure 2.8 gives
two illustrations of it,
It was also necessary to obtaih water cooling jackets for the extruders; it
was already equipped with facilities to water cocl the screw, The barrel
heaters wers split into two control zones only, each occupying about half of the
overell length, This made it easy to fit water‘coolers. These consisted of
copper cooling tubes cast into an aluminium jacket that fitted round the
extruder barrel, Provision wes made in these jackets for the various pressure

and thermo-couple ports. They were cast in two pairs, one pair for each
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heating'zone of the barrel, New electrical resistance heaters were obtained

to clamp around the outside of the coolers.
The two heater zones of the barrel were controlled by thyristor units, The water

jackets were not used as part of the harrel temperature control system, the
original air fans being more than sdequate, but only for rapid cooling of the
barrel as required by the cooling experiment technique. The heéd and die
assembly were fitted with a separate heater and conventional proportional

control unit., TFo provision for cooling these units was made as they could be
relatively easily removed from the barrel as indeed they had to be before the
screw could be removed.

The head unit was fitted with a gresse filled bourdon pressure gauge which

by virtue of its direct reading of pressure gave s quick visusl check to the
state of operation of the extruder,

The die used on this machine was of the utmost simplicity. The layout is shown
diagramnaticelly in fisure 2.9. The essential part beins a bolt with a

drilled hole down the centre which was screwed into the main die assembly,

This system sllowed for s variety of back pressures to be generated in the machine
by simply chenging the die bolt for ones of different diameters,

The extruder control panel provided informstion about the motor current, motor
speed, which was contimiously variable between 24 r.p.m. and 84 r.p.m., and the
‘barrel and ‘head unit control temperatures., The barrel thermo-couples not used asg
part of the controlling system were conected via & Data Tiansfer Unit (ITU) into
a Digital Volt Meter (DVM) which was equipped with a visual display panel. A
small printer was connected to the DVM to enable a permanent record of the
millevolt readings from the thermo-couple? t0 be made. The purpose of the

DT was to control the cycling of up to 20 difverent input channels into the

U, and io conbrol the frecuerey of operstion of the printer,

Dynisco pressure transducers were used on the extruder barrel. These are
Americap maae units that have several important édvantages over comparable British
made units,_although their cost is about twice that of 2 British ftransducer.

The principle of operation of most pressure transducers intended for
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Diagram of the die asgembly.
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use in plasticating extruders is essentislly the‘same. The tip of the
transducerlis in contact with the plastic by virtue of being mounted flush
with the barrel wall. The pressure of the material causes the cap to deform.
This deformation is then transmitted within the stem of the fransducer to the

bulb where it produces a strain in a strain gzuge which is one of four

i
1

resistances arranzed in a Wheatstone Bridge network, The outcome of this
gtraining is an e.m.f, which is essentially proportional to ihe applied

pressure, In the case of the Dynisco transducers the deflection of the cap

is transmitted to the strain gauce hy a thin capillary of mercury, The usual
alternative tobthis is s thin metal tuhe providing a mechsznicsl link,

The adventages of the Dynisco units are ss follows. The shift of its zero

point is much less sensitive to changes of surrounding temperature, that is,

the extruder barrel, than other units. Tn addition to this it does not reouire
any air or water cooling for the strain rauge bridee. It can withstand
mechanically a 200% full scale overload, slthough the readings are not asccurste
at this level., Tt has the smallest cap diameter that is available, 0.303 inch
(7.7 millemetre), though this is not to imply that it is the only make with thisv
particular cap diameter. This last point is all the more important when dealing
with such a comparativply smell diameter machine as the present one. Lastly

this {ype of transducer employs, along with some other makes, a bonded strain
gauge bridge, which gives an extra degree of robustness to it. This is

important for the particular experiments) work envisaged in that the transducers
will have to be handled much more than perhaps would be ususl due %o the -
frequency of removal of the screw from the extruder. One final practical point
in the authors experience is that, provided the mounting ports for the
transducers are mede to the specified tolerances then complete interchangeability
hetween different transducers and different ports presents no problems.

Pigure 2,10 shows a schematic outline of the eXﬂerlmentﬂl extrader indicating

the rel¥%1ve positions of the transducer ports, the thermo-couple probes

and the heatins zones. In addition the ceometry of the two experimental
screws:is shown, The 2,25:1 compression ratio screw was used for the experiments

with PVC, a1l the other experiments being performed on the 4:1 compression
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retio screw, The conmpression of a screw is defined as the ratio of the
channel crossesectional area in feed zone to that in the mefering zone,

To make best use of the ability of the transducers to follow the changes
of pressure that occur within each revolution of the screw an Ultra-Violet

(UV) chart recorder was used., This type of recorder employs a beam of ultraw

¥
]

violet light that is directed by the rotation of a galvanometef mirror on

to suitable sensitive chart paper. The movement of the galfanometer mirror

is dependent on the input signal. The movement of the chart paper is contrelled
over s more than adeguate range of speeds by an electric motor and gearbox,
This type of recorder was prefered to a pen-type chart recorder for several
reasons. Firsély and perhaps, most importentiy, the fastest full scsle
response time of the best pen gystems is no less than perhaps 0.5 seconds which
is barely adeguate to follow the detalled changes of pressure that msy occur.
In adéition a pen recorder tends to be 2 megsy machine especially if several
channels are used on one maschine, A U,V, recorder may have anything from

12 to 20 channels whereas more than 6 on a pen recorder is exceptional, Finslly
the U,V, recorder is no more expensive than a pen recorder or set of *them with
the szme number of channels. '
Although it is possible to connect the output of a transducer to the U,V,
recorder input directly, it is more flexible to insert en amplifier between

the two. This enables one to use galvanometers of faster response time in the
U.V, recorder and to have a separate control over the amplitude of the pressure
variation as recorded on the chart paper. This 18 due to the variable gain
control fitted to the amplifiers.

A view of the instrumented extruder, control cabinet and recording equipment

is shown in figure 2.11,

Fiaurel2.12 shows the screw extractor on its own and as it appears fitted to
the extruder ready for opersbion.

The extractor consists of a thresded bar whose length is approximetely the sanme
as the exbtruder serew. This bar is driven axially forwards or backwards by

a geaf wheel which is threaded on its internal surfasce to mesh with the thread



Ficure 2,711

A general view of the experimental extrudsr
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Two views of screw extractor

(b) The unit fitted to the extruder
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on the bar arcund which it fits., This gear wheel is csused to rotate by the
transmission of power from the electric drive motor via suitable reduction
gearing. Whilst this rotates it connot move axielly, therefore the threaded

bar moves sxislly, it being prevented from rotating by a key fitted at ite rear
end which iscomgtrained to move axially by a2 slot in the fubular casing

around the bar., It is the forward movement of this bar thet fﬁfces the screw

out of the barrel. To do this the extractor is mcunted on the back of the
extruder snd held iﬁ position by two tie-bars that streich between & collar
-on the extrsctor snd s separaie collar loceted on the front [ace of the barrel,
that is, the die énd. Thus the thrust in the extractor bar pushing on the «
screw is reacted against by tension in these tie-bars.

This concludes the description of the experimental extruder-and instrumentastion
eguipment,

It was thought desirable to perform experiments on as large a range of

naterials as pessible, This was done in the first place to see whether

different materials displayed different melting patterns, and secondly to provide
as comprehensive a sebt of-experimental data as possible with which to check

out the theoreticsl snalysis. The particular materisls &hosen are listed
in Table 2.1, )
The first three materials were specially obtained from the Polymer Supply and
Characterization Centre (PSCC) of the Rubber and Plastics Research Association
(RAPRA). These materials were taken from the hatches that had been specially
mixed to ensure identicsl materisl in esch hag, The original supplier of the
materizl is not known, These materisls are made sveilable on reguest for
regesarch activitieg in the genersl field of plestics. The idea being that a
comprehensive weslth of d=ta, about a few particular materiels is potentislly
more useful for research purpcses then a little informastion sbout a lot of
different materinls, 'he importance of this in the present work is that it
meant that very de*ailed knowledge of the fluw and thermal properties of these
materiels would be or would become available,

The low density polyethylene powder was chosen as it was a material with which
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The Experimental ¥aterials and the Exiruder Farrel Set Temperature

used for each Iaterial.

Vaterial and code

Low density polyethylene

grenules - LLPE 1

ensity polyethylene

a
granules - FDPE 1
Polypropylene granules

Low density polyethylene

powder - WIXC 71

Plesticised PVC granules
- GDG/542

-
L

Crystal po:

- KLP

ystyrene

7

Polyethylene Teraphalste

tHfelinex?

Rigid PVC powder
- PC8/038

Material Supplier

P S .C.C .

P.5.C.Cu

I.C.T.

I.C.I.

B.P.

Earrel Temnperzture

°¢

150

170

160

200

300

160
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a lot of experimental work had been done by other workers in the College
latoratory and for which, therefore, property datz was alresdy available,
Similarly the particular grade of plasticised V(U chosen was one for which
I.C.I. ( Plastics Division) were able to provide comprehensive property data.

Crystal polystyrene was chosen beceuse of it being an extremely.brittle material

i
]

unlike most of the othner experimental materials,
Those six materisls were used in the main experimental program, Later
additionel exyperiments were performed with two other materials,
The polyethylene teraphalate {'Melinex') was used because of the particuler
surging problems that cen arise in its extrusion,
The rigid powder hlend PVC was used to check out the earlier results with
rigid PVC powder that.showed extreme disasreement with the ususl meltine nmodel
of Hadiock., )
The lasf area that needs reviewing in this sesction concerns the choice of
operating conditions for the experiments., Under this heading are included
choice of screw speed, of barrel and die temperatures,of the die and hence
back pressure and ithe usde- of screw cooling. To help decide on -specific operating
conditions & number of triasl experiments were performed on the extruder. The
results of some of these early experiments will be discussed further in the
next section. Only those observations drswn from these experiments which are
relevant to the choice of opersting conditions will be presented here.
It was found that at the maximum speed of the extruder, namely 84 r.p.m.iit
wag well capsble of completely melting the maximum output rate aschievahle,

| et 1 ‘
which was with the largest diameter die both%mand without screw cooling., Ifecsuse °
of the aims of the experiments it was thought desirsble to ceuse the melting
region to extend over as long a length of channel as possible, It was essentially
for this reason that the decision was made not to use screw cooling for the
experimental runs, Of course, in practice the use of screw cooling is aveided
if at ell possible arnd therefore the decision isijustifiable from a practicsl
point of view, ¥or each material the barrel temperature settings were different
and arejgﬁven in Table 2.1, Advicewas sought a3 to typicel processing

temperatures for each materisl, In the interests of simplicity both experimentall;
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and iheoretically it was decided to set both bsrrel zones to the same
temperatﬁre, though sometimes the die wag set to a different temperature.

Tn view of the number of different materisls being used, six initielly, it was
thought tha% four experiments per materisl, giving a totel of 24 experiments,
would be & manageable number. The operating settings that varied Tetvween the
four experiments on each materisl were screw spced and die bol% dismeter; barrel
and die temperatures were not altered, Two screw speeds were used, 40 r.p.n.
and 80 r.p.m., and three die bolts each of the same length but having different
dismeters; 1/16 inch(1.59 millemetre); 3/32 inch(2.38 millemetre); 5/32 inch
(3,97 millemetre), respectively. The four experiments were as follows.

1t 40 r.p.m.; 1/16 inch.

2t 40 r.pemss 5/32 inch,

3r 80 r.p.m.! 3/52 inch,

4: 8O repem.s 5/32 inch.

This choice of experiments fulfills the following desirsble criteria, Firstly
e reasonable range of back pressures and output rates is covered. Secondly

an asdeguate ranve of screw speeds is used, Thirdly and mest importantly the
criticism levelled agzinst the experiments of "admor et el (% , nemely that

they 'all hsd s non-dimensional metering zone pressure sradient thet was necative,
in other words there was alwsys & pressure maximum somewhere before the end

of the screw, does not spply to the present experiments. That is, the present
choice of experimental operating condition gives a good range of none-dimensicnal
flow rates.

In the next section the preliminary trial experiments are discussed with regsrd
to ﬁhg contribution they made to the final experimental procedure which is

then itself described.
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2,3.3 Preliminary Exveriments and Fxperimental Procedure

Preliminary experiments were performed for several ressons. The new split
extruder barrel hsd to be tested ds 4id the new hesters and cooler units,
Similarly the instrumentation systems hisd to be checked through and the overall
operation of the extruvder familiarised, More explicitly the experimental
procedure had to be established,

The most important sspect of procedure in the beginning was thé operations
involved in splitting the extruder barrel, this was the more so since the barrel
with the screw inside it had to be removed from the base of the machine for thisg
to be done, The seouence of operntions involved here started with the removal
of the die and head unit and the associzted barrel flange. The screw water
cooling coupling and reed were removed and all the various thermo-couple probes
in the barrel tsken out. The electrical connections to the heaters were then
removed end the water piping disconnected from the cooling jackets. The pressure
tranzducers were always removed before the plastic in the barrel had solidified
so as to aveid damage to their ceps due to the solid plastic, This practice

ig recommended by the manufecturers.

Having removed all connections between the harrel and the mschine except the
locating and clamping flange at the feed hopper end the metal bands clamping
the heaters and cooling jackets to the barrel were locsensd so that these units
could be slid off the end of the barrel which was lubricated with high tenmperature
silicon sresse to facilitate this,

The barrel was located by means of s spigot in the feed hopper casting and was
held iﬁ place by a flange which is separate from the barrel, the clamping force
being exerted through a split ring locsting in & circumferential rectangular
section grcove around the end oé the barrel, This can be seen in ficure 2.7.
The Allen screws holding the harrel 4o the hopper assembly were then removed
and the barrel and screw pulled away.

In general the solidified material in the screw adhered to the barrel inner
surface with the result that the two halves of the barrel were effectively
stuck ﬁogether._ Therefore, even after removiné the set of Allen screws holding

the two halves together the barrel did not come apart., This was forseen .l



Figure 2,1
Diagram of the barrel splitting tool,.
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and speéial splittiné tools were designed and built for this purposey the
degign is shown in fieure 2,13 and they can be seen in position in firure 2.8,
The inner part is first screwed into the barrel at one of the four specisal
. locations designed for this purpose, ghown in figure 2.6, using the thread in
the 'lower' half of the harrel used also by the clamping screw. The outer part
of the splitting unit is thenlfitted'over the inner and screwedﬁinto the thread
in the 'upper! half of the barrel. This thread in the 'upper' half of the barrel
is peculiar to thege four specisl locations. A tap wrench is then used to
unscrew the inner part. As it unscrews out of the lower half of the barrel
the shoulder on it bears up on to *the outer part which is rigidly attached to
the 'upper' half of the barrel and hence the two halves are caused to separate.
Because of the dewel pins locating the two halves of the barrel together, the
two hslves must remain square to each other during splitiing to prevent any
tendenéy'to jem, This means in practice that three splitting tools at least
were employed simultaneouvsly,
Having split the barrel it usually happened that the screw and plastic would
still be stuck to the 'lower' half of the barrel, Sometimes the screw could
be separated hy simply clamping the barrel half in a vice and pushing the
vrotruding end of the screw away from the barrel., If this failed the barrel
wes Jocally and mently heated on the outside surface with an oxy-ccetylene
burner. Normally the screw stuck to the hslf of the barrel in which the
transducer ports were locsted, The reason for this being that the transducers
were removed before solidification of the material and so some molten meterial
had flowed into the part before solidifying. Because of this it was -normslly
only necessary to direct the flame of the burner up these parts to soften these
plugs before the screw could he separated from the barrel half. Conveniently
the plés£ic vsually remained stuck to the screw charmel and not the barrel surface
I+ was found thet material at certain pointaz tended to leak through the inner
gealing surface of the barrel and to collect in the trough in the 'lower' half
of the barrel, hetween the inner and outer sealing surfaces, snd even to pass
down thg'thread of the screws although it did not lesk past the outer sesling

gurfasce, This leskage w=s not particularly serious and presumably was self
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stopping as there was no path to the outside of the barrel. However this stagnant
material was lisble to decompose and in the case of PVC the hydrogen chlofide
given off during decomposition could be harmful to the metszl, For this resson

~a solution to the leakage problem was sought. The most convenient way of making
the seall good was found to be placing a layer of polytetraflorethylene (PTFE)

4

tape along the inner sealing surface, This material was ductile'so that it

naturally was extruded into the points of potential leskage as'the barrel halves
were screwed together. It could 2lso withstand the processing temperatures
reguired by most of the msterials used in the experiments,

The method of removal of the screw from the barrel using a screw extractor was,
in contrast, a much simpler operation, Having removed the die snd head unit

and the screw water cooling parts, the extractor could be fitted to the machine.
If all went well the extractor would then push the screw out cold. This
obviously is a much quicker method. It was found that three complete experiments
using the extraction procedure could be performed in the time taken to do one
using the splitting technique. For this reason early experiments were performed
to compare the results obtained from extraction experiments and otherwise
jdentical ones using the gplitting technicue,

The experiments showed, as one would expect, that if extraction was performed

crave identical

3

without any rehesting of the extruder barrel then the two techniques
results, Also it was found possible using some skill to epply reheat and still
preserve the true melting patterns. The essential requirement for success in
such a case was to obtain a sufficiently high surface temperature on the harrel
inner sﬁrface without having too large a quantity of residual heat in the barrel
and hester units,

The extraction force available fbr these early experiments was about 6 Tons
(about 60kxN), The conclusion from these comparative runs was that an incresse
in this force would enable virtually &1l the extractions to be performed cold
and hence without producing inacecurate results. Therefore a more powerfiul

electric motor was fitted to the extractor which increassed the extraction force

to 10 Tons (about 100kN), snd it was decided to employ the extraction technigue
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as the standard procedure in the main experimentsl work, 1In fact several of the

experiments in the maiﬁ series were performed using the gplitting technigque.

There were two reasons for this. Firstly it was thought advisable to split

the barrel for a thorough inspection and clean bhefore commencing each set of

four experiments with a new materisl. Secondly it proved impossible to extract
:

some materials without resorting to excessive rehesting and in these czses 2lgo

the bharrel wns split,

-

These initial experiments were all performed using unpigmented materisl, mostly
low density polyethylene granules. It was found possible to distinguish the
regions of solid»gpgng}es and of molten plastic successfully. However it was
not poésiblekﬁg aﬁequatély distinguish between materisl that had been molten
during operation of the extruder and that thsat had melted during cooling due

to conduction of residual heat from the barrel. The result of this conduction
meltiﬁg was to give the impression that the melt film was thicker than it
really had been during operation of the extruder.

To confirm this observation two comparative experiments were performed, The
difference between the two being that in the first the usual maximum cooling
rate was used whilst in the second the barrel asssembly w-s allowed to 'cook'
for five minutes after the heaters sand drive motor had been turned off nefore
the cooling was spplied. The results showed vhat svpesred to be a significantly
thicker melt film in the second cese then in the first.

A simple order of magnitude ecalculation was performed to investigate the effect
of cooling rate on the thickness of this conduction melted layer., The detsils
of the calouletion are given in Appendix A, Fiﬂu?e 2,14 shows the relevant
rasults of this calculation. The thickness of the molten layer, ® , in
millemetres is plotted agsinst the time taken to reduce the barrel surface
tempefature from 1its operating value %o the melting tempersture of the plastic.
These particulsr resulis were calculated for the extrusion of low density
polyethylene,

In practice the minimum time teken from the moment rotation of the screw ceased

to thé barrel thermo~couples recording the barrel temperature ass being at the
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Figure 2,14

The wvaristion of melt film thickness due to heat conducted from the

barrel whilst the extruder cools down egeinst the cool down time,
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melting point of the plastic for the polyethylene experiments was about 3 mimutes.

Figure 2.14 shows a predicted thickness of about 2.75 millemetre. A typical
mezsure value for such a case was found to be about 2 millimetre., The most
_significent point arising from the results of figure 2,74 is that even if
cooling could be achieved in one minute the thickness of the molﬁen layer

wbuld be about 1.5 millemetre which is still about an order of m;gnitude larger
than the later experimental and theoretical evidence suggests‘the melt film
thickness to be, The conclugion then is that‘it is impracticsl to attempt

to prevent the formation of eny significant conduction melted material, Rather
the procedure should be to identify it separately from the other molten
material,

This can be adequately done by using pigment., Two ways of using pigments were
mentioned ‘in an earlier section, It was decided that the method of physicelly
mixing the pigment with the natural gramiles or powder just before putting the
meterial in the hopper was preferable on several counts, Firstly it was mich
simpler snd more convenient than mixing a proportion of coloured granules or
powder in with the natural material. Also it showed up more clearly the outline
of the individual granules in the solid bted. This was because each granule had =
some particles of pigment on its surface which effectively marked the surface
out., This point is really & result of the general advantage of this method
which is that for a given proportion of pigment it is possible to achisve a
more uniform dispersion of diécrete particles of the pigment in the initisl
solid plastic, which considerably aids later observation of the process.

A Ylue dye was chosen for the present experimental work. It was a very intense
dye requiring only the miﬁutest guantities to be added to the fee&sfock.
Bxperiments showed that = propoftion of one partldye to 50,000‘parts plastic,

by ﬁass, was sufficient to give adenuate colouring of the extruded material.
This proportion varied somewhat between materisls. The more opague the material
the hicher the concentration of dye needed to he, This was because the dye
itself was transpsrent when mixed in with the molten plastic and therefore

if the plastic wrs reasonebly transparent the intensity of the colouration
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was a function of the thickness of the section of material heing viewed es well
as the overall concentration of the dye. |

Experiments were also performed to see if the addition of the dye had any effecf
on the extrusion process. Results proved negative, that is, no noticeable
‘differences were obgerved that were outside the 1limits of experimental error.
It“is now-éppropriate to describe the experimental procedure adcﬁfed throughout
the main series of experiments,

The correct screw for the material to be processed was selected end fitted into
the barrel and drive keyway behind the hopper. The die end head unit-were fitted -
and‘kheir heater and control thermo-couple connected up. The screw cooling
coupling was then fitted to the back of the screw. The hopper cooling water

was turned on, the temperature-controllers set to the correct temperature
according to the plastic being used and the heaters switched on. At this stage
the pressure transducers were lightly screwed into the barrel so that they

could hest up with it. While the machine was heating up the thermo-couples

were checked out and DVM system tested.

Once the barrel had reached its set temperature esch.trangducer was unscrewed

so that any molten plastic on the thread or on the cap could be wiped off. They
were then screwed beck into the barrelyand tightened up sufficient to form an
asdequete seal. The lesds were then connected up to the transducers so that the
recording system could be tested and zeroed. It was important that the
transducers should Be at the barrel set temperature hefore they were zeroed

so that thermal drift of the zero wés minimised.

The zeroing operation congisted of three opera¥ions. Firstly.the UV recorder
inputs were disconnected so that the galvanometers could be wechanically adjusted
to give the desired position for-the zero of each transducer channel, Then

the UV inputs were connected to the amplifier outputs. The smplifier inputs
were effectively disconnected by setting a switch on the control panel of each
unit to the 'zero' position, Having done this the galvanometer beams were
re-set if necessery to the chosen zero positions by turning an adjusting screw

on the amplifier control panel, The amplifier switch was then put to the 'run'
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position which connected up the transducer electrical output to the amplifier
input thus completing the system, With the amplifier gain control set to the
desired vslue the Wheatstone bridge zero control was adjusted to once again
bring the UV besms back onto the required zero points.,

Having thus set up the zero points a record was made of them and the calibration

1
'

treces., PBach transducer wss supplied with a calibration resistor. This'ré;iééof
was wired into the circuit betﬁeen the transducer and its ampiifier and could

be switched into the circuitry of the transducer. When switched into this
circuit the pegigtor nad the effect of simulating, nominally an 80% of full

scale losd on the trensducer. Thus as lon~ as there was no adtual load on the
transducer inclusion of the ¢ libration resistance cireuit produced a deflection
on the UV recorder representing 80% of full scale for e~ch pariicular transducer.
This then served sg the caslibration trace. Tt is important to realise that
hecauge this resistor is situated prior to the amplifier input, reliance on the
accuracy of the settings of the smplifier is sutomatically bypassed. The only
information that needs to be accurately known hg exactly what percentage of

full scele load each particular fesisﬁor‘represents. To ascertain this
accurately a dead weight pressure tester was used, Because of the ezcellent
linear response of the transducers a continuous calibration chart wac not
necessary snd the one figure provided bf the calibration resistance wes sufficient
to celculate the conversion constant for the corresponding treonsducer, from
centimetres of deflection, sz rend on the UV chart, to pressure,

The last operation performed before the machine could be started up wes to

check that bourdon pressure gsuge on the head unit wes functionins properly.
Silicon greagse wasg pumpedAthrough a nipple into the gayge until the g8lage
recorded zero and all the plast{c that had penetrated the gavge during the =7
pre%ious experiment had been removed,

Usually the mschine w-s Jeft for about 30 minutes after being stsrted up to

settle down before any readings were taken, When the machine had settled

down readings of motor current, output rate, head pressure and barrel fteuperatures
were made, In addition comprehensive pressure recordings were taken, These

fell into three catezories. Firsily with the amplifier settings untouched a
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low chart speed trace wes made of all six traﬁsducers gimultaneously. The chart
speed was too slow tb allow study of the pressure variation within one
revolution of the secrew but it did show up longer period variations of presgsure
thst one may call surging. This indeed wag the intention. »Such traces would
be taken over a period of several minutes or more. Secondly a}redording was
made of all six pressure traces simultaneously at a higher chaft speed, again
without altering the amplifier settings., This chart speed was chosen so that
observation of the pressure variation over one revolution could be made, but
the chief remson for taking this trace was to use it to take measurements of
the pressures, The third sort of trace thst was taken consisted of individual
detailed recordings of each transducer in turn., TFor each of these the ch-rt
speed and amplifier gain were incremsed to give as big a trrce a3 was thousht
necessary. While any one of these waslbeing teken, the other five traces were
suppressed by switching their amplifier switches from ‘run' to 'zero' which
then sent these traces to their zero positions. As the amplifier gain was
increased the physical amplitude of the variation of the pressure itrace
inereszsed which was the desired effect. However in addition the mesn deéflection
of the trace increased and often this meant that the. trace went off the edge

of the chart paper., To bring it back on again meant altering the Wheatstone
bridge zero control on the amplifier so that the zero was offset. This worked
well but had one disadvantege; it was not then possible to re-align the zero
on its orieginal point without stopping the extruder. Hence these pressure
recordings were the last to be taken,

Once ali readings had been taken preparation wsg made for the cool down. The
transducer Jeads were disconnected from the transducers and the‘hopéer cooling
water switched off so as to p?ovide the maximum flow rate for screw cooling.
The cool down procedure was to simultaneously turn on the water supply to the
barrel coolers snd the screw with the machine still running. Then as soon as
the temperature of the barrel, as'indicated by the controller units, bezan to

drop the motor and hesters were swiiched off,
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When the screw had stoprned rotating all the transducers were unscrewed and
completely removed from the machine a&s guickly as pogsible. The die and head
unit'were then removed while still hot, along with the breaker plate. When
using PVC it was most important to remove these units ss quickly as possible
SOathat they could be cleaned out before the PVC had cooled downf If this was
not done it meant burning the PVC out later, an unpleasant job d;e té the
Hydrogen Chloride gas given off, this being the reason why the‘units had %o

be clean before re-assembly and heat up,

When the indicated barrel temperature was down to below 30 C the screw cooling
was terminated and the coupling removed from the end of the screw so that the
extractor could be fitted and operated. Usuvally the barrel water coolers wers
left on whilst extraction took nlace. However if the ewtractor wes unable to
move the screw ag hsppened on occasions the cooling water was fturned off end
the heaters switched bhack on., In this situstion care hnd to be taken =8 h-s
been explained earlier. 1t was found useful to switch the front or metering
zone heaterg on first =2z the plastic is more likely to adhere to the harrel in
this region compsred to the melting snd solids flow zonez, Once the indicated
temperstiures had resched about 606 of the meltins temperature of the plastic
the extractor wss ‘tried out. As soon as it beeran to push the screw out the
heaters were switched off and the barrel cooling jackets turned on. This
usually prevented excessive reheating of the plastic as it passed through the
barrel,

When the screw had been removed the plastic in the channel was marked and numbered
at half turn intervels starting from the hopper end. This was done by simply
sticking masking tape to the plastic, The materisl was then removed from the
screw, With the flexible materisls it could normally be unwound in one continuous
1eng§h. Brittle or tough materiasls sometimes had to be chipped off in & rumber
of separate pieces; Having removed‘the material from the screw the experiment
was essentislly over snd the machine could be re-sssembled in preparation for
the next experiment,

In this fashion the first 20 experiments were éatisfactorily performed, Difficult;

was experienced with the experiments performed on crystal polystyrene, This
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concerned *the screw extraction which wes found ﬁo be extremely difficult, and
the spliffing technique wrs emploved itwice in three experiments, the forrth
experiment was not perfermed., Only tvo erperiments were per ormed on rigid
PVC due to the nature of the results of these two experiments, which will be
discussed later, Similarly only two experiments were performed with 'Helinex',
This was beceuse of the special difficulties encountered with tﬁis material,
These were mainly associzted with the fact that the extruder was opersting st

o]
300 C and consequently the violence of the cooling operation was exireme and the
PTFE seals on the barrel of limited 1life only. TFinally three experiments were

performed using screw coolings one each with low density polyethylene, high

LAy

‘-dehsiﬁy polyethylene, 2nd polypropylene, These were done, after examination
of the results of_the Tfiret 23 experiments, to study the effect of water cooling
of the screw on surging. This will be discussed in detail in a later sccthion,
Detailé of Bll experimerts are shown in Table 2,2, Itghould be noted that the
numbering system used for the experiments in this work does nob correspond
to the order in which they were performed,
The technigues involved in preparing the specimens of plsstic from the experiments

are dealt with in the next section.
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2:3,43 Preparsiion =ad Presentation of the Fyperiments]l Resultg

The preparation of the plastic specimens obtained from each experiment tock up
a large part of the overall time involved in performing the experiment., I+
wes decided to cut out sectiond of plastic st helf turn intervals to sive =

sufficiently defailed rerresent-tion of %he developement of “he meltin~ vallerns

'

o

without invelving excesgive prepsratory effort,

b small teble«top tand saw wes vsed o i@itieliy cut the sivi§ of vlastiec into
spproximately helf turn lengths, such “hat one face of esch piece was to be
prepared {or visusl obgervation.,. With the 8morphous meterisls it was foun?
adenuate to use a fine grinding stone to prepare this surfzce, thisc was doue

for rigid and plasticised PVC, low end high density polyethylene and polypropylene

'
! 2
~l

Tt was found thst as the crystallinity of the polymér increased this technigue
became more and more difficult, The grinding stone, inste-d of physically
removiné digcrate particles of materisl, tended to melt the material and tesr
it. This did not leave such a uniform surface on the specimen, lowever it

wa

7o

s Judged 1o be adenuste even for polypropylere in the absence of suitable
elternatives, Having prepared the viewing face on one end of the half turn

long pieces this was then cut off &t shout é‘inch (about 3 millemeires) hehind
the face uging the band ssw sfrin.,  Vith some meteriasls the surface of the
specimens =1 this stage was improved by tubhing 1i-htly wi*h a very fine wet

and dry paver,

Some of the polypropvlene and polvstyrene specimens were prepared usins 2z zledge
microtome., Great diffienlty was experienced preperins the polystyrene bvecsuse

of its extremely brittle nsture, Preperation of the 'Helinex' however wes even
more difficult due to its amporphous siate., Decsuse Melinex' is a hishly
crystalline polymer it hes virtually no strength st all in the amorphous state,
unlike pélymers of low crystallinity, The rapidity of barrel cooling was not
sufficient to sclidify the 'llelinex' into a2 crystalline stete which would perhaps
have been prefersble. In this smorphous state it wss not poszible to srind the
samples Eecause they would shatter being unsble to withstand the shear force

put on thém by the grinding surface. The problem wss due to the difficulty

-

of gripping the specimens sufficiently evenly to allew them to withstand the



63

grinding force,

iy, o
i

his wss overcome by wounting the specimens in blsck 'Hskelite’

moulding powder ss used for mounting metellurgical sewples. Decsuse of the
relatively high meliing tempersture ol Helinox 19265 C) it was not affected Ly
the temperature involved in the process (1 EOzC>F which would have excluded the
use of this technigue on most of the other materisls, thoarn tﬁa Dressure ,
about 1500 p.s. i.{about 10 Hﬁ/m ), did cruse some slight &eformétion of the
specimeng, This, howevenyms insufficient to csuse any real ﬁroblam. tigyring
mounted each speciznen in this fashion the viewineg surface was ground usin. &
crotating grinding wheel [itted with fire wet and dry srinding paper.

5

Without doubt the test wav of recordins these PWWUE ig Lo bake individueld
photcesraphs of esch specimen on 3% millemetre size neratives, This, however,
would have been mich too long a process in view of the larpe number of specimens
involved in the present work, totalling somethin~ over 600, Insteed it wos
fecidsd to lay out on gz suitable marked csrd all *he spscimens for esch experimsant

and to photograpn them toge*her, This was initially done on 35 millemetre

Lo

52}

negatives, However when the final enlaresd prints wore prepured it was found

impossible to obtain sufficient nuslity due to the grain problem end the sort

o

of detall required from the prints, This was overcone by nging & % inch by

4 inch plate camera, with a cut film psck. The final prints in this c-sc were
made hy contact printing from the nesatives, the guality proving satislactory.
Thege melting cross-sections so obtained in the present experiments are shown
in Tlsztes 1 1o 15. There rperiments ere characterised by the following code
sel out beneath each illustralion..

Experiﬁent 24: N(R0); @ (179); D (5/5?)

where the ficure in hrackets after the ¥ is the screw speed in r.p.m.§ that
after the @ is the ouiput rote in aram/minute; thet after the D is the die
holt diameter in inches,

The axirl pressure profiles for each experiment‘are shown in Pigures 2.15 to
2.79 inclugive,

Other experimentsl results of importance are presented where spnropriate in the

m

follow1uz discussion of the results. To Tnacilitste comparison of the meliing
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cross-sections for =ny perticular experiment —ith the corresponding pressure
profile or any other experimental or theoreticesl results presented in the present
worky Teble 2,3 provides a guick reference ass to where to find all such informe

ation concerning each experiment,
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Experimental Axisl Pressure Frofiles
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Experimental Axisl Pressure Profile
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Figure 2,17
‘xperimental Axial Pregssure Profile
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Experivental Axial Pragsure Yrofiles
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Experimentsl Axial Pressure Profiles
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Figure 2,20

Exzperimental Arial Pressure Profiles
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Experimental Axial Pressure Profiles
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Figurs 2.22.
Fxperimental Axial Pressure Profiles
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Bxperimental Axisl Pressure Profiles

iSoo
e |3
R S L4 iﬁ'
o
fope | PR m
//‘?“}' ke
+ | =
560
o Y . o
H ¥ i ¥
o “- & t2. t 20
TurRMS
(8) BExperiment 17, High Density Polyethylene W(80); Q(206); D(5/32)
GO
i L 2.0
Psi
S
ey | Pafrd sy
| e -+ 5
/+
o+
ooy |
/ * T "%“/
Q |} ' S . ) A
o “+ & (2. e 2.¢

TueamNs
(b) Experiment 1 8, High Density Polyethylene with screw cooling

N(80)s @(137); D(3/32)



Lzperimental Axisl Preggsure Profiles

GnD
u”‘f
2
o A P a
SO
e / ~Y %
// . e 12,03
-
Dot +
5 AR ,,g,, -
P i
i
/ ; {
y M0 i
P & ¥
d
p ¥
ek 3
/ 3
oo /
&
; y
H s
K /
! +
o 3 /-
Ree e ainesy - Sy ii' e i Y W St
o e 2] b, i 20
sy g
VENES

(o) Experiment 19, High Densi

£
ity Polyethylene N(40)s &(81)s D(4/16)

R
- 2.
R
!
Moo
206 PR
] f,/f+ ¢ — o
: J.f' v, -
- t f‘y’f -
[ KR+ R ~ g
yd ~
+
) ////f/{
. 4
& o SV . --
2403

4 by 12,

TURMS
(v) Experiment 20, Crystal Polystyrene

{6

N(80); Q(266)s

n(5/32)



Figure 2.25

Experimentsl Axisl Pressure Profiles
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Fxperimental Azial Pressure Profiles
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Figure 2.20

Experimental Axial Pressure Profiles
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2,4 DNiacussion of dhe Experimental Resolts

4

Tt hos heen stabed thist the asims of the present experiments ware twolold; i

[

obtain more gualitstive informstion concernine the pattern of meltins and *he
mechanisms operating with the extruder which produce thege patterns, and

secondly o obbain nusntitebive inforvm=tion of the melling provess ‘o be uscd

in GepRarison vith theoreitiesl predictions, This leter snecitic dria will
be presented in the later chapter desline wivh this 1 and doey form

prrh o the covntents of thiz section.

Lsson%ially then ihe present section de=ls with the observation

of the resultsz with a view fo obtsining, initislly & hagic cuslibtaftive understsnd-
ing of the melbine process. Such an understanding will then provide ithe
backrround against which to developd the theorebic-l snslysis.

an understanding one has of the process the better oble one

the necessary simplifications which allow the zetiing up of
which one csn resdily find the sclution.

Initial obgervation of the melting crozsesections 1llustrated in the
snows that breskeup of the solid bed is by no mesns unceomuon, 10, for the

moinent only, the meltine behaviour prior to the bed bresk-up is congidersd, tuen

it can be seen that the melting patiterrs confora to that chze
snd othera, One typical such melting cross-section for esch of the expsriventsl
materials ig chown in {digures 2.30 and 2,31,

A few sinmple observalions eoncernine the presence or nobt of g melt {ilm

the solid bed snd the screw root can be made. For those experiments which do
not exhihit bed breskeup snd did not have gcvew cooling, such a melt film =lways
appeared during the later stages of mel ting. ’In gome caseg developing =
girnificant thickness such th=t it could no longer be considered & film, For
thoée experinentes which did exhibit bhed breakeap this film w-s congistently
obhzerved and it cqn ve seen in the Plestes 1hat bed break-up never occured nefore
this melt f£ilm had {ormed snd farther that the brenk occured soon after the

‘‘‘‘‘‘

formation of this film. The experimentsg pﬂrformcd with water cooling of -

g
sorew did not display either a meli film benesth the s0lid bed or bed break-up.

The initisl conelusions that are drawm from the foresoing sre that the hitherto
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Figure 2,30
Typical Experimental Cross-Sections obtained in the present IExpsriments

(a) Experiment 7, Low density polyethylene, 9% turns slong the screw

(d) Experiment 11, Polypropylene, 8 turns along the screw



Fioure 2.31

Typical Experimentel Cross-Seciions obtained in the present Experiments

(b) Experiment 20, Polystyrene, 6% turns along the screw

(a) Experiwent 29, Rigid FVC, 74 turns slong the screw
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crzerved melbing psttern is verified boi thot the occurrence of the phenpuenocn

known a8 solid bed bresk-up, which has been cbserved snd reporied before (5,10)

i {airly comnon and bhaet

Ll ong may have bhoeen

ity importance and itz

jgnoreds Lt is appropriste before discussing this phenomencn in more detnil

to describe ond Alscuss

Firmapros 2,57 4o 2.46 show a selection of detril pressure traces togebner with,

in relevant or

"t o NP, fal .
the corresponding oross-asciicnal specimens, for 2 range

H . N I N w 4+ O v m Al e 1
of experiments, The traces are numbered from 1 fo & frow the feed nopper

<

the die respaciively, Thus the number of easch trace identifics ils posi
PJQ)gf e barrel uniguely.

Pigure 2.47 shows = sketeh of psrb of the straighlened oub extruder channel

with Lts solid hod melt pool interface marked oubt. It slso shows the path slongd

which the lransducers record the pressure varistion which is not &b

to the chsnnel walls., “herofore the crossesections presented helow the dotail-
presasure tresus in the above mentioved figures nsre approximaiions fto snd rot
en azcurste rep réqenfqhvém of the state of the scihurl matarial in the charnel
vhoze pressvre bhe tronsducer wsg recording,

It is slso imporiant to realise that the i the cayp ares of the transducers

hag sn offect on the pressure recordings quan. Figure 2.40 illusirsles a

affact . Below the resuler cutline of the channel, with the

ooy sbove 1h, ia shown what might be the true pressure veriabion

TINY

occurring, Felow this is the irsce thet would be recorded by the UV recovder
£3

3 -

assuning that the tronsducer wmeassures the averawe

over its cap arez,.

u)

It cen be seen that given this as: tion the tronsducer cesn only sccurately
me-gure the pressure &t any point in its path when the setual T u -~ivs
pressure eradient is constant over lhe ares of its csp, If ‘ne pressure Tradient

ig changing the $ransducer effectively reduces this rate of chanse snd hence

smooths out prossure meximung or minimumg,

Referrins firsily to figures 2.%2 to 2.34, thess show the rezulis for nlesticls

. o 4 p Jre k

PVC grenuleg Trom experiment 3. 1% ceon be seasn ihat when the cheonnel is comple
etely Full of molten, or gelled material in the crge of VO, trace & ghown

€2 v

in fipure 2.34,the trace is a smooth one exhibitine 2 'ssw tootlh' shape. That
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Figure 2,32
'Cross channel' pressure profile and correspounding specimen cross-~

section for plasticised PVC from experiment 3 at the 14 turn position
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‘Cross chennel' pressure profile and corresponding specimen crogs-

section for plasticised PVC from experiment 3 at ihe 18 turn position




'Cross channel' pressure profile and corresponding specimen cross-

Figpure 2,35
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section for polypropylene, from experiment 14 with screw cooling; at

the 6 turn position
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'Cross channel' pres
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Figure 2,36

sure profile and corresponding specimen cross-

section for polypropylene, from experiment 14 with screw cooling; at

the 9 turn position
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Figure 2,37
'Cross channel' pressure profile and corresponding specimen cross=-
section for polypropylene, from experiment 14 with screw cooling; at
the 10 turn position
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Figure 2,38

'Cross channel' pressure profile for polypropylene, from experiment 14

with screw cooling, at the 14 turn position
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Figure 2.39
'Cross channel' pressure profile and corresponding specimen cross-

section for low density polyethylene powder, experiment 27, at the

6 turn position
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Figure 2,40
'Cross channel' pressure profile and corresponding specimen cross-section

for low density polyethylene powder, experiment 27, at the 9 turn

position
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Figure 2,41

'Cross channel' pressure profile and corresponding specimen cross-
section for low density polyethylene powder, experiment 27,at the

10 turn position
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Figure 2,42

'Cross channel! pressure profile for low density polyethylene powder,

experiment 27, at the 14 turmn position

T




y
Floure 2.43

i0poss channel' pressurs profile for low dengity polyethylene ponder,

~ =i

experiment 27, at the 15 turn position
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Digare 2.44

gthylene poddzm,

"Cposs channs1! pressure profile for low dengity poly

exporiment 27, at the 186 turn position
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Figure 2,45

'Cross channel' pressure profile and correspoending specimen cross=

section for high density polyethylene, experiment 15, at the & turn
position
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Figure 2,46

'Cross channel' pressure profile &nd corresponding specimen cross-
section for high density polyethylene, experiment 15, at the 10 turn

position
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the width of the chenncl due to

17
ﬁ
O
5

ig, ithe pressure sterdily incresses
the drag from the berrel end then as “ho flisht passes across the ¢sp of the

tr

@

ngdueer the presgure drops off rapidly, as effectively the transducer is

digplaced Lo & poivnt further up~chennel fownrds the £ Ve seren, Trace
5 shown in figare 2,37 shows & partislly molten case snd it can he scen thai

pressure ig generated in the solid bed scycos most of iis width, snd that thig

A
,..l

gradient is similar to that in the melt pool. This is perhops due Yo the fact

that these two regions of the chennel conbein meterisl ~hich dis escentially
in the same slate. Traces for other meteriz® do not in gereral show such a
similerity of pressure grsdients. Trace 4 ghown in
earlier stepe in welting and here part of the solid bed next Lo the f
a noticeably lower pressure gredient than the part adjseent to the 'melt’ pool,
In both treces 4 end 5 the "melt' pool is identified by the smooth portion
the trace whernag the solid bed exhibitz s more irresuler frace,

Pisares 2.%5 to 2,%8 show similar results fov polypropylene, erxperiment no. 14,
vhich wrns pevformed with water cooling of the screw, JSxaminstion of irzces

1,2 and % shown in figures 2,25 %0 2.97 regpectively, sho s very dramatic iy

how the incresge in widih of the melt pool menifests itgel! in *he preseure
recordings &3 a2 gmooth curve of relstively low presrure crndient compared to

the gradient that erxists in the resion of the solid bhed adiscent to the mell poc
Tt is noticeable here thet the pressure in the solid bed doeg nolt increase

very much sz it Lreavels down channele T

roce 4 of figure 2,38 shows lhe saw

T

L-J

tooth htrace typieal of a melt filled chapnel. Exsmination of the axizl
pressure prefile for this experiment shown in figure 2a2ﬂ(b) gshors that a negative
down channel pressure grédient exists in the metering sone for this experiment.
This fact explaing the variation of the pressure gradient evident in trace 4,

thé trece heineg teken at very nerrly the point of meximum pressure along
channel, This pointwill be discussed Tarvther irter,

Turnina now to figuves 2,39 to 2.44, these show treces and specimens Trom
experiment ne. 27 for low density polyethylene porder, The first thine that

is noticeztle heres is that, sport frowm amplifier noise, 211 the ‘races smrve
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completely smoot his ig typlesl of powder maboris in that the {thicknes
ol Ly he T Ly 1 of 3 mal 1, in that
of the melt {ilm shove the solid bed and the small particle size of the powder

are guch thatl movement of the golid benerih the melt {ilm does not cguse the
golid to penelrate the film and hence czuse a Jlocsl momentary increase in pressure

“hioh i whet would seem to hapren with granulsr meberis! csuging the irresmular

I
:

pressure varistion recorded sbove the solid bed,

Pressure troce no. 4 in figure P.A4P shows sn interesting phenosenon, & sudden
apwvard Biip ¢on be seen, occurring @8 the pressure is dropping vapidly over
the flisrnt. Corresponding to this is = downwsrd blip in presgsure in trrce no.b,
This esnnot easzily be seen in figure ?2.4% due to suplificer noise, However a

gtudy of all the varions pressure treces showed thet this phenomencn oteurrad

consistently. Thet 1g, it was observed that the upward blip in pressure of

trace 4 was always eccompsnied by a downward blip in {rsce 5, at the gane
of time. Similevly there wasg observed an upward blip in trsce 2 which was
ceonpanied by o dewnward blip in trace 3., Additionally ne sueh eudden bLlip

in the pressure trace was ever recorded for numbers 1 and 6, The implicstion

of thig is that the ocoeurrvence of these blips waz in part due to the relatively
short distance hetweeon trensducers ? and % and between 4 and 5. Algo study

of the pressure traces shows thet these pairs of blips occur at thst point

when part of the cops of both the traznsducers are gsimiltaneously over the fliignit
The svgeegtion ig that there could be some sort of pressure eovalisstion fakinge
place along the top of the flight in that at the point when the ©blips oceur
there is 2« direct path slong the top of the flight between the two transducer
caps. Alaso it is the trensducer recording the hisher pressure of each pzir thet
hes a downwerd blip in the pressure trsce and thst recording the lower rpressure
that exhibits the upwerd blip in dhe pressure {irece. However the mechanisn

by which this pressure ecusligation takes place is a 1ittle difficuli to
visualise,

Refering now to treces 1,7 and % of firurss 2.3%9 %o 2.41, the regions of solid
and melt csn bhe digtinsuished resdily from the pressure traces, Traces 4. 5

and 6 of {igure: 2,47 to ?.44 are sll recording melt flow pressure varistions,
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o

Ingpection of the axial pressure protile for this exveriment shown in {fgvro
2,28 (a} shows the Lx&c,& ce of a comparetively lorge negative down chennel

pregsaure gredient starting in the tapered purt of the screw after completion

of melting, see also Plate 14. Trace 4, Tipure 2,42, was taken at around the
region of maxipan prossoye where the gradient 18 chenging from positive to

o]
ot
b
&
)
k-3

egative and thiz explaine the ‘hump’ in the wmiddle of 4h

111 pressure difference recorded by the transducer over sach cyoele

ig & function of the orcas channel pregssure grsdient end the dovnchannsl
presoure grsdient. In a simple minded sprreach let the foruer be called {4 o
] -~ v , .
the latertso end the overall pressure gradient messured by the transducer L
"z -F
PN .
Ngw the trangducer measures pressure alony ihe path st U degyees, that iz

the helix sugle, to the charnel wall or = coordiuste divectlon, sse Tigurs

24T Thus,

o~ I -
. ol N7 e
Ly oz I g ‘iv; - (2:2)
P 3 it

How becauge of the reguirvement that the net flovw rabte scross the channel be
zevo, neglecting lesksge flow through the flight clearance; 43 i must always

"u

be pozitive. Thoerefore one can state that for (: to b2 negative one must
3 &

hava . Towiee v
; otive and V1 Go bow O Fow &3
sign 34 nepative and T21 " g ban 4D
N : wf ¥ e
o o ( z"m > X
Similsrly for % to be positive one must have either
o
sign i, pogitive
P
. o . I o R A O e
ore simm Ly, negative and [ iia b S . WG O
;o < @ "

Thisg simrple exercise supports the experimentsl findings {hat o negative down

chanunel pressure gradient is not a sufficient condition for the pregsure
gradient recorded hy a transducer to be nerative,

These results do not asree with the interpretation recently put forward by

Rousselet (16) who sugpests that the sheps of the pressure trace at the pveﬁsurﬁ

0

peak is approximately sinusoidsl and fthat in repions of negative downchannel
pressure gradients the normal sew tooth melt {low trace 18 in a sense reverssi

in that the pragsure is a minimuwm not & nmex

wom at the point corresponding

to the furthest dewnchannel position
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recovded by the transduocerevhich con be called the 'pushing' flight side of

in form s0d corresponds to

g region of newallve pressure gredient w2ll past the nezek, A pressure trs=oe

o,

4 - R . 4 - P ey R N 2 . ‘e
taken by the suthor from s 7.5 inch (6f,5 millemntre,) dismeter 25:1 L, i ratio

\fi
.

extrider ig trace exhibits the revoerzed

tede

ig ghown in Tifure 2,49,

saw tooth form and was trken in the metering wone of tne screw whilst operreiing
with s nerative pressure gradient, The marnitude of the svadiont in this crose

howover heing much larger than thst for expsrinent 27. T4 would gesm thet in

tra experinents performed by Rouszclet and in the experiment of {igure 2.£9
P
i‘m“ﬂf wrg sufificiently larpe to make C& nerstive whereas in the resulis of

cxpovinents 27 and 14 this was not the ease

f!-‘
»

1,

Figure %.45 oand 2.40 show sone resulis for experiment 1% with high density
polyethylene. Trace 1 in figure 2.4% shows what is s typical solid flow section
trace, thers being no molien msverial other thean the bveginnings of the mels

film. The expopientiosl pressure huildeup typical of solids flow is appareni.
Trace 3 in firure 2.46 shows the ususl melting zone pressure veriations irregular

low pressire over the gvolid bed snd s smooth higher and incressing pressure

over the melt pool. 'The melt traces for thiz erpsriment ere not included

»s they add nolbriag

to the dJ scusaiongbeiny of 8 rogular ssw tooth form with »

7
Ca
[

>
e

posibive down channel prossure ape

411 *the above pressure trsces were selocted Tor comment as itypicel of stesdy .

stete melbtinge behsviour, that ig, in the sbsence of solid bad hreskeup. ALthough

solid hed bresk-:n 2i4d ocour in experiments 1% and 27 it wss possible to ighore,

aed convenience, its effects in dizcassing the veriong sovte of
sressure traces that can bhe develeped in the steady state extrusion of different
i : {

meterials. However attenlion must now be peid in detsil to the phencmenon of

bed bre~k-up and its relstionghip to processing inatsbility or surpine,

PBed trenk-up wes observed to occur in at lesst one exzperiment for esch materisl

uvged except the two types of IVC, This s in sgrecment wiith lhe expsrimentsl
esults of Tadmor et o1 (5) snd Donovan (70) who also did not olaerve hed

bresk-up in PVC experiments. “The occurrence of so0lid bed hrerkeup varied with






opeveting conditions for the other noterisl,

-

Tadmor and ¥lein (15) the effect of the size of the

wra nexligible, pariienl girnificant differencen

W

powier polyethylene and granulsr polye'hylene,

The pvem%ﬂt results convineingly suphort the that

Cortrery to th

grenulen

cgure
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. .
o ohaervethiong of
- » J T e s, % o
OO0 DYe Sl
I P R
gre deteched remwesn
ing of fresvensy

1 to 15 cvcl@e/wrﬂ is due to wolid bed bresk-up, 25 proposed by Padmor sna
. { - (. . . 4 - . . P . . -
Klein {(15). Justificotion for this conclusion is to be Tovnd in the crneriventsl

presevre troces which will be presented now,
i% giresdy beeon shown how the pressure in the extruder
the width of the chonnel and, clearly, the pericd of ‘ihis va

time taken by the screw to rotate throuzh 360 desrees, A s
mental pregsvre traces taken over & period of time, orders

than thisz show that in those ewperimentss Tor which golid bed

there was » low frequency cveling of pressvre, The frequen

crew's rotaticn yet hirher 4h

a a1
a !

the

varigtion of the harrel temperaturs due to the nature of il

Pigvra such & low gspeed recording of pressare tr

-

[y a1l )

for experiment 15. Trrcos correspond to those in f

~

2,46, The jyresular fluctustions of trace 1 may be ipmored

essentially due to vressuare cener-ted in solids flow,

1 g
sLes

sheady. 3 eady excent {or 1he occasionnl

Trace 4 is cycling contiowally and feivly regulsrly.

-

4

ure in brace is Lliuked with e rueh smeller drop in pressu

P

it could be araued that this pressure drop produces

cyeles of low pressure on trace 4,

Figure 2,51 guews a similer recording of =11 six traces Tor

the press

the extruder,.

geemningly transmitied along

wed breaks bthere ig

the fTow of molten material between the two Traciure

gy

3

Mioure 2.52 sho a gketch of

could have been produced

3

Trace 2
hut marked

The dramatic

a little

pressure drop due

the unwound screw channel with the

chennel varics orer

riation is {ine

tudy of the erypari-

of magnitude prester

\ i O

('3 MRS LW

ealtelp Wy

A e
S

Cy Weg Tower

contrel syston

rces 14243 snd A

igureg 2,45 and
since they sre

13

R 4o N r
virtaelily

drop in

drop

TES

e

s

£ n
#1380

re in trace 2.

time later few
exporiment 13, Hers

ure eycling is present from trace 2 and thereafter

o

surfaces,

pogition of

d
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peed pressure recordings for high density poiyethylene, expsr

Trages 1,2;3 ani 4 sre shown.
Bed btreak-up is detzcied by trece 3 and the resulting surging shown also in trace 4.
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the broken pieces of ved merked, Tor experiment 1%, It can be seen thst ithe

hed bresks at le=st partislly sometime btefore the 10.5 turn position and pree

sumebly if the fracture is not complete it will become so at some later point,

Refering to tragce % of = 2.50 agsin showe suppert for thig in thnat the

laerge drops in pressure may he due Lo the occurvence of complete fracture ot

around the 9.5 to 10,5 f.rn positic ihe = e ey covrerrond
TES,

Tlhers obzesyniicna telon together sugoest that ted hraskeup cnuces sy initial

pressure drop waich is ftransmitted in the direction of flow along the uscrew,
hence the cycling of trace 4 of fisure 2,50, but hes 1itile effect on the
b

preceding pert of the flow, hence the very sm-1l pressure drops of trasce 2

of fipure 2,50,

)

In this light figure 2.51 suegests thet bed bresk-up occurs at appronimsbely
the 9 tﬁrn position in exzperiment 13. Inspection of the plastic pieces removed
from the gscrew shiow that hed breskeup occurred semerhere just hefore the 10
turn position.

Additional experimentsl evidence to support the ides that bed break-up initistes
low frecuency pressure cycling is to be found in the results of experiment 11,
Figure 2.53 shows a photegraph of a piece of plastic removed from the screw
between the 9 and 10 turn position. It shows an almost complete bed bresk-up.
The position of the break being at 9.2% turnz, so that ite effect would be
picked up almost directly by trarnsducers 2 =ni 2, ”iﬁﬁre 2¢54 shows the varisliou
of trace no,2 for experimeunt 11 over a comparatively long period of time, The
fairly resular drop in pressure seen here can only bhe due to the frrcture of
the solid hed,

On rewexaﬂination of the results of the preliminery experiments it weg noted
that thoée performed with screw cooling did not exhibit bed hresk-up, This

N : - N . BT / ) o
was in sgreement with the rezults of laddock {(2). There“ore the Lhree evpariments

8,14 #nd 18 were perforned to checl these carlier ohoervetions, These 4%hres
;:y'r,(:rn': [l g ware perf —wrlcd 23 ¥ de v ri y‘ﬂ 1 ~ O‘p'?' I\')'} I SRR T R RO a men RS
CAPENITEN g WEIe pOriorned unaey LCel CONLTOL COMTLLIong =y exper vig

5,73 end 75 respectively save for the wuse of screr coolirg. wne results showed

smong other things that ned bresk-up did not occur and that thers was no preosurc
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Figure 2,593

The occurrencé of bed-breek in experiment 11 at the 93f turn position

(a) Sketch

(b) Photosrs vh
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surzing, WVimire ?.99 ghows the low spesd recordings msde of the preszmures
for experiment 18 and ¢ n be compared Lo fipure 2,50, Although Lhe napnituds
of the ypressures sre indeod lower in the water cooled exporiment ths trece

raroess and trensducer poing sre oimi

'''' reinge in thn wote

lar for the iwo avperin

P

80 proggucs suredl v eooled croeviment s riine,
T4 dis slso vossible to Jook ot and evplain in toemy of ed >

thi=t cecur to the pressure voristion

Figure 2.6 shows goriea of

formz of pressurs

steady stete type of trace

e

trace reguliing 1 the bhed brenk

aketcbo

crpectad.

IelD 0oCUrs

the

over one revolution of

e %) . e H . " o
o iilvairedine the various Ldenl igen

o

D3 sm (s) illustrstes the typical

b)

1y beneath ihe transduser

TLing wone,  Diggram ( showg a 1likely

A4 rent

cap, and (¢) shows the vecordine to b short time after fractura
Y
etwcen <a> and (o) Az thab sgsure. 1 the medd pool in

i (&) due to

el

the {lov of material UoLwesn the Trsooture

29
>3

gurlaves of the nolid bLed. Thus the repeated semoencs would be (u) (h,,\ﬂ>9
(a); eto., not et equal time intervels of course, Une would expect severs
revolu!iong of ihe screw exhibitive the tra‘*‘tﬁmn‘ﬁgam (c> 1o (a) but relativel
fewer to exhibit the sctusl bresk, ‘hat ls, the transition Ffrowm (3) to (%) to
(c)u in actual pressure brace showing this sort of behaviour is shown in

figure 2.57 which jg trsce 3 of oxpevisent 11, \

Atz peint further down channel from Lthe breal voint one would ezpeect a slightly

different senuence to he
(), (v), (e}, (

here.corrvesponding to the pag

recorded,

a), ete. Disgram (a

e of

trensducer, An sctual ewample of th

is agsin taken from transducer % of

traces

)

3 F=]

bed was pressumably esrlier in the 1

[l ~
e

) d
L3

the trace

(2]

of firare the {ractur

I

screw channel

in part of the chasnnel not gperned by the transducer but nearer to the T

of Tigures 2,57 and 2,53 is that

sparmed by the transducer whilst in that of figure 2.57

In $his aonse the sesuvence would be (&),

) of fimuve 2.56 ig the =dditional variati

ibﬂ back Tzce of the solid plug psut the

™

265

is seguence iz shown in figure HE

b

experiment 11, The difference betwean

the point of fracture of the solid

atter thna the fermer. In other words in
@ oocurred within the piysical spoce of th

led

(539}



d pressure recording from experiment

shown overlapping each other
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T4 iy
Figure 2456
etches ahosing the form of the detzil pressure traces that ere scen

A
(N2

vhan bed break-up occurs
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Serics of detail pressurs traces {ron experiment 11, %, showing the situation where bed
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hoprer, From this end other reosults presented esrlier it is clear thet the pount

of bed bresk snd its [requency vary somewnsebt sround thelr mesn values. Heverw
the less the effect of different exbruder opersting conditions and diffavent
typez of olastic on the bed bregk up csn =21ill be detected,

Yet snother gsenucnce of pressure varistions may occur st pointy far removed

from the initiation of bed breal, ibis is defined by (a), (d>? (e), (f), (ﬂ},
(a), obe. Disgram <e> of figurve 2,56 is seen when there is a éonsid&rable

melt plug between the solid plugs and ig the normal saw tooth melt filled chaunel
type of trace. Diagrem (r) shows a last pogsible trace which msy ccour and

gives the impreszion thst the width of the s0lid bhed is less than it in frot,
igse L1 should be noted ‘hat one does not necesserily expset Lo pick up 11 the

traces in these scouvences becauge of the rapidity of cerlein parls of the cyole.

- - - o . . / a el . =
In particviar, traces correspinding *o disgramg &d) and () may not be recorded.
Firmure 2,59 ghowns an exsmple of this thiré seouence, it is troce 5 from

experiment 1%, in fech, an evample corresponding to din recorded

here.
OCne other typs of trsce not illustrated before has been observed in the pressvro

recordings made on the 2.5 inch dismeter extruder mentioned earlicr. Fipure

2.60 shows this. It is an exsmple that should correspond Lo the third seguence

of varisations Asscribed above., It does to the ewxtent thal there are well defined
periods when the channel beneath the transducer is full of melt and when it is
full of solid ond melt. However it can be seen that the pressure in the solid
ted ig generally higher than the melt pressure. Tt should be rememberesd thst

in the metering zone flew of this experiment a lsrge nepstive pressure sradient
evisted. Tt would seem that the taper of the screw is such thst the solid 1=

being 'pinched' heiween the screw woot and the bsrrel surfaces and thie pregsurs

g

~

peakAis gome indication of the force reouired to deform the solid, In sno’her
experiment performed on this 2,5 inch extruder by » éollengue, thermo=couple

probes were mounted on the sorev t6 record the ftemperoture of the plrstic
These were mounted at axisl positions corresponding to the pressure transducers
on the Barrel. Simaltaneous traces of presgure snd temperature ai several =xi=al

pegitiong weve made, These showed that
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the svele varicbion the temperature wos falling end conversely during the periodn

of iow prezsure the temperstuve weo

7y douhly roflec sl ternating

pog=are of solid and melt plugs along tho channel. are in sgrogw

ment with Tdhno- and XKloin'd 15) evpionation of the fempsrsiure cyclines slongs

o

\
te screw ohoerved by Marshall eb ol (12),

Onie important haervation spverent from the foregoing descripiion svd 1lluglraiti

..-1-

928!
(RS

+

of the developawent of solid bed bre=keup both as =2 function of time at a partic-

ulayr position alone the sorew and ss & fusction of pegition slonpg the scorew,

-
1

hag yet to be cxplicitly stated., It ds that the Tencth of the welt plur between
any two pleses of tTheo solid bed increszes as the solid bed pieces travel downe
channel Tnﬁvgwplimation of thig observalion whon conpled with the observaltion
id bed pieces does not seem to vary ‘i;liijTHt{y

i@ thet the solid ved is sceelerating. It is possible from the exparinoehol
results to make soune giwple ouvantitelive measurements to illuastrate this point.

Yefining the mean length of the golid plug as LS, the msximunm length of

as U osnd Lhe menn periedicitly of bed Preskeup ss T,

following simple relationshing

. Wo=lS /0 (2.10)
whera W is the veloeity of the golid bed in the Fdown channel divection at the
point of bed break, Also

(s + 1) /7 (2.11)

where U dis the maximum velocity in the downechsnnel direction resched by the

solid plug.

g Tigure for the golid ted velocity, T, %o

haged on the meszgured mzgz »ete of
golil tooba Tollr eompregaed an? Tanes
have Meusity equal to tne Jensity of the solid plastic, PS . Inug,
Vo= M’;‘f{ﬁ; Hy W) (»c12)
whers %ém and YW neve teen vreviously defined as the height and width of the

channel in the feed gection respectively,

Ir the calculations above it is assumed that the velocities U, V and W do not
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lsne of the chrnnel cvoga-section, The resulis of performine thewe

:ions Tov seversl of the experiments sre shown in Teble 2.4,

avizon Pelween the fisvres for Voand 7 shows that in most cones resuonshin
apreenaat hag been schieved which gives conlidence to lhe caleulaticn procedure.
Comparison between U snd W oghiows the degree of accelerstion that han baken
pisce, in the exiverne csse guoted here the velosity of the solid bed more than
doutles =fter fractave,
The guestion mist now be asked ss 4o the cruse of solid bed bresk-up. Cleariy
nnder cerhein conditions the Loundary slresses on the wolid bed must rerch a
criticsl atate anl the bed Tractures. The wost useful experimentsl observations
concerning the staste of the houndry strveszes on the solld hed are thal socvew
cooling prevents hed breskeuvp and that bed bresk-up never occurs withoul there

being 2 melt film 811 around the solid bed. The point of si-nificrnce here isn

r cooling prevents the formetion of & melt ©ilm on the scerew rooil.

that thé S5O
Thig then would mseem to confirm the importsnce of this lower melt film ag rermrdy
hed breskeap., One Turiher piece of experimeni=l evidence is 'hot the pioces

of 30118 bed thrt bresk off underso si-nmificant meceleration. Thus the formstion
of 2 melt Tils on the szcrvew wvoot slters 1he stresses on the solid bed sveh ag

to ineressze its tendency to accelerate, The dmplication being thet either the
golid bed continmiously deforms to nccomodrte these accelerstive forces, which

one may csll a 'ductile' selid hed, or it fractures snd the sepercled pleves
accelerste as 8 solid body, this one may call a 'brittle' solid hed. Donovan's
(10) experimental evidence of solid bed acceleration was based on measurements

of an uunbroken so0lid bed in s PVC experimentuand in a low density polyethylene
expe?iment, It would seem that taken with the presenl results PVC can be
clessified ss having a 'ductile' solid bed and low density polyethylene as being
'semi=ductile' in that the occourrence of bed bresk-up is partislly dependent

on the pnrticn]ar extrusion conditions., Hewever it seems that most materials

in this con o;f have 'hrittle! solid bveds,

Two importent consesuences ¢f uzing screw cooling heve slresdy been stoted }
nemely the absence of so0lid bed breskeup end surging, In addition to these gna

oe

notes a marked reduction in output. Observetion of ‘he axinl pressure profiles



pressure gencratine capacily of the sorew, The sovre
he the metering zone. The pressure gredients dn this reglon are seen To be low

e

. - . - I p Y
and even to be norztive over a zhort zone., Comprrison of TPlates A\b)9 7(h)

<

rrescarae profiles indicatos that until most of the melling

ieaat pressure generahion takes plsce, unless it ocours during

golids {Moew at the very beginning of

the gerew, I is posgible thal the reeoson
Tor this lack of prosgure genersation ig linked with the ahsence of so
hresk-up, that iz, the accelersative fovees on the solid bed are those that

are responsible for the pressure build vy in it.  These thoughths are Jinked

with the Tact that withoub bed bresk-up the gsolid bed presqmalbly doeg not undergo

sirnificent scoeleraiion snd thin glso contributes to the reduced outml rrte
in experiments with screw cooling.

This is ss far 28 the digeuseion on the phenomenon of g0lid bed bresieun onn

he tekao at the moment, It will be returned o in the light of theoroticrl

predictions pr&?eﬂt@@.iﬁ the following chapters,

Other renersal points of interest svisine Trom the sedimentel resclis will

now ve described.

Flates 1 and 2 chow the crogss-sechional gamples of plasticised PVO, Two things

are apparent from ithese resulisy firstly, the long dolay bhefore nelti

P
(.L.
-l
=
foge]
6]
e
=
o
G

winich is not {ound with any other material, even rigid PVC, This delay is

linked with a leck of pressure build-up as shown in Figures 2,715 and 2,16, The

o+

until

6]

sugoeghion here is ihst welting will not star ufficient pressure has

vy oy

VO Lo 'stiek! t¢ the hot barrel surfesce. In cther

i
o
D
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been generatel
words the PYC will slip on the barrel surface, even though it iz well sbove
its sofbtening tempersture, until sufficient pressure hss besen generated, Clearly
no pressvre will be genersted until the so0lid bed has heen fully compacted,
Two things crn produce this compaction., One is the reduction in channel crosss
sectional srea dug to tho screw toper, The other ig the deceler-tion of ihe

|

so0lid bed due o & hirh dovnestresm pressure.  dhe Lerm 'feed control' is sometime:

ER UL

used to describe *he opesration of an extruder if there is no e¢ffect on the flow



124

in the {eed sestion of the later pressure generation and the term 'melt contrel’
Lhe pressure build-up dees effect the feed flow., In 'feed control!
then, one expects the compaciion of the solid béd to be due to channel taper
only whereas in 'melt control' part will be due to decolervation of the solid

bed caused by prescure buildeup.

e results show that the outpat rate per revolution of the scre% is higher
vhen the serew speed 1o 40 r.p.m, than when it is 80 r.p.m., yveb at OUr.pem,
the results sucgest that the screw is feed controfied. 'The reason for this ig
thouphl o bte the benéeficial effect of e=srlier sclid bed compeotion which ms

in fact, cive o higher solids {low rate in thal esrlior conpsclion mesns thst
wre 18 s crester cross-sectionsl erea for the flow than if this compaction
oceurred furbtrer slongs the screw. This is sssuming th={ the reduction in solid
bed velocily, czused by the pressurc initisted compaotion, does not fully
counteract *‘he bernefit of early compscliion. Tn other words the existencs of
positive pressure right back to the fred hopoer may have o beneficiesl ¢™Test

on feed flow.

{

Phe second olservation thot can be made from the sectional vhotographs iz thatl

the

Q:
7-,

rent rate of melting of the PVC ig significantly higher at the end of

nelting compaved to *that at the begivning. There are two possible explanatiors

-y
o

for this. Une 1hai due Lo ue zern latent heat of fusion of PVC and the
continual hestine up of the solid bed as it travels along the screw, there

comes & point at which the whole of the remainder of the zolid bed resches ilg
softening point virtuslly simultaneously and thus will rapidly bvecome mixed

and disappesr. Secondly it mry be that the true rate of melting is not increasins
as much as it would appesr to. The true rate of melting is messured Ly the

rate of dobrrvqe of solid flow rate, Ag the solid flow rate is a function of

its density, cross-s2actional ares and down-channel velocity, it is not possible

to estimete it asccurntely from the gpecimens. Thus it is possible here thet
the solid bed is decelersting snd the veristion in the true melting rste is

&

K similar effect can be seen in Plate 15 for rinid PVC and similar oxplanations

2pply. Also the results of the three water cooling experiments shor a
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Ead 1
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similear seemingly rapid final meliine, gee Plates 4ib), (b)) end 9(b). fere

however the srrument hased on zere lstent hest is inapplicable and thercfore

the gu

egtion thnat the solid bhed is decelersting becomes more likely, the
more so in the lisht of earlier obaerveliong orn the manrer in vhich screw coolline

would ssem to vrevent solid bhed breskeuw,

s performed with 'Melinex' produced *he most unisusl results

The t7o experiy
of 8ll the experinents, The cross-sectionsl specimens of Plate 12 show that
hed breaks.up occurred, vel the expectad preasure traces in such 8 coge were
not ohzorved, Mirmices 2.67 »nd 2,62 show the slow speed pressure recordings

for experimeniz 2% and 24, Fipures 2.63 ond 2,64 show higher speed recordin~os

NN

for the ssmz two experiments. Az econ be seen the sureing is most irresular

and hazs s much higher amplitvde than that obamerved with sny other experinent.

In addition the origmin of the suréing would geem fo be at trace nuwher 1

which ig before the initiation of bed bresk-up. The implication is that effects
other thon bed break-up are partly or mainly responsible for the surging

observed with ‘melinex!

On performine 2 triel experiment with Melinex it was found that the material

was not feeding into the serew. This wasz due to the gize of the granvles in

relation to fhe dimengions of *he screw channel. To overcome this problem

the granules were {ed throush a granulsator which reduced the pranalsr size

slishtly and elso separeted the clusters of esrenules that were portially joined

together.

It seems that *he cmuse of the sursine wibh the 'Melinex' in *he present

experinents could li've been due to a feed flow instability, a partial blocking

and untlocking of the chaﬁnel in the feed section, The axial pressure profiles

of fieures 2,26 show that virtuslly all the pressure rise in the extruder took

place in the feed zone. Also the slow speed pressure traces show that when

the pressure of itrace 1 incressed all the other traces show an immediate increase,

albeit of smaller amplitude, These virtually simultancous pressure rises and

falls along the whole length of the screw are again not typical of surging

due to bed break-up. In that cese there is a deffinite time lapse between the
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drop of pressuve at *he point of the bresk snd a corresponding drop et “he point
further down=channel, see for ezxsmple firure ?2.57. The resson for this feedinrg

instability in the present experimonts ds not clerr,and further discussion

PERCIEALN

of it is outszide the scops of the present work,suffice it to say that ils exigilance

3

hags heen noted sand the rezulis vecorded.
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2.5 Conelngions
The  experinents]l results in lhe present work in part arres
with the molting that heg hitherto been reporisd, initially by Haddouk

(2).

T4 hag been found thet thig petioras on e considerable nurver of ocessiony s
medified din thst melt fiire exist Letween *he solid ted snd the écrew-surfﬁce@
Tt hes slso been found thrt the melting Process csun have en inhersnl insiabilisy
rhich manifests itsell »g é@lid hed breskeap: this in turn produces surging
Fxemination of the experimental results of ceses exhibitins bed bresk-up snd

Lo the cornclugion that in soms situations the solid

—
3
]
Qu
%3]

those not doins go

N

red way nccelerabe whilst in others it may decelerste. In thozse cases when

o

it seceler~tes it mey frz=civure, in those when it decelerates it does not fracture,
The ocecurrvence of zolid bed break-up veries between materisls and would seom

to cause more serious sursing problems with the wmore highly crystslline plastics,

v
D

<

not oecurring at all for PVC which is essentinlly aworphous, The most effective
way of preventing it ig by the use of screw ccoling, This however alsgo reduces

markedly the flowrate if the other operating condiliong are left unsltered,

It has been shown how an exsmination of delteiled pressure recordinss csn lasd
to a recommitien and understandine of the processes occurring within the

extruder. In particulzr the phenomenon of solid bed bresk-=up and the process

of melting con bhe readily identified snd followed on such pressure recordingm,

The following: chaphers will meke use of theso observetions in the se'ding up
3 »

i(ﬁ

of 2 mathonsticel model for the meltin~ process. Inttiszlly the predictions

e

of the t.eo“v will be compsred »ith the experimental resvlts snd then a seneratn
series of theorstical simuletions will be dezcribed in an attempt to demonstrsie
the ugsefulness of a compuber simulation techningue in comparison with empivicel

erxperimentstion.
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work ig to produce =

theorebicsl simolation of the malting proo screw extruders. COno

aim of the previously described euxperimentsl work wes Lo provide insight into

mecheanisn involved in tnis melting vsad to gulde the

mavhematical formulation end to judpge the sppropristencss of varions possivle

pd

simplifying assunptions concerning the analysis. Thniz is precisely the path

However hecause thoneo

analyses were the [irst they made the greatest possible simplificsiions of

problem in order that s solution could be obisined, Having successfully comploted

guch 2n initial éha}ysis ihey tren proceedsd in refining 1t. Hewever, onc
“genersl comeent sbout this refining process 3s Lhet rarely did it inelude thre
re~considerction of the hasic interprestion of the orserved nelling patternz.
The present theoreticsl snalysis, is derived from a re-sporaisal of the cxporie

mentsl melting patterns of the present and previovs expr-ienisel work, Of
course, tne axperience geinved by previous thecretical analvsie haes alse eontributed
to the orasent Tormulastion of the problem,

T .
4

% is appropriate to proceed by discussing the interprotation of the melting
patterns thet wes nsed by the first theoveticians ard the theories produce? by

them, pointing cut those assumptions which are cpen to doubt, Having done +his

the exposition of the present theoreticsl trestment iz given,
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analysis of 'he melting process w=s perflorme’ by lTgdmor

n RPN { e LI T S,
vrpoerinental obzervetions of Vaddock (2).The icenlined

“hich formed Lhe bssis of bix anelysis dis shown in
. - ™ Y M . 3. Al P T N " Nt . s L 3
Tigove %.°. Thea begic ssosupticn ol ithig model and 211 othera i3 thsal

[P R
B MRons

nicnl stste of the srsiten st oll pointe in the domrin cceupled wy the

weliine vrocess 1o independent of tise. TIn atdition, the reomebry is

ol
[9:3
]
P
9]
S
b

’
iy

the fisvrey the meterisl properties ere simplifiedy the zolid bed

is considered %o be hgmnos and continuousy the plastic is considered to

Ji

S

heve & shorp nelting point, =nd the thermal properties of the material io he
constant in esch phase, Tadmorts erplanation of the thermel state of the domain
iz hazed cn the ocourrence of melting at the solid bed to melt £film indorface
orly. The heat for melting supplicd to the interface originates partly Trom

the barrel, o5 conducted hest, snd portly from viscous dissipation within the
film, Although some hent supplied to the interiace is used to hest up the solid
{from its injtgﬁl tempereture to its melting tempercture, the soliad bed iz sssumed

not to underge any Yulk increase in temperasture ng it pesscs dovmn the on

2

Thig is & conszouance of the sssumpiion, mrde in She *he:

solid bed, thah it is o semi-infinite sc¢lid, This mee=ns thet he~t transler
from the melt poel znd screw surfaces to the solid bed ere reslected. This is

reassonsble in the crze of the melt pool since thne beisht of *he s0lid hed is

mich less then its width over most of the meltine process. Ouve can only resson

<
i
{te
i)
ot
c.&.
~
e

sgeunpliion of zerc hest transfler from the ' screw if it is cooled.
Ihis point will be discussed in grester deteil later, The general assumption
that heat conduction and conv,%ectiﬂn down~channel yin the ‘g_ direction, are
nen;nctﬂi aprlies both to the melt £ilm and the solid bed,

The flow in the melt film iz sssumed to he fully developed pure drag flow of

o Newbonian {inid batween perellel plates, This is assuming that the melt film

thickness 1

e

not a function of ¢ + In addition the {1lisht c¢learsnce i3 assumed

to be zero. The flow of the solid bed down-chsanvel 1is assumed to be plug like

snd of ‘Onu.um% wvelogity, that is

ml‘fw Y is -4

N/
Vsy 7~ 3 (%8

In the Y plane the solid bed is aswumed to have a velooity‘E/53 at the

g e

{3.1)
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The melting model used by Tadmor
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melting inlerfece. The implications of thisg sre conasidered luber,

hc mechant

for mointzining the contivnity of the system is this, ‘owly

. . : B P T I ey e L T O T, . P I T SN -
molten material is continuslly entering the meld film through the melbing intere

% L)
face. At the same time molien wateri=l 1z {lowiog across the channel and out

of fthe film to colliest in the welt pool. "re width of the melt pool g thus

!

-

gelid bed iz decreasive and

increasineg. A4 the some time the widd

there ig & giesdy flow of solid irnto the meiiing duterflece,

T

two dependent vardables, the width of the solid bed,}i s

< N

he problem thug !

i}
ploet
ot
&1
et
s
™

variable Q}gwhile g; ig on dmplicit funetion of 2, . ‘The soluticon casentislly

resuires lwo wasic eosvations, These are derived from sp intersrst mess balance
\

ek
the melt fi'm over the 24 plene gnd =« different/mags helance on the golid
i

bed in the e Firectiocn., The Torwer eonsticu relotes the melitines raie inlo
¥ :

the melt Tilm with the flow r=te dintc the melt pool. The latter relates tha

M

reduction in the selid bed width with the melting rate., One lest piece of

information reauired iz the melting rate st the interface, Thig iz foind hy
3 L) 1

R
1 e

means of an enersry bnlence at the interface. TIn this foshion bthe solution, &,

az & functicr of 5 iz derived. The constant value of the solid bed velocity
: - - ":/’“ - . -
ig caleunlated from the overall mess flow rate,g iT, and the geémetry of the
channel in the seolids feed zone, thus :
Mo [ )
% f e - s 1.4 ) "
‘\wfﬁ‘i} e i /i W t i {)ﬁ } - , (§'2>
The assumptions made in cetting up this anslysis ave of two dislinct tyvpes.
Firstly thera are those concerned with interpreting the melting pattern into
a mechenism that can be enalysed. Secondly are those concerned directly with

the ensuing mathematical analysis. The Tormer type of sgsumption is the most

ru

important end will te “zscribed in more detail now,
For the mechanism to function as intended the solid bed must underro a2 certain

form of deforwaticn, .That is, the decresgin~ width of the solid bed and h

conbinus of solid into the melting interface imply o continousg
re-arvranrenant of the rranules of the solid bed. It is an implicit assvmphbion

of this model that the external stresses on the solid bed are sufficient to

coange tris mode of deformation,

thickness, & . S s oan explicit fuunction of the dindependent
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Razuming the s0lid bed to be continuous snd incompressible, the conservaiion

of mass principle way be appiied in differsrniinl form, instantaneous

¥, X 5 B
() . e ";, h E b
U g GV . O (3.3)
o &Y
The assumption of constant vm1<rviv downechennel aizmpliflies this to,
¥ o ( Qi)

vant houndsry conditiong, instantaneously

i

Equation (3¢ 4}, together with the re
deseribes the deformetion pattern of the solid bed az sssumed by Tedmor,

The second critical mgsumption made by Tadmer in his interpretstion of the
melting pabtern concerns the melt film flow. Ve sgsumes that ¢

iz constant over the width of the bed,

C’ [ , v"’;
A o e 30
woFe g AT (3.5)

Tadmor also mekes the assumption thait pressure gradients in the melt {ilm may
be ignored in the flow calculations. This ascumption together with thet of
consﬁant £ilm thickness lead to an inconsistency, In reality, due to the
sucoessive incremental entrainment of newly welten material acrossz the il
either the film %thickness must incresse as 3 incresses, or the prossure muwt
decrease s¢ 2 ineresses, or & combinstion of the two must take plsce so thab
continuity is s=ticefied. However it can easily be shown, becsuse of the relat.
ively smell film thicknes- involved, that for the pressure sradient to have
any significant effect on the flow rate it must be of such & large magnitude
as to be physically unrealistic in the present situstion. Additionelly the sign
{ this pressure gradient‘weuld need to be nemative, wheress all the experimental
results chow that the pressure gradient in the melt £1ilm is positive. Therafore
the constant film thickness assumption violates a differential mass balance on
the film, although an integral mass balance over the width of the film is not
necessarily viclated. As it ig the integral mess balance that is used in the
analysis‘the assunption may not lesd to eny significent insccuracy in this respect

However this part of *he aunelysis een be critised on the grounds that the

(o

entrainnment of newly molten material in the £ilm is implic
y

lnh

11y asgsuned Lo occur
in the= directior only. That ig, at any down.thanrtel position all the pewly
molten materisl entering the film is sssumed to flow into the melt pocl at thai

same downechannel pogsition. Yet clearly the direction of entrainment is more

reassonably that of



. : W ) s )
relocity betwesn the solid bed snd beryel. This iz &b

The legh criticism of Tadmor's dnterpretetion of the observed meliins ns'erns
ig that b Fformetion of meld filng between ithe s0lid wad
snd the sorew surfrce, /

e song retween the '‘heorefics]l predictions of this eﬁfly model wiin
expericents performed by B (ﬂ) showad thst the bheory predicted too long

3

g melting lergth, Alsgo the predicted molting rele during spvroximately the

fireh Wall of the melbing provcess was btoo high whiist in the later stapes i
was too low.

The developement of this model was continued and reported along with new experi-
ments by Tadmor. Duwdevsni snd Klein (6). They made two improvements %o the

M

model, The {irst and simplest of these was to take account of the effect of
2

thermal convection in the melt film. This they 4id by adding an evirs tern

into the energy heolence at bthe welting interface accounting for the hoat

required to raise the temperasture of the newly molten meterial from its meiting

tempoersture Lo the nesn temperatvre of the material flowing from the melt {ilm

The second improvement was to introduce a Fon-Newtonisn flow and coupled enercy

snalysis of the melt film, In this the power law constitutive eq

tempersture dependence was used, The flow was still sssumed to be steadyr, fully

developed drag flow, hetween psrallel plates, The solution to this {low

@
7t

was simpilified by sszuming en initiel tempersture profile, corresponding to the

Newtonisn cagse, An iterstion procedure wes then sdopted to celculate *he

correct wvalues of the modified coefficients of the ecustion for the tempersture
ofile corresponding to the NonNewbtonisu case,

With ﬁbeée two modifications incorporated into the analysis considersbly bettier

predictions were obtrined, although the basic interpretation of the meliing

pattern hiad not been changed, In this publicatﬁon (6) another defTiciency of

the model

s

g opparent, To meke the comparison between theory and experiment
the start of melting in each should be at the same point slong the screw. It

was found that the experimental position of thig start was at some point after



the barrel tempersture had attained the melting temperature of the pisstic
.
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snd that this 'deley' wrg veriable, Becruse of this it was nevcssary to measure

apd to use this zaz the start point for the theorvetinal

it from the oxye

comuHTison, sttemitvss mads to establish an empirvical corvelation CLoT
i ¢ e Y v sl S et T4 4o
Yo enarle tThisg ° to he pradicted. ¥ iz

Ygelay' iz parily st leant due to the particulsr

0

pattern which forws the besis of this model, Justificstion

[
o

he eiven later,

TEPIS . . .
Crung (7) reports a further defail improvement to the same basic wmodel, inghesd

fol}

of esssuming for the purposes of analysing the temperzture distritu’ion in the
solid bed thal the bed has infinite deplh he sssumes thet the solid 1s finite

haunded by twe parsllel visbtes, snd thet it is drsulsted at +he screw surface,
.. s 3

o

Chung goas on to define four constsnts in the eavation describing the temporature
1istribution where only two are strictly necrssany, and stefes bhal one ean
assumz ihe screw surfasce temperature to be congtant Tirousghount ine melting process

and to be cousl to the initisl temperature of the solid feed, Yo eveluate

ndsry coenditions are needed, e specifiss the two

houndery temperstures and one derivetive, ¥or the {ourth condition he aupiie

an over=all energy brlance to the nmelting processs thus the Tourth constant

in the temperature profile ig caleulsted so thet the energsy bzlance g au-omate

iez1ly satisfied, Tt would seem that the difference tetween this formilzsion

and that of Tmdmor is mavginel especially es Chung doos not allow bemperatures
.

to Gevelopé down=chounel .

WMore sienificant developements of the medel were described by Tedmorrand Flein

(8). Fere the model is refived to take account of the effect of = finite flight

ol

cle~rance snd curvature of the =cturl screw chennel. The effect of flight

N7

"

clearance on the integr&l massg balance Tor the melt film is allowed for by

a

assuming a linesr velocity profile through the clesrsnce end cslevlating the
flow rate on that Lasis. The ﬂ*vwkt of channel curvaiure is correccted for hy

. . { w o
utilising a series of derived correction [actors \ﬁn),

In sddition the scope of the wmrlting enslysis is enlerged to include the

R P AR D T A D v I 24 o M 2o 2 Foeym o hne . 1 - L1 e e
Precittio Ol RYSSSUSE 1 e helving Z0NG. 13 LS aong T3 CG.A[’H"%;LQ?; the meli



pool flew rate, which ig esuily done from a krnowledge of the golid hed

and epplying thig in a deep chamnel melt flow sn lysis of the melt pool,

Iy

11 . e e e e o Y 3 P R R | Ty e S, Toq g 3 £ Ve
the required pressire sradicnt io czlealated, Thin procedurs is enlarg

4 dn 8 lster scotion, 1iIn “his

hed breskup is noted snd ite el Tect on pregsure penaeration ellewed for

ine the pressure precient -om g 17 obermel meli

position of ned onre keap, Unis {

hrsed on experience znd is not predigted vy the theory. It therefore musth

seme potential inscourscy in the pressure predictions.

N

+
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o

soclvain after the

o Tq‘b;,
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oommite

point of bed bresk-ip is presumshly sn estinate

cougse

e s 4 LY A . v o N
Hinrichs snd Lilleleht (ﬁ?) lezorite modificstions Lo the Tadmor model to sccount

for flight ele rance flow and chennel curvaiure vsing a cylindrical coordinate

system Lo simplify these corrections, It weuld seem that the improvements

- - . . 5 . . a5 . R /
outlined here (11) Tormed lhe basis of those described by Tadmor and Klein (15)

and mentioned esvlier.

A1% the above mentioned thecrstical enslysis were bezed on the original wmodel

put forward by

that model from the obgerved melting patterns are wrong ihe subseguent ma

[

cel refinements may not meke sny sigrificeat improvemsnt to the overall

imor (4) and therefore if the sssumpbiors made in formalniing

in

scocurzey  of the simulation of the real meltine proceass, Donovan (10,1?} vas

the firvel reporitad worker to re~exsmine the hezic interpretsihion of the

meliding

petterns, His significeant conbribuiion is in the reslization thst the solid

bed con sccelerste in a serew compression section, This conclusion was

at in the light of experimentel results describved previously, and ingpectlio

of soume of the simulstions published by Tadmor et al (5). However Donowyn

dees not meke the downechanmel solid bed velocity a fully dependent ver

grrived

. Y,
intle

of the problem, He mnkes the basic assunmption that the solid bhed velocity is

eousl to the average melt pocl velocity in the dosnechamnel direction.

This

gssunption together with the inclusion in the mathematicel formulation of

sroblemgof 2 mass balance scross the whole cnwnme” enanles the solid bed
9

the

velocity

«

to be computed. 1t appesrs that Donovan found that uvsine this formulation of

the problem did not always yive very accurale predictions. Therefore the tasic

agsumptions that the mesn melt poel and solid bhed velocities are egual was
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ralszed and = Selid Ped Acceler-tior Parvasete

= 1 no zolid bhad acceleragliongoours and

; . 4 Pl @i O B : N S S 0F meyend oy
merimim, beine the sawme gz thel using Soe tior described above. Cloorly

vt compibes resulis
when compared with ewperinental resuiis, show thot the walue of SOAP for best

H Y 4 3 Vi 2 [ - 7 S g A S
srrecment varies hetween cwperiments, This, of course, tends to re=al i

the solid bed sccelaerastes,

snother contrituiion Lo the theoretical analysis by cons
h: ¥

refining the thermsl anslrsis of the solid bed. He considers the solid bed to
LA 3 )

dapth and defines the two boundsry temperatures rs the reguired

includes in the sannlysis the efect of convection

2
el
1
O

boundavy conditions. He

Hed

f«
3
3]
¢ 2
o3
- )
o
joy]

in the , direction, thus sllowins for ~padual herting up of th
- b

1

ns it moves donechannel, The specification of the provlem is completed by

Further Donoven sgsumes the welt filnm

sRut M

inine sn initial temperature profile,

is linearly tz2psrnd scrozs the chennel from fhe flir clearsnce to the

{ovever Tor the enercy and momentum =nalysis of the Tilnm

of the solid bed.

conveniense to the constent £ilm thickness assumpbion,

to oalculste the dovme=channel solid bed flow yate

and the downechennel melt £ilm flow rate. It is pogsible thst the linsar varie
ion of film *hickness lesds to as lerge errors =s the constant thicknzes:

assumption in thore down-shannel flow rate calculations especislly if the real

crosa-channel developement length for the film is a lot less than the solid

bed width.

Tn the melt film energy snd momentum znalysis Donovan makes the same acs amptions

sg Tadmor et &l (5) but his methnd of solution of the coupled problem is gifferont

Dorioven uses lhe exact solution hy Martin (33) which has the advantage of simpli-

fving *ne mathematicel -and némericsl couple oversll anzlysis.

In akater pablication (12) Denovan exiends his arszliysis to include preszure

predictions ir lhe welting zone. His mefhod would seen to bLe eszenkirlly

4,,,\

gimilar to that of Tedmor and kleanB,iS,. Correction fretors were omployed

~

to sceount for Non-Newhonisn ef “ects in the melt pool flow whilst mainteining
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the simple form of o Newtonian That ia, the drazy and
induced components of the {low zo that the pressure grad

£

. - " - < T PR B iny o 3 oy - LT S S P
function of the BUAY. The srasnlts shoved thet Lhe wvalue of SBAT which gave

the best ezreement wi

Iing profile did not give ti

reerent with the experimental pressurce proflile, Althoudh the discropsncy

was not vrsccephznlegit was conaistent. Hovever the publighed results, with

j,‘

for couwpression rell sereve with ghort snd rapid

Wt one exneption, we

tapers. These may have heen vsed 20 thset bed breskegd could ressonarly have

o’

predicted to occur at the end of the taper, ut osuch a screw des
probably the hardest to épccessfui)y similete %FC svse of the vapisd veristion

i ~

of seyvevw goomebry iv the downechoannel direction snd olsn bacsuse viscowslentis

effects mayv hecome significant.

Oue geniersl ohsorvstion that can be made about the results presented by Donovan
: )

ig that in a2 number of caseg his model was not able to successiully presict ¢

the correct shape of the melbtins profile, as messured from his experiments,

no matter what velue of 5BAP was used,

Vermeulan, Scargo and Beek (13) developed 2 model that wes different from thod
of Tedmor and Donoven, The significant difference was that the thickwneszs of the
melt film was allowsd to very scross the solid bed in the 2 diractiocn, ithus
satisfyine continuity everywhere in the film. However the other assumptions

in thig model are such thet sny improvement in scecuracy resuliing from =

]

“

detailed melt film anslysis we
4

correspond to those mede by Tadmor in his earliest fermiiation (4). The nelt

protebly lest, These other assumptions

Mertonlen sné the sclid *ed elociiy ‘¢ be constent. One

<

ig sssured to he
extra essumption made by Vermeulen et al was thpt dizsipation in the melt
film could be neglected. All experimental and other theoretical resulits have

shown that thiz is fer from ftrue and thst viscous Jizsipsticn can he more

significant then conducted heat from the barrel. The justification for making
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this zzsumption is ohscure, even on purcly mathematical grounds, in that for

g Newtenion {Muid it is possible to set sn snslytical solution degeribing “he

developement of the filw thickness in the 2 direction including the dissipation
terin in the energy egustion.

The basic model of Vermeulen et al (43) has been considerably improved by Ingen

Housz and Gorissen (14). They first of all included the dissipétion term in

the melt film teuwperature anslysis for the Newbonian case snd obtained an analy~

tical solution., They then further ewtended the model to include NoneNewbonian

power law temperature dependent viscosity in the mell film.

This last piece of snalysis makes use of Martin's work(B}) on analytical solutions

for NWon-Wewtoniszn sheer flow. In this analysis as applied to the melt filn

flow, although the thickness of the meld film dis varying et each point in the
film, the velocities and temperrtures arc assumed to be locally fully develooved

and the 'lubrication spproximation’

is applied,

No coupsrrison beiveen the preﬂiétions of this model ~nd experimental work heve
been published snd therefore the effect of the inclusion of *the melt £ilm
thickness develovenent in this medel is herd to judse.

Those then are the verious models that hove heen purlished in the literature

to date, and it is apparent thnt most &f the effort hos gone into refinin®

the mathematical snslysis of the details of the models rather than guestioning
the basic assumptions,

The bssic assumptions are essentially interpretstions of the ohaerved pattern
into a mechanism of flow that is compatible with the observations and the laws
of physics. These assunptions fall into three categories; concerning the mode
of deformation of the solid bedj concerning the regions where melting tekes
place, and concerning the flow paths of the newly molten masterifl. These three

aspects of any melting model are discussed in the following section lesding

up to the nature of the basic sgsunptions mede in the present model.
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2,%:  Diseuseion of the Beeie Assunptions mnde in the present Meldine Modal

- e

The solid hed deformation will be discussed first. The ewperimental results

rresented in the present work and by

o

ther people clearly show that fthe sclid
bed does change shape during the melting process. Further this change of shape
cannot wholely be mccounted Tor by the continual removal of molten materi-l
from ite boundaries. The reduction in height of the solid bed ﬁay be mceounted
for in this manner *t tre ususl reduction in the width cannet he, especially
as, on occasions the width mny incresae for a short while. The manner in which
this width chanpe is accomplished is eritical to the discussion. In the case
where, at sn intermediste stage in the melting process, the solid bed width
increnszes the cause must be the serew tapver. In that cazse the reduction in

height of the solid bed due to the melting is less than the reductiod in chasnnel

depth due to the screw faper and therefore the metal surfaces cause the hed

to deform and incresge its width. However in the mor?ﬂormal cage where the
chammel taper is less extreme the bed is observed to deform in the opposite
waye its width reducing. In this case the forces producing the deformation

are an interral part of the melting process. The sources of the important
gtresses can be identified as the melt pool pressure, the viscous shesr stress
on top of the solid bed znd the shear stresses on the bottom snd the side of
the solid bed, either couleémb or viscous depending on the presence of ths melt
film,

It is possible to identify tvorextreme modes of deformetion of the golid bed,
the firast corresnonds to‘th&taséumed by Tedmor, that is, no sccelera&tion of the

solid bed. Bouation (3.4), previously statedserpressesthis condition in terms

of the contimuity eoustion, =nd is re-stated here for convenience

B__\{;x S Wy = O
N + 55 (3.4)

This equation ig saying thot the reduction in the width of the solid bed is
menifest as an increase in height of the bed, Of course, due to melting cccurra
ing on at lesst the top surface of the s¢lid bed, in the :{fﬁ plane, this
increase in heizght is masked in Ehe actunl case,

The other possible extreme mode of deformation is given by the foilowing form

of the continuity ecuation
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This egquation corresponds ;0 the case where the reduction in golid bhed width

ig totally sccounted for by acceleration of the golid bed and that reductisn
of the height in the actusl meltine process is dug entirely to the removal of
molten materisl, If this case were an accurate picture of the deflormntion

of the solid bed then one would expect to ohserve an ever increasins melt film
thickness, in the sbsence of any channel taper. This does not-appear to be the
c¢ase, the results of Tamdmor et al (5) sre useful in this respect,

The present éxperimen%a] regulte together with those of Donovan (10) and the
theoreticel results of Donovan(*O) indicate that solid bYed accelerstion doea
take vlacee.

The conclusion mﬁgt te that the deformstion of the solid bed is the gensral
case somewhere hetween the fwo extremes, described hy the above tro ensustions,
snd thst in terms of the continuity the rapreszntation of the deformetion,

instantanecusly is

. . " g
2:? RN o &m:ii W o, O o= ( 343)
> vy D% -

-3

ug tre solid hed should be allowed complete freedom in the formulation of the
problenm to accelerate, The thedretical work of Donovan (10) wes o step in this
direction but the indicrtions are thét the assumption P? made was too restvictive
and that the golid bed velocity down-channel should beﬁfully dependent varigble

{
[

Loy

of the problem, b
The melt film flow path will now he considered, referring specifically to the
upper melt ilm adjscent to thé barrel., An elemental volume of newly molten
material at the interface will be drageed in the direction of the relative
velocity vector between the barrel and the solid bed. At some point downechannel
this element of materi~l will dischsree off the edge of the solidlbed into the
melt‘pool. The effect on flow rate and velocity profile, in the melt film, of
presgure sradient is nesligible because the thickness of the film is small

as has been mentioned in the last seetion., The eriticsl point here iz thet there
is a delay between the formstion of an element of molteﬁ material end the dis-
charece of it in the melt pool, The implicit assumption of all the melting

models revported to date is that al any section the totasl flow rate into

g
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the melt pool necessarily enusl® the totsl melting rate at the ssame section.
At first sizht this may seem 2 ocuestion of detail yet the conseguences of

e

makine this rsssumption eéin be significent. In the {irst place it partly explains

the 'delay’ in melting that Tedmor comments uvon, -

Tnie 'deley'msy be explained »8 follows, Melting will re~in ou top of the molid
hed from the point where the Yarrel tempersture exceeds the plns%ic‘s melting
temperature. initially the molten materialfwill fill the geps between the
individusl greuules on the top of the zolid bed, Until this has happened no
continuous film will exist on top of the bed. Once this continuous film has
bheen formed its thickness will be~in to developd in the direction of entrainment
es described esrlier. It is likely thet the thickness of the film is initially
less than the flisht clearance. Therefore there will be a delay between the
formation of the continuous film and itg thickness egualing the flisht clearanca,
Onee the film thickness exceeds the flicrht clearance the flight will act as =»
wiper and the melt pool will hegin to develgp%. The flow into the melt pool
%will initially grow rapidly as the film thickness st the edge of the solid hed

will contimie to incrense. This incresse occurs becsuse the mebterial flowing y -

()
into the melt pool becsme molten at en esrlier stage. Once the film {thicknes ;

has become developnd and the melt pool formed, the film thickness should
graduslly decrease ng the width of the 80lid bed decreagses and hence the .
developemant leng'h is reduced. The presence of the melt film 211 sround the
solid bed can however potentiall; affect the validity of this last poiut,

Althougn Vermeulen et al {13) and Tn~en HMousz ~m? Oorissen (14) allowed for the
developement of the film thickness they still assumed that the flow into the

melt pool was equsl to the melting rate at the section wheress in fact it is

a function of the melting rates over the previous sections, The correct flow
rate'into the pool can be different from one calculated in the manner of Vermeulen
and others due to the differences in the solid bed width, or in barrel tempersture
or in the sclid bed velociby that mey exist between the relevant downechannel
sections over which the melting rate should be caleculated,

The general conclusion from the forecoing is that at a section Q;_ the flow

rate into the melt ponl should not be exvlicitly ecusted with the melting rate

)
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at thet section. This may be svoided by p&rfcyﬁinﬁ an intesral mass halange
for the melt film over en incvenent Aﬁb'g and allowings the film thickness

to develope 23 2 function of xI and 2%_ o

It is nowiappropriate to gonsider the importasnce of other reglons within the
chanrel where meliing takes plece. In other words, it has to be:decided if
simmificant meltine tokes place on the other three sides of the solid bed,

One may readily discount the side of solid bed adiscent to ﬁhe.malt pool for
twvo ressons, Firatly the heicht of the solid bed is smell in relation to its
width for & pood part of the melting process. Also the temperature gradient
in the melt ponl sdjacen® o the 80lid bed ig likely “o bhe small in comparison
with those in the melt films, Similes+vly the side of the s0lid bed »djscent

to the f£light con bé disrerarded in terms of sirnificsnt melting ns its heisrht
is very small, althou~h the temperature gradient msay be fairly hich. The
bottom of the solid bed in contmct with the gcrew rool is s different matter.
There heve been no puhlished theoretical models which include a melt film in
this srea thoush Shapiro (34) is revorted to be working on such a model., OClearly
with an uncooled screw g point will exist along the screw st which the screw
temperature will rise above the melting temperature of the plastic. From this
point solid plestic in cont et with the screw will melt. The extent to which
it does so will depend on the heat transfer coefficient between the plastic
and metal, on whether there is any tendency for the plastic to slip at this
surface, and on how much heat is transmitted along the serew, Little information
is available concerning heat transfer coeff{icients hetween plastic snd metal.
The work of Tharmelinchem (49) althoush not directly applicable to the present
situ~tion sugrests thet pérfeot thermal contzet is likely 4o exist under the
sort of pressures involved here. Certainly unless the meterial and conditions
2re such that glip occurs on the serew surf-ce a thin film of melt is likely
to form. ’

Martin (35) performed some relstively simple caleulstions to investigate the
thermal coupling effect of the flow of a viscous materiél within the metal
boundaries. This is the only reported work of this kind on what is s dif"lcult

3 s
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an anslyvsis are 1o caloulate the magnitude of heut flow from the pvlastiec to

the screw and when such a heal flux €xists, and secondly the occurence and

marnitude of the reverse process of neat transfer from the screw to tue piastic.

The results of sartin'e work 1séd Bhim to sugeest that tne maguitude vhe

nea. fiux bacx vut of fthe scorew is insisnificsnt ween compared to ihe other

heat fluxes in the totsl extruder syatem. This conclusion, 1% véliég necd uot
necessarily prevent a sigmificant =mount of melting st the scréw TOOL. A8

iony ss enougn heat flows back aiouy the serew to raise the scrow teawperatiure

above the plas.ic's meliting regien, and thus fo form an initisl thin film, then

potentially the dissipetion in this film will continue to provide the *hermal
energy to melt material off the bottom of the s0lid bed.

With regard t0 this last point, the effect of so0lid bed acceleraticn sheould

be noted. The viscous dissipation in a melt film will be approximately directly

proportional to the sguare of the relative velocity between the two solid

boundnries, everyﬁhiné else being constent,. Therefore, aus the golid hed accelers
ates, digsipation in the top film adjacent to the barrel will decresse, % this

decrease will to gone extent bhe compensated for Ty sn incresse in dissivstion

in the lower film, if the lower film is present.

A last point in favour of includings the lower melt film in the melting model

concerns directly the acceleration of the solid bed. It has been showm
experimentally in the present work that the presence of this melt film is eritial

both to the scceleration of the gsolid bed and to the vpressure generation in the

melting zone. Clearly, therefore, the macnitude of the viscous stress on the

bottom of the solid bed should be evslusted in the melting model to allow

accurete computation of tﬁe s01id bed sccelerstion and the .pressure generation,

This will become more apparent when the present analysis is outlined and the

results of it discussed.

The conclusion of.the foregoing is that this lower melt film es it will be called

should be irncluded in the melting model. Ideally the model should allow both

conditions, tha® is, the presence of this film or its absence, according to the

screw teuperature,

‘

The potenbial inclusion of such & meld f£ilm in the model necessitates that the

%
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thermal enalysie of the golid bed should be for g finite solid bhed and should
specifly temperature boundary conditicns at each boundsry. 1t should sliso computhe
the developereni of fomperziure Wilhin the solid bed 83 o funciion of =2
1% is now useful to consider ths flow path of this lower melt {ilm, Clearly,
the existence of a contivuong film of melt arcuvnd the solid bed will allow ree
circulating flow to cccur. Hovever the driviag force for -ny flaf in the melt
filums belwsen the solid bed and the screw must be pressure, BSecsuse these iles
will, for the most pert, be thin this crogss-channel re~circulstion will Lo
rezligible,  Thus the nowly molten naterisl in the lower £1i1m will essentislly
be entrsined in the %? divection snd potentinlly this fiim could become ‘thick!
unlike the top film, due %o the sbzsnce of 8 mechenigm for vauwoving moltan
naterial from 3t. If this film does become "“hick' then the flow psth of
material in it will Le different, in that the ef'fect of pressure gr-dients
both acrogss and down the channel will be important. However it is not within

the scone of the present work to include such pressure cradient effects on the
p

flow in the melt films,

A gummary of the conclusions to the foresoins discuseion iz useful o define
the melting model which forma the basizs of the snglysis to follow.

. ; . 57
The solid bed will be allowed to accelerate, its downechannel velocity, ez ,

is 8 dependent. v riable of the problem. The assumption that the flow of the
solid bed is plug like will be made,
, Ao
Vey = Vao (%) (3.7)
Y &

This does not vieclate eouavion &593>

The meli film oa vne wottow of the solid bed will form an integral part of the
model ; thual iz, a Gependent varisble., Tne thick.ess of this film, 6;1 s 18
g fanction of onl .

. .
%ﬂ;_ & %& CM%T) : (3‘09)

Yhe width of the sclid . bed, h 4 ¢ 158 the third dependent varisble and is

Qg}«}

@
m‘
N
o

assumed to be a function of ‘% only.
e \‘\;1 f Y
x - i& ) ; (309)
Ideally the upver melt film ghould be allowed to .develope as B function of =0

and . However such a formulstion leads to excessive methemstical complexity

Y
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in one part of the oversll sunlysis. Indeed, the overall Tormulation of the

problen and the solution to 1t ig feeilitsted by masuming th=t the thiclkness
£ g . . 3 .

of the upper melt film, &, , is a function of ‘%» only,

(3,10}

Thig agsumpiion is intréduced essentinlly for mathematical conveniense, althoush

the experimental results indicate that over much of the width of 'he solid bed

the percentsge varistion of the film thickness ig smell., Thus it is thought

A
¢

to be Aressonably permissible assumption in terws of the eftect it has on Jhe
/

weeuracy of the model, In addition it enables tune pronlem t0 pe formuiated
in a way thnt exwcludes tue ericvicisms levelled at tne assumptions of Csdmor

end Vermoulen et al,

I'ne lsgi dependene variavie to the pronlem 1s the preassure, oy wmore specirficaily

the pressure sradient. Cross-channel pressure gradients will be neslected,
therefore \
: A i F %
db .. /-0 . T P
PR, e E k« %{ ‘j - ;._. Zaca :Vw k ':,;,\}v' } (3 R 1 JF )

Dy

Thus the problem is defined in terms in {ive dependent variables, s1] functions
of the one independent variable o Clearly five independent ecuations

are needed to solve the problem. These asre obtrined by spplication of the

laws of conservalion of mmss and momentum sg follows

1. Differentisl mess bhalance in the upper melt £ilm over an increment zf& 2

P I3
2

2. Differentiel mags bhalance in the lover wmelt film over an increnent é_4 S
S

3, Differentisl mass helence in the solid bed over an increment 5ﬁg‘% .

Lol
4. Integral msss balance for the whole cheunnel,
e Differential force balence on the solid bed over an increment f\ 1» .

mhz_s produce“ a set of five simultaneous ordinary differential ecuations which
are essentizlly of the first order.
The next section desls with the detailed derivation of these eguations and the

subsiduary eauations required which are derived from various applications of

the laws of conservetion of energy and momentum.
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3.4

e o

he Derivation of the Methematicel Bauations

Degoribing the Veltings Model

The meltins medel that is the subject of the present snalyeis is illustrated
in fipure %,2. 1t may be described az follows.
Melting begins by the formetion of & melt filw over the solid bed, When the

‘

thickness of this Tilm Lecomes grester then the light clesrance the fwipin~!
action of fhe trailing f1ight beging and the melt pool starts to form between
the g0lid bhed snd the treiling flight. To sceordbdate this meld pool the solid
bed deforms. The deformmtion mimnifests itgelf generslly in three waysy its
width chonecess its helight changes, though its effect is masked by the contimious

meltine of materizl at the melt film interfacess and it: accelerates. At sone

L

later point melt films may apperr between the solid bed and the screw surfzce.
The film between the side of the s0lid bed and the flicht is treated s i¢ it

were an extension of the Tilm hetween the solid bed and scwew root. LAlL the

e i 4 £

melt £ilm thickneasgﬁmgre explicit functiong of ?%, only. The continuity

of the situstion is mrintained by equating the transfer of meterinl bhetwesn these
three regions: the solid beds; the meld filmsg snd the melt pool.

It was steted at the end of the last section thet the reguired five cquatiocns

are obtained hy application 6? the laws of conservation of mass and momentum .
However if this iz done without h8ving performed certsin supplementory analvsis
then thoze five equstio s »ill contain a number of }secondsry’ variauvies saQ

will hence not pe in 8 forw from whicn tue reruirsd solutiou cab. be obtained.

la otuer words these 'secondsry' variables must be eliminated from the main

five envations. This is done by performing the relevant supplementary analysis
which enables “hese gseconddry veriables to be expressed ss functicna of the five
primery variables. In the exposition of *the snslysis that follows this supple~
menfary analysis is presented prior to the derivation of the méin enustion:

so that the results of- it are available *o eliminate the secondary variables

from the nain eguations and leave them in a soluble form,

The gupplementary snslysis consists of four parts. These are; a momentum and
energy analysis of the melt filmss an energy analysis of the solid heds a momenium

snalyzis of the melt pooly and an energy anslysia at the melting interfaces
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betreen g0lid bed eud melt filis. Fooure 3.3 shoews dlagremmaetically vwhere the
results of these svpplementary snalysis are used in the dorivation of the main
egustions,

Throughout the following snalysis it is assumed that the meltins process is
steady, that the solid bed is a hemoseneous isobtropic conbinuum, that the plastic
has constant phyvsical and thermsl properties in each phase snd %hat it has an
identifiable melting temperature, "Tm. GCeometrically the screw channel is treated
8% haviqg been unwound and heuce is described by‘a Cartesian co-ordinate system.
The effect of decreasing channel depth is taken asccount of by assuming the channel

to be locelly parallel, that is, the lubrication adproximation is applied.
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+

Supelementary Analvais

ks NMelt film momentum and Energsy enslysis

<

‘T

For a Newtonian constant viscosity fluid the messue flow rates in the vpper melt

film in the =0 and % dirsctions rospectively por unit length, sssuming that

n -

preassure gradients have negligitls effect on the velocity profiles, would be

; .

/ - < .
ﬂ v ey ‘\V’ "‘ 5: 7 wi "ff"“' b IS
My s RIE R AL ¥ . (§o12)
* -
e N e Ve Y A & i’?
and, / ’zyv},m (J&%,rxwﬁﬁésw me; s (3,1%)
vhere \/Uggi? the component of hazrrel veloci n the &¢ direction
\fu%,is the component of barrel velocity in the 2 direction
o <
« 1 A . o~ < s
Win is the component of the solid bed velocity in the %, direciion

f¥w is the density of the molten plastic
the subsceript {ﬁ} denoting the uwpper melt film

The non-Newtorian flow analysis used in the present ﬁork is baged on the analyte-
icel solulion developzd by Hertin (33) and cxbended vy Fermer(39). The detailed
enalysis ig given in Appen@ix Be It is essentizlly formilsted in non~dimenuional
terms end the problem it solves is posed. as folleows, referring to Fisure %.4.
The flow is that of fully developed pure drag flow between parsllel plates of
a power law fluid, Recsuse this analysis is essentially anelytical the assumption
of fully developed flow mist be mnde, Were that assumption to be relexed than
a different numerical solution procedure would have to be adopted, This would
add great complication to the problem of finding a solution technique for the
overall enslysis, Thik then is one reason for meking the assumption of fully
developed flow. Additionally, provious theoretical analysea have used this
agsumption and it does not seem to have introdu&ed any large errors. With the
proviso that at a later stasge this sssumption could be dropped if it is found
to be necessary it will be retained in the present work.
The requirements of the ana 1v31q are the boundary tempereture gradients, the
shear stress vhich by the nature of the problem is constant across the flow
region, and the flow rate. The moving upper houndary in figure 3.4 is the
barrel or screw sur{ace according to which melt film the anslysis apprlies, and

the 501id hed

[-!0
|

s the lower bhoundery. The tompsrats

LTn oo Yapmaaan o d pan e
UReSE GQUNOATLES Gl
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Fizare 3.4
Sketeh of the fiew domain used in the melt film analysis
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The coordinste system for the solid bed energy analysis
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in principle be readily specified., The coordinate direction normal to the

boundsries is %ﬁ , whose origin is taken at the s0lid bed surfece. The

: . ot . . b . s
distance hetween the plates in this direction is i « The flow cccurs in the
. . . s . N W e v e . o . .
direction § , with velocity u&{%;g ~hich g $he dirmetion of the resulbant
o Ed .

LY
%,

velocity of the upper surface relative to the lower, *jé e The congtitutive

[

equation for the fluid in this analysis is itsken to be

Lo hied
£ ? T duy @8 [ S
e - AT Yoty o U - g i
()’ b g ¥y o gg - ¢ f - b :{;é 2‘::)“5 (5,94}

whEre 4 ig the visco osity
i is the temperature

5 is the datum viscosity as messured et shesr rate ‘.‘{3";} , which ig

- A e
usually teken as 1 sec s and tewpsrature w:“;j} o
{f" is the coefficient of temperoture sensitivity of wviscosity

71 is the powsr lew index

?3; s ¥ and Ty are usterial properties. The most reneral form of this
constitutive eocuvation, known es the ‘power law' model, and its derivation are
discussed in detail in Martin(28) and Penner(29).
When the melt film snalysis is applied to the upper melt £film, the distance
between the bounderies i &, o the upper boundary ‘temperature,wﬂy . and the

velocity of this boundsry is given as

. b
\f 5 el \ f { Y 2 F
‘Jij = \/fim«a "+ ( Vo, ’“Q\V ”‘“\5 g (5.15)
oo & R .
%*,"ﬂz
Thus the results of the anslysis is s non-dimensional flow rate, Cg;i s and
M L
a non~dimensional shear stress, gj,& , in this { coordinate direction, These
) |
qu.a!{i’ties are then resolved into ¥ and } directiong using the following \

\

relationships.

CQ‘.; s = Gzi} Sin ;3;; (3,
% ¥
&, = Q‘i o /33 | (3.47)

O
S

\aag B i
* L
girilarly for "£;. and &5';'},
where AR’ &Y, Y/ \:E
9 e Lo Wi = Vg }
/(_[J s ﬁﬂ,w"z v / \5‘? & ‘:‘;‘ Ji i (3;78)

The corresponding components of the dimensional mass flow rates per unii lengtihy
#
"“g % . P (“"; . .
‘3 s M2y be derived from the definition of i which is
&



My = Pen Vi H@j (3,19)

For the uprer melt film these are

4
£ ge % 2
4 ER

Comparison of the sbove two enuations

o

Y

%
. . . “wi PNy oy empyena ] e
thet they are identiczl if &ty = O-3 , as would be aspected, ™he rosulis

of the @en linear analysis are presented in the ferm shown above as 1t explicitly

hebe

[ .
identifies the film thiekness, <&, o This is importent for the developenment of

the complete analysis, |
When the non-linear analysis is applied to the lower melt film the distance

bhetween the boundaries is ggg, the temperature of the moving boundary is the

Y

screw temperature, I s and its veloeity ds Vsy o Trus here

1,

the J and

directions are identicszl. In this case the mags {low rate in the direction
per unit length is given as
A 5 < ’%
f\ % :Z» - z‘: \js& ‘z,.r M %”ﬂ‘ﬁ"‘é ; "L (}{ g_ l (3&2?)

where the subscript (2) denotes the lower melt film,

For completeness the relevant expressions for shear stress sre now given

e ®
Tis = Y X ces,’; (
k-

N
*
N
N
~—

Tay = ¥ i (5.24)

—

where, in generasl, the mean shear stress, & , is given by

Lyn-i o
o f*gg\ Vil \/3 cexp | ~U T =Tyl (3.25)

¥y H | ’
As has been said, later analyszs reouires 2 knowliedge of the temperature

gradients in the melt films, Thesa are

.4 (3.26)

~

) o= {ém “1 » ‘ ”‘L (3027)
4 %=

(3.28)
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& B ad ’ “"?"" ; (}%
{“% f 2z, e (% 2 - E (7 ~ )
Eermamtt é ( { ;"‘"’";« Je & 9
% -
{3 Q}:& J u} - o ' \j; [/ o i "\Eiﬁ‘ o ,3; o by oo
where ﬁ%lﬁ is the non dimensional temperature gradient
4y

Thege then sre the relstionships derived {rom the mementum and energy analysis

of the melt filma vhich are used in the subseguent snalysis,

. Bt The enerey snalysis of the solid bed

i

There sre two aspects of this analysis thsat are of importsnce in the oversll
melting analysis. These are the temperature gradients in fthe =olid bed in

the + direction at the melt film interfaces snd the developem:nt of the tempersturc

e

.

o . N . . VT .
of the bulk of the =«0lid bed sz it travels in the,’ direction, downchannel
The coordinate system adooted in this analysis is showm in figure 3.5. I¥ is
agsuned thet the temperaturs profile is independent of 3¢, to be conzistant with
Eh 1

.

the assumption that ﬁ1e nelt film thickneszes are indeyendeht of 2.kt is &
ressonable spproximation during only approximately the first half of the melting
process. In addition it is assumed that heat conduction is only iwportant in
'meﬁﬁtw&im, ,
The effect on the temperature profile in the solid bed of the reducing height

of the =0lid bed due to the tapering ofthe chaznuel and the developement of the
melt filws will Dbe accounted for by e similarity epproach, “whéra~, the contine
uously reducing height of the solid bhed is approximeted by a finite series of
porallel sections,esch successive one heinsg less high than the previous, thet is,
the s0lid bed is teken to be locally parallel. The temperature profllm at the
start of eseh such section is sceled down from the profile at the end of the

previous section sasccording to +he ratic of the heights of the two sections,

Simplifying the ener~y eaustion in the li~ht of the above assumption gives.

z
37T V’ N 3§ T
AN fimz:‘ = Sy - s wh WGy G is (3.30)
o % 38 . %
Y S ) e P 4
"‘*./"

vhere < is the thewmal diffusivity of the solid materia

Véq is the velociby of the s0lid bed in the g direction.
\éS% ig in genersl a function offi and ?}but, in line with the previous

£
assumption,ﬂﬁgjris,a function of’iwonly.
& £



The relevsnt houndery and initial conditions are

orzagon I " " - ” )
T = Te at 7 o= O, 811l
ot wr &
steagy e T .
SR P et Lt = o s, all 7
i o of (§$31>
i IV T . 3 " y " = 40 sy o '
3 g H £ at oo ir_" 3 for ‘[\'A ) if ! o L, i rey
’ b . o
- g 8 . s e
e, ; Yo s e,
to o= | iy at u - Ble o forys if RN AR R
vl fa “ N o

where | is the initisl wulk mean temperature of the solid bed

;
wa& is the local height of the s0lid hed, defined in genersl
o8 i & e - < %
. =B A P 6 T B S Ve g -
P LR (o A ¢ o, 47
% 2 (3.32)
and it should be unoted that ﬁf;s may be & funection of 2 .,
o
The follewing non dimensional verisbles are defined
(3.33%)
Using these definitions &3
L Ze i : s, T *
3} L ‘N‘ i e
s o e e ERH
\;‘ ‘R‘;’ ;:l 'Q*"\. ey (56.)’14)
L > &y 5
e P L
And the boundary and initisgl conditions become
#*
h e W
s=1 a Z2=0 , all Ysg
spe H e #, .
PS5 dan gt , 811 2.
tr & itn at =y, for g, if R
s S s i\f \ stanasier 68 . [
e - . wp . B 4 :‘ N
i G5 o { [ at t’!,‘ﬁ e {{ e for &£ if RN ,ﬂg:‘“ § ity

It is now reouired to specify the velc:ci‘ty(%«fg\j » This is done by assuming

that it is z linear function of YS , thus

® JE
N ' . \ .,
Vo (V) E\/S% )= oy (O] Ve + Veg0) G0
The vslues of M%(f}md \/ U(ﬁ)can be calculeted from the melting anslysi
at each interface vm ch is described in detail lster., Using the results of

that analysis glves

#
Vs%(@ o W Hy 57

onesma ! el ( e

Ps o
where (W, 18 the mass of the material melting at the upper interface per unit

arca per unit time,

For the lower surface of the solid bhed
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\\fg\5<§> ﬁi (}"ig
\

|
‘_, - 2 - 3 @ L3
: 34 La o) 50 R L (3.3%)
v N\ - o -
J LN2. HIE e
- 2 :
where (i) 5 13 trhe wegs of materizl melting at the lower interface per unit aves

per unit time.
and 4&;?; is the step lencsth in = direction used in the rumericsl formulation

2
of the probvlem, ;
The first term on the RES of eguation (3.38) represents the velocity of the
lower interface rvelative to the upper vwhilat the second term represents the
velocity of the solid reletive to the lower interface,

S k-l

In the zotusl solution the valyes of R/Eagﬁ}and\Vgﬁéf}are caleculated from a
knowledge of the relevent variables et the preceeding two steps. Thisz is
therefore an approximation but ig justified in that it is e third order one
when considered in the context of the overszll meltins analysis,
Bguation (3.%34) is solved using a numerical finite difference technigue. DBecause
of the iﬁportance in the calculationg of the tempersture gradients at the
boundary, and since these, a2t lesst initially, will he relstively high, 1t was
thought degirable to-construct a varisble finite difference eorid, such thaot
the grid specing was gsmallest in the regions where *he témper&ture was varying
most repidly. The geometyy of the grid for 2 gimple five point mesh is shown
in figufe 346,
The grid spaénﬁﬁ,lﬁi%fgéiﬁ’,in the 3/5 direction are defined as follows
AYe (=05 (8 tor 1 i (T+1)/2
i) for L o= (Tt} /.fl (3.39)
> (I+1)):

#eon
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e
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[
=
v %
Vv i
W

L
where :g is the mumber of grid points in the %/g direction, which in this case
ig neceasarily an odd number, and.‘g is the ratio of adjascent grid spacings
and is conastant. The sbove form of varisble grid geometry was chosen because
the details of it csn be easily calculated in the computer program of the

golution itself, and readily it into the formet of the finite difference

numerical technigue., it is also fairly flexible in that by specifying i,

% ‘ . . ‘oax e
% the grid is sutomsticelly defined snd yet variation of these two valwes

can produce a wide range of grid patterns. For more peneral ussge it has the
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The finite difference grid uvsad in the s511d bed energy snalysis
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liniteation that the grid specings asre always closest at the boundaries. In
T T and § sl

the preszent case wos taken as |/ and Hoasith, Tith this grid no problems

were encountered in obhtaining solutions.

.

For such a grid the finite difference approximation of the second derivetive

\\,
of temperature with respsect fo /‘f:; is
2 ® 3 . i %
..é'mm-];?.- e e (T s&( {,{.133&,} z‘& {i };‘H’ +- ?EJEMLA}..}»}
oY L,k AYSON (14 5) £ 5
e Je

. e s L -

The deriv-ticn of this equation is given in detail in {:}3};.%&{ (37). Because
of the convection terms in the present formulation, to avoid stability
problems an uvpward finite difference approximstion to the first derivative

of temperaiure with respect to ys ig vsed.

* ' . .
2T | = Telenk) = T

]
3% |, k AY, (1) | : (5.41)

The tempernture derivative in the direction of developement is expressed as

-~ L. \ o N 5, - .
.Zf’..f‘ﬂ_ | = l o (e k) T (iRt e QLA é ( )
i ' ’f‘i ':‘7" S o 3 042
S L L k ) A

Using the above finite difference approximstions, equation (3.34) at a point

in the go”{ bion domain defined by

Vs = 5 S AYs () 3 2= RANZ

(3.43)
Lwi
isg, if g fully implicit type of representation is used,
. i '
e = Yaalk)) TG R)
AY (. (1+8) Y ()
+[\15g (‘ - "l? -+ \_‘f_ig_,:w{k*i) - 2-{___ 7_7";(;,&’.)
AN PANS ANLNON
Iy P 4 . 4
- . cém’} e t_(‘? (H‘fl %‘3.) — \/ {k{ ) «T-:; (L %"‘4}
AY(1). 5.0+ 8) /,f‘,}.'Z,. (3.44)
Equstion (5‘.,44) cen be ertten more srnply as
a (k)T (k) + ale, k). Te (L5) + ol k) Teik) = by (3.45)

The complete system of eoustions is define’ by | < L & :E

This syatem ¢@n Dbe written in matrix form ag

IATLTS ] = [8] (5.46)

The matrix of the -ecoefficients, i/ﬁg} s, is & tri-diagonal matrix and is



diagonslly dominant for xgﬁsiﬁi, which in this particuler problem is

generally true, Therefore the obvious method of solution of the system d-fined

. i 2 A . s e . )
by equation (3,46) iz by a sinplified Csussinn Elinination Algorithm epplicalle

to tri-disgonel systems. Such sn alporithh . is well known and is discussed in

Pl ¥

3%5%@1( 7\ end most texts on mumerical technigues, to vhich the reader is
reférred for further information. ) ;

Thus the temperature profile in the solid bed is obtained step by step downchannel
This downchannel stepping is done in %ime with the stepping of the overall
enalysig 2g will be explained in the next section. The dimensional thermal

gradients that are eslculated by this numericsl analysis procedurs for use in

the derivetion of the main equstions are stated as follows,

e T 3T: |

1
; : : : \ (3.47)
SYg Lm0 b~ B3~ 8, 5,3 a% § Y=
4 =] & & 5
. = e
RE E o= Ta el L3 L, . (3.48)
S, e Hg (HQ” % by TS ﬁ?% P Y5

where, it should be remembered, the dimensionless derivstives sre numericelly
evaluatede

Cr Momentum snalysis for the melt pool
The melt pool analysis is reguired to calculate the melt pocl mass flow raie
in the '5"direction per unit length, §%m§3 ss & function of the pressure gradient,
é‘3}§f%, and the melt pool geometry. For the purposes of this ealculation
the fluid is zssumed to be incompressible and of constant viscosity. The flow
iz taken to be lewminar, steady, isothermsl and fully aeveloped. Gravity forces
are neglected and no glip boundary conditions are assumed.
The conétsnt vigcogity assumption is essentizlly made for simplicity in the
analysis at this stasge in the developement of the melting meodel. It can, however
introducg significant errors into the solution ss ig shown in the resultis
of the present analysis which are presented leter and is not therefofe necessariy
a valid assumption, ¥ gvre 3e¢7 shows the geometry of the situation. It is
basically a rectangular flow domain with two moving boundaries. Were the solid
bed velocity,\¢y%, to be zero then the problem would correspond to that cf
the flowjof molten polymer in a screw channel, The solubtion to that probvlem

with the cssumptlons stated earlier was the {irst presented by Howell and
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Finlayson (36) snd has been given more recently by Todmor and Hlein ( 5)

The solution iz of the form

T = B4 o Jipbe (3.49)
2z 3 -

gs““i

where the dimensionless f{low raﬁe,j??jﬁ ¢ is defined eas
TTq = Q)W He Vs, C (5.50)
where g% is defined by equation‘( 2,% ) and the dimcnsionless pressure gradient
)Qwﬁ s is defined as

e

E*% ?ﬂij\f%%

2o . .
whers { ¢ is the constsnt viscosity

(3.51)

6"" . .
f“; ond thln eguation (3.,49) are known ss 'Newtonisn Shape Factors' as they are
functions of the channel geometry only. They are defined by the f0110W1nﬂ

expressions

€3
o, . le W ‘E £ banh fim He \
s e P . vaaalll S
7 gt Moo e \ZTW (3.52)
B - R
€3 'i
- i v PR (5 -
E'F" -1 - gs“;., He ':% fun%{;thmi;f% (3.5%)
FoP W VA

l = ‘1«‘«5'

The first term on the RHS of equation (3, 49) that containing ¢ é s reprosents
the contri butloﬂ 0 the %otal flow raie due to pure drag. The second term,
containing FTP , represents that part of the totsl flow .dhe to pressure. It

is becauge the fluid is of consiant wviscegity, that is, linesr, that these

two tefms are entirely separate,

It shozld be noted that when the ratio F%CJMV is equal to zero both shape factors
equal unity and the flow rate is that of flow hetween infinite parallel plates .
Ag ?4q[V¥increases the velues of the shape factors decresse: representing -

the effect of the stetionsry sides of the flow chann§le

Becsuse of the indebenéence of fhe drag and pressure;nduced components of the
flow rate it is possibie to tske into account the effect of a second noving
boundary quite siuply. This second moving boundsry in the present case is the
sclid bed, The additional drsg flow created by the movement of the solid can

b

be added in as a separste drag flow term. Thus the equation (5649) becones



-

It

for the melt poocl ﬁoluﬁie‘
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done for ¢0u;a01ug11ay with the melt film flow rates,

de
¥
oW

2 7 ¢ niom s f 5 z A
ATLG pSiY; PRt \‘V IR }{; -y (Du)o)
#., 18 caleculated at the mean temperature of the meld leaving the upper melt
LR

-

ilm znd at & mean shear |

G e & E( o (3.57)

The mean temperature is calculasted from the melt film analysis proviously

oputlined by meong of the following definition

(%7 d
> X R [
= LouL 1 du
vk 5 % (3,59)
- - 3 PRI

]

D: Energy conservaetion at the melting interfaces
Consider the upper film first, let ), be the mass of material melting per unit

time. An energy balance over unit area of the interface yidlds

H ﬁ.ﬂi‘. §
> o % (RN jp— -
Uﬁ} VAT~ ] e (35;—?9)
. I RT
LEFRLES :
where {,ie the thermal conductivity of ! molben material

where}igis the thermel condvctivity of the sclid meteria

et

wheré,&iis the effective latent heat of fusion for the upper interfsce and

is defined es

g
}%E et }Q e {:m{” ?sx,; (3.60)

where :% is the latent heat of fuzion of the material

Cmie the spcunfic heat of the wmolten material
”F; is the mean temp ture of the molten material entering the melt pool from
the melt film and es hes been snid previously iscslculated from the melt film
anelyéis applied to the upper film by means of equation (3.58)

. .

The second ferm on the RIS of equetion (3,60) is included ag thermal convectio

iZS
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in the %ﬁ direction in the melt film is ignored in the melt film analysis,

The inclusion of this term partly sccounts for the omission, However it ig

an approximation in that it mekes the implicit assumption that all the heat
required to raise the temperature of an clement of molten materisl from its
melting temperature to the mean £ilm temperature is supplied to it at the
melting interface whereas it will more realistically be supplied éont:quou aly

as the element moves into the film away from the interface, priér to being
discharged into the melt pool.

The effect of omitting the thermal convection in the \ and 3 directiong in the
melt £ilm analysis has been investigated by Sundstrom end Young (38), They
performed sn analysis of the melt film developement for a power law temperabure
dependent fluid end got &ood agreement with experiments when thermel convection
effects were included in the snalyeis, but if they were neglected they obtzined
errors in the predicted melting raete of Letween 105 end 15%. However they

did no computations on the size of error obtained if the latent heat of

fusion 1s wodified in the way defined by ecuvation (3,60) end the analysis without
thermal gonvection vsed. Also the experiments they performed were not typical
of exrtrusion conditiong in that the relative velocity of the two surfaces was
lower than would be usual in an extruder and hence most of the energy for
melting was supplied from the hot metal surface by conduction. However the
implications are that at the least the effect of thermal convesction in the film
should be approximated in some fashion,

The previously derived resulis of eguations (5.26) snd(5,47) sre substituted

into equation (3,59) to give

Wik, = Ralc fie — kﬁa T d Ts (3.61)
g?‘}! &Y, Y20 (t,~ é}*?&a,‘gdﬂ Y =0

- . . e s X ;Y
where both non dimensional temperature gradients are implicit functions of <4
A
and Vﬁ}

For the lower melt film, if <34 ig the mass melting rate per unit time, then

Gz %za = le ‘;fji —. ks %ﬁb (3.62)
d(f)? (\.3 € g@ﬁ;i%ﬁ‘\isng
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. . e .
where }’\& = A Ceon L T, = Im (3.63)

Substituting into eoustion (3,62) fron epuations (%.28) and (3648) gives

S\ o= b AT T (7
Wiy = Lm GLF — Rs. Te | St { (3.64)
foo i ! _,r;.},,:;)mf' § _k\z A
Uodg i N C‘"‘ic’ ey Y 1 RS Y

/,
In both enustions (5,61) and (3*64) the signs of the temperature éradients are
ineluded in the equations and thus only the marnitudes are féquired to be
inserted from the previously described anslyses. In the anslysis of the upper
melt £ilm, the lower melt £ilm and the scild bed the origin of the {ﬁ coordinate
and its positive direction were chosen for 'local' mathematical convenience,
differently in each case. The inconsistency resulting from combining the
resulbts of two analyses in one eguation, as is done above, is removed if the
signs are explicitly steted in the eguation. This can be satisfactorily done
in the present case as heat transfer always occurs from the melt film to the
s0lid bed,
That is

Wy =2 O always for L =), 2
Finally, it is sssumed that the mess melting rate per unit srea for the melt
film between the solid bed and the sorew flight is equal to fef; .

That concludes the presentation of the supplementary anslvses, The derivation

of the main ecuations now follows,
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Pigure 3.8

An elewent of the upper melt film
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An element of the lower melt film
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Derivetion of

Main Eogustions

4
The element
halance can

be stated ag

Change of melt film

Congervation of mass in the

of melt film cons

upper melt film,

idered i shown in figure In words the mess

» rate over) Net flow rate out of the!

flow rate in o direct 10?§ the interfac (ilm in = direction
o . -
Mathematicslly this is
d ‘Mw Y% wr (el A (é\/‘! ~ M X, /
= TR ; x { ) (3.65)
da
where iz, is the mess flow rate over the light in the ki direction per unit
length and is calculated ag if the flow were pure dres flow of s constant
vhecosity fluid, thug
B/ o S BT " .
3§%3ﬁ meWER P / o (3.66)
& being the flight clearance
Substituting into esuation (§ﬁ65) from ecounations (5»20) (3091), (5,61) snd
(3.66) gives
» e YO
\k g & f:‘:igL at’b,g-nyﬁ ?(M“”- -3 \i"gs?‘/; —— ;?,.&(<gi 6’,}\%
% G 95 : oL Sl
d;.z, 3 “
" ;w s %5 3 " nm*; -
R e AT
- {r b T’im(, A e < s ¥ LY - & 5 {’)7
me ;.\‘i b by nji;’% §y§3,@ (4o~ i,g‘%‘ Bt /c. e .4 .

-
.

2 Conservation of mass in lower melt film.

The application of the mass balance to an element of the lower film, shown in

figure 3,9 is simplified compared to that

for the upper film, in that flow in
$

the ¢  direction is neglected. In words the balance is sbtated as
Change of melt filp flov ? %Wbi+1n* rate over!
§ = l
: . -
' rate in % direction 1 éﬁhe interface N
| . rel . ...,,E
Hathematically,
,‘ (, S/ ‘% 2 *
S Mz; NJooE g S (3.62)
d
b g
Substituting inte this eavation from ecuations (3.02) end (3.64) gives
- N\ \z ) 1 -4‘)‘" " Pl " ™
(L(gs,;‘”‘a\k;f;-i ﬂ(:, P K !:im iﬁi " ! _— o e %;*iwﬂ {
N T L 0 PO (] ety kel P (3.69)
3 A 1502 10N, lgrzm} i"iy"fé‘-é“?ﬁg* 53,@) faYs ‘3”5.:?53 ’

°
.

b

Congervation of mass

applied to the solid bed.

The element of solid bed considered is shown in figure 3.10.
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An element of the solid bed
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The verbal expression of the mags balance is

-.»‘
i

-

i Melting rste over

{Chauge of sgolid be&«floﬁx Helting rete over

i .
E—rate in §,direc%ion éﬁthe uprer interf&cfi gthe lower end side;
: | interfaces i
b A
Mathematically
’ « Y * L \
j:i (Vf:}'ﬁ f{’. %’%ﬁ {%) — iz&j; 3{& - w?wéif‘\"? 5“;}5:‘} b (3'70)

&

&

Substituting into the sbove egusition from eguations (5»52)y (3.61) and (3.64)
givea,

a4 [\fﬁa A He- B~ -8 =
i, ™
(lé

£z X *fgz%é};%V:a (Ho g &f%aié

o o N & e
FER A e e ‘% 23

4t HEguilibrium of forces on the solid bed

There are two different cases to conzider here depending on the nature of
the shear stress on the lower surface of the solid bed, The case of coulomb
friction stress, arising when no lower melt film is present, is considered
firet, The csge of viscous stress arising vhen there is a lower melt film
ig considered later,

It is assumed that in both cases that the pressure in the s0lid bed is not a
function of =< or ﬁj and that the viscous shear stress g@xerted on the gide
of the solid hed by the melt pool can be neglected,

In both cases the verbal expression of the force balance is,

' o oy -~

. : {

Change in pressure foroé} B éShear force on top 0f§+%MShear forces on bottom
T E } and side ]

over an increment Z§>E¥ bed in E% direction i iof bed in '%‘direotiong

Methematically for coulomb friction on the bottom and side of the solid bed

this is ; » VoA
B ’i } 4 ” - % o ‘:r* & (7 l' X e
db Hs A= Wiy X - Pp (Rt R (3.72)
a4

Ay
where}k is the coefficient of conlomb friction between metal and plestic.

Substituting from equations (5,25) end (3.32) into the shove equation gives



£
e T, SV ¢
C"‘P = TS {“O;‘E - Ib FLIRD L %‘% YDy (3.73)
< o f LR €%
43, (Mo~ o~ ) A H, L':g - oy}
88 E}.& o O

. %
vhere it should be noted that i: and”t i are implicit functions of 5’; and ‘j <

-

and cos /ﬂ is an implicit funciion of \,ff,—a
For the second case with viscous forces on the side and hottom of the golid

bed, the force balance mathema*icelly, is
$

5 by t v ‘>/ oy (/ fooe 8

Gk - ! — . e Y 4

‘\J’: ; ng,f‘a = Aifpé % S S A mﬁ,ﬂ?i%} (3374)
¢

¥
Vs

Again substituting into the above equation from equations (5&3), (3.24) snd

(3.32) eives

é e = ’5’ i * / M - P S ‘%l
e TE T o o L AN D ~0, 4a )
FDINLTR armAg . X, TR pegaiaty e
£ " & -
dr < % { M- B - 8~ 5e ) (3.75)
i<

s 8 / |
. - L W O
wheye 1 o and. ’ij are implicit fuﬂcmons -of &, end- \’ Iy

5: Congervation of mass for the whole channel,
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Clearly at every section of the channel the sum of the down channel flow rates

in the melt pool, the solid bed and the melt films nmust equal the throughput
2
rate, MT s thus

r"ﬁh‘ = X z%«ﬁ%M u P Mr, ¥ “’gaz ;’é (3.76)

o
&.

where Ms@is the 301id bed flow rate in the < direction per unit length,

&
given by

v
e o S Ve M- _—8 . 3
Mﬁ}i- = % Vey (Ho =32 &y~ by ) (3.77)

Substituting into equation (%3.,76) for the various component flow rates as

defined by equat‘lons (7.21), (3.22), (3.55) and (3.77) sives

®
Mo s A P 60 Qg (Vg -Veg )+ K 0 6, Vsg + X, §s Qsj Ve
“+ {)m(W'y’a"%1}{{“!&“&'?5 '/N{ \}\J{(rﬂ Eil?\ %} 53 = (H" . ?7\ g:’p {}‘E 1%
‘ 5 He (,"?;;M ‘jmil
£ Ve g % (Hu*@%ﬁ%e”%m‘} (5.75)

The partisl derivative of pressure ig written as an ordinary derivative as
the azr~umption that pregsure is a function of ”} only, is invoked,

Ttig. apparent from this equation that the present analysis requires an

independent equation relating d}?/c!?‘, to the primsry variables of the problem,
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This eruabion is, of course, obisined from the force balance on the solid bed
as previovs outlined. It is assumed thet the pressure gradient so derived for
the solid bed may be applied to the melt pool.

ihe melting analysis developed by Donovan (12) and Padmor and Klein (8,75)

used the melt pool momentum anclysis to caleulate the pressure gradient, They
were sble to do this hecause a knowledee o¥ the pressure was noé reguired in
the melting analysis proper and thus could be calculated separately at each
section using the results of the melting annl&sis at that gsection. The
independence of the meliting analysis from the pressure gradient wag a8 conseouence
of having mnde sufficient sssumptions concerning the =0lid bed velocity e to
render it a dependent varisble, thug leaving only the solid bed width and

the melt {ilm thickness as independent variables. They hence needed only two
mein eguations which were derived from mags balances on the solid bed and

melt film, neither of which contain the pressure gradient. Thus, having at
each gsection calculated the loesl s0lid bed width, the geometry of the nelt
pool was defined, In sddition the local melt pool flow rate could be esleulated
from sn eguation similer in form to the eguation (3,76) and hence the pressure
gradient could be calculated.,

Such a technique is not possibvle in the present analysis becsuse the solid bed
velocity is azn independent variasble and the additional equation reguired is
supplied by a mass bslance over the whole chamnel, This eguation contains the
pressure gradient and in turn this reouires that an additionsl independent
equation relating the pressure gradient to the other variasbles be derived, The-
resulting set of five equationg are simultaneous and ag such must be solved for
the five variables simultaneously.

This then egsentislly completes the derivation of the egu=tions describing the
présent melting model. The formulation results in six ecuationg though only
four or five sre uséd-at any one time, the sixth being the alternative
expression for the pressure gradient should no melt film be present, Thus in
the absence of a lower melt film there are four main equations (3.67), (3.71),
(3,73) and (3.79). 1In the presence of the lower melt there are five main

equations: (3.567), (3.69), (3.71), (3.,75) and(3.78). The solution of these



¢

ecuaticns ig dealt with in the next section,

The mathematicrl dascription of the model is not complete without the relevant

‘

boundary and initisl conditions. The five general initiel conditions are
& (0) = O
g {Q“% m O
K (o) = W (3.79)
f‘ (}} o é}m a

7o . %
Veg(chm Mg f (s ¥ M}

.

where F” may be taken ss zero or any finite positive value, Thesze are
essentizlly the mathematicel initial conditions and it is necessary to modify
these slightly to fit in with the mumerical uature of the solution technim

Tese modifications sre discusged in the next seetion,

*

Adaitiondkly the following beundsry condiliions need o b§ spscified:
Tae barrel temperature, 'ff s as a Tunction of

2
&
The sorew temperature, “T' s 28 a function of 2.

2

The barrel velocity relative to the screw, Vi

L ad

The melting temperaturs of the material, Im

Lgain further discussion of these conditiong is given in the next section.
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%.5:  The Seolution of the Governing Fowations i the Medel

eseribhing the solution scheme it is necessary to make certain changes

e
5
=
[2]
Lz}
@
o]

to the formet of the main equationss the indicated differentiations sre carried
out and the eguastions ree-arranged.

Thus , equation (3.67) becomes

LY 1 ;
Ch ckfgf 4 gz t}f‘@,ﬁ e Ty Q:%EFE = M ’ {(3.80)
d ¥ < & S kS
vhers - Y % ;-
Cy = A { C.V*»“éy ”\V’%&'%? (“3%3 " %\ff&g} (3.81)

In a similar frghion equation (3.71) coen be written as

| ¢ .
Car 5 4 Caz 9A & €op @82 4 €, %
| a2 da 2 (3.85)

where

C‘?—f - }‘i‘\/.‘;'ﬂi A (3086)

Y < Y
Can = (Hﬁ‘“&f},” g = L %} %%eg&'%,, (3.87)

2

A o t *
d,= -~ | fm_'*gki - ks T diled ]
s E_,‘Sf%};gd:ﬂ 1Y, =2 gg“%a -5 - é, ?.37.\) i"‘g\}‘(’;j\f’gza
- ()‘i-ﬁ-Hg"r:}’fﬂ%*’?\aﬁ{m;m§’£:§~E - R T ”%w;r”,*’g 1
B e {r 62 1dYs byeo (t—%o—g;i;é;bg_;%gé)fg Ws”*‘j (3.90)
(

.69) becomes

3
C?m-‘-%:f‘g go Loy S&.‘é} s Cag dx‘!i% e Cl

& Z«»’ PR o 3 (309‘1 )
d % d3 4

&
Crz = 6z Vig Qg (3.92)
x

. ¢ N
C}"} Py >{‘~%i§'}‘ {’;&23 (3&93)

Bed

A
(ﬂ:'i‘?' — 8& )f‘*@‘#

. (3.94)
LI
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&3 — Erv\h' "W.Zz ! J— kg ’{} Ei%rvlﬁ
£ ) P , 4 oy
Pm)\gﬂ By VAL fp Yom D (H’o “7;"‘-“‘@4 53.}?3\y§57$”‘
45 A P
- E’I’.)\ \;5"}, ?Jffjﬁ“"f‘
ey (3.95)
a2
¥
The basis of the zolution scheme is to solve the above three eguationg {5680)
(3.85) and (3.91) with the solid bed accelerstion locally constent Thusg
putting,
Y EZ .
3% == constant w e- (3.96)
ei“
enables tze three equations to bhe written as
- — -1
A ¢
S Ciz 8!/‘&?&/§ E-L.cw‘ ARy
IO N e At
Car Con Can] A/ d% % — §§:,£mér "f‘ Y"’;? (%.,97)
Caz Cany d 62 /0% % E ~Caqt Qg
i - A

or, in mebtrix form

QEl=m e

Assuming the matrices {(f} and éE}é sre locally constont enables the soluticu
of (3.98) for the derivatives of the three main variﬁblesggﬂ,?é, 83, that iu
7
the ¥ field, to be written as
-t N et B .
[¢'] = (€] D] (

where the functionsl dependence of the R.H8. of this eouation on the primary

«99)

ord

or main variables and on the secondary verisbles of the problem can be

shown in the following Tashion,

‘ %
“ -« - t{” .1 . y >. . ‘k.
[,C:} [DJ - gg:{u _j’ 8‘ 32)‘2.3 ‘}é', \xjf}} 3 {:{3% 9 }z,! 3

A6,
g"gg (3.100)

(g i )

icm | 44, }mzc% f?i gaagg
e 2 o | mm——
A7 l;s 00 d ‘;kyz;'}’v-o [dYs |y

whereﬂ""?g% % denotes the matrix functj.on.

w.,ﬁ”

A direct method is used to solve the system of enquations defined by equation
5.98), . However, because there are only three eguations the necessery

manipulation of the coefficients to give three equations of the form shon in

equation (5,99) was cérried out by hand and written into the oversll sclution

schene explicitly.

The genersl solution procedure may be summarised ag follows,

At evefy step in the ‘zr_direction initial wvalues of the variables are predictad

A velue for s0lid bed acceleration is prescribed. Hence the cocfficients of



[C;.j aﬁd {—'f:}} cen be evaluated, The system defined by eguatica (3.98) 1is
then solved.
Uging the new i‘j { field the values of the variables are corrscted =nd the
terms of {(Z J oend g&:}w re-evalugted, This innor iterative cycle is repested
until & suits¥le convergence criterion is satisfied, Using these vilves of

the veriables the totsl dovn-chemnel flow rate is celculated by{use of

equation (3¢78)~ is value is compared with the miven flow rate. If the
discrepancy is outside the prescribed limits then the solid bed acceleration,
that is,'gz s is altered and the whole process repeated. This is the outer
iteration. Vhen the flow rete is correct to within rersonable limits the
solution proceeds to the next down~channsl step,

The different steps of the solution procedure are now de-lt with in grester
dotail. Firure 3.11 shows & oimplified flow chart of thé calculAtion e ocedursa.,
The cslcoulation procedure at each step in the f; direction teging wifh a

s and

. Y
prediction of the new values of the variables 8, B 5&: P LN G,@;w
E i

o,

e A gimple Euler predictor method is used defined by the following

equation for a typiesl variable ﬁpé s

¢
o ) :
éi’t,ﬁz - @?5 iher T A} y Ly bl L=1,5 (3,101)
which gives the initial value at

3 o= Ry o=ty K (3.102)
where %@ is the total number of down-channel steps.

Thus making use of eouation (3.101) and <he previously calculated velues for

the variables and derivatives, initial velues of the variables sre derived,

which are approximztions to the true mathemeticsal solution. It should be
pointed out that at the first step, that is k.:! s the previous derivatives are
assumed'tb be zero and the previous values of the varisbles are their initi»l

values. .

These initial spproximations are used as input iﬁformation in the melt film
nalysis. 'In this menner the non-dimensional flow rates, mean film temperaturesn,

shear sitresses esnd tempersture gradients in the melt films sre ealculsted.

Though these at this stage sre only initial approximations to the truve solution
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being derived from approximate dats., Similarly the initial values for the
l‘». 0 3 . . by “ Ay
non-dimensional temperature gradisnts in the solid bed are calculated from these
initial spproximzte values of the varisbles.
In this fashion all the information that is needed to Le able to compute ibe

. - . s ﬁ:{? . (%,99) i o -
coefficients of the matrices [ an&k iof equation (%.9%) is genersted. The
value of & that is initislly choosen is the final value at the previous step.
Thus the stystem defibed by ecuation (5.98) is solved and first approximations

. . ¢ 5 . N . etk
to the derivetives of ¢, 4 © 4 and ¥ with respect to z for the present step are
&

calculated. These derivatives are used to ‘'correct' the initial wvalues of
variables g,, 8g,and ¥ using the simple Buler type corrector formule
Ly f Pty
‘ - il WA i;) } -4, %
N : L A 36107
o t
. . i th

where 71 here denotes the iteration number of the &  step,
At this stage the value of \Jsg,and its derivative with respect to EV are not
ad justed and knowledge of the pressure and pressure gradients are not required.
Using the correct values of the variables the melt film analysis, tut not the

s0lid bed analysis, is invcoked aazsin and corrected values of the relevant none

| g

{.,«v

L I—

L

dimensional quantities are calculated. Hence the terms df the matrices
andiﬁ)}are re~calculated and a new solution of equation (5.98) is ahtained. This

new solubtion is then used o ve-correct the variables usine equation (3,103)
again, This 'imner' iteration cycle is repeated until suitable convergence

of the values of the variables is obfained. The thermal analysis of the solid

bed is not invoked in each cycle of fthis inner iteration becsuse the information
it provides only has a second order effect in the overall solution, and also,

this emigsion is not fognd to affect significantly the solution stability.

Therefore the inclusion of this analysis in each inner iteration cycle is thought

not to be worth the extra computation time involved,

"hat the inner iteration procedure does is to evaluate the Qalues of the variables
8‘ s 8gﬁand K which saéisfy the local boundary conditions of the problem and

the particular value of £ that has been defined. Vhat is now required is to

assertain if this value of & is correct and, if not, then to adjust it until

it is, This is the function of the 'outer' iteration cycle.

The essential part of this outer cycle is in invoking equation (5.78)¢ Before
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doing this, however, certain preliminary caleculations hsve to be performed.

3 ° 1 “: : %, , { ; e
Using the caleulated values of the varisbles @E,égxand.é s and ngkand 15, the

ig

£

pressure gradient in the selid bed is eazlculated from eguation (3.73) if

faa

zero or from equation ()a7 ) 1f 2 is non zere, Having calcoulated the new value

o

of the pressure sradient the nsw value of the pressure is calculsted uging
equation (3¢103)9excepﬁ that no locel iterstion is performed. In other words

the pressure iz updated once per outer iteration only, just ss is the temperature
field in the solid bed., In addition, the melt pool anslysis is invoked and
appropriate velues of the Newtonian Shape Factors snd mean viscosity evaluated,
With this informstion available the total downechannel flow rate is caleulated
sccording to equation (3.78}. This value is then compared with the known
correct flow rate, If there is a discrepancy then the procedure for eliminating
this is as follows.

The value of [= is sltered, and the corresponding value of %jgz caloculated,

L2

The Px1sting values of the other varisbles are used as new prelinminary velues
for the 'inner'! iteration cycle which is now invoked for this new value of éi
Before going into the 'inner'! iferation cycle, however, the so0lid ped beusperature
anslysis is invoked to provide new values for the tempesrasture gradients at
the boundsries of the solid bed. In this fashion a new set of values of the
variables are c¢alculsated corresponding to the new value of E{ o« Again the
celculation of the 'outer' iteration is performed and the total down=channel
flow rate calculated, If it is still in error then EE ias altered =mgain, The
ovter iteration continues until this flow rate error is reduced to within sny
desired level, When this hss occurred the solubion proceeds to the next downe
channel abep.
The occurrence of updating the primary variables can be summarised as follows,
8, ,tSa“,)i are updated at every cyvcle of the 'inner'! iteration,.
\Jgﬁx ,g; are updated at every cycle of the ‘outer' iteration.

For the secondary variables of the problem.

)5: f'% ‘}Q b . %, e g

YO SPRNNA DN Vo W B e o = .

Qi o 98, g, @i | 4T, e *?‘ff,,iﬁeé T T s Ly k=g
d% di v iveo 1dY. ivese

are updated at every cycle of the 'inner! iteratlon
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ere updated at every cycle of the 'outer' iteration
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For completeness the channel heicht, F{a s the screw
the independent varisnle 3? nay pe considered Lo be updated once every downe
channel step.

Due to the complexi*ty of the analysis and the need to ewploy numerical methods

~

to obtain the solution, a computor progrom wes writien Yo perform the colevlations
That then is the besic scheme of the golution, Certain secondery vrobleps

in formlating the solution were encountersd. Thess concerned the specilication
of the initial an? boundary conditions of the problem; which was complicated

in sonme respects by the numerical lterative form of the solution technigue.
Thus it was not found possible to use as an initisl condition, %§ equal to
nero. instead this sterting velue was approximated to by setting %5 cqual

to 2 smell value, typically 0.05 millemetre, that was an order of magnitude
below the thickness of the developed film. The effect of varyings this stariing
value on the overall solution was negligible tut care had to be taken with this
valde to ensure the initial steps of the solution were stablle,

In general the lower melt film does not appear until some time after the upper
one, The point of formation of this lower film will be ihe poind st which the

scyew temparature yeaches the melting temperature of the plastic. Upto this

O

1

point the thickness of this film is effectively zero. However, it is not

possible to ohtein a finite solution by'simply patting Ez_equal to zero. It

requires a modified formulation to avoid the appearance of zero's in the

denonminators of the various enuations. These modifications are Wwilt intoe the
omputor program, At the point of formation of the lower melt filn an initial

value nmsf be taken that is non zero, spain because of the numericsl formulation.

However the choice of this vslue is much morae critical than that for the upper

film, This is because the eguation that calculates the pressure gradient

across the selid bed changes with the appearancé of the lower film, If an

unsuitable initial velue of lower film thickness is taken then this can lead

to a sericus discontinuity in the pressure gradient and possible instability

of the solution, In reality this lower melt film gradually spreads across

the width of the solid bed from the corners inwards, taking typically abow

hall & 'turn! of the screw to do so., Therefore the effect of the asppearance of

the lower melt film in reality is more pradual than in the theory, thouzh it is
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thought possible that there is in practice & physical instability cansed by
the appesrance of the lower melt film linked with the cccurrence of solid bed

s,

break-up, This i

451

discussed agaic in 2 later secvion, It is becsuse this
radual appearance of tne lover melvy {ilnm cannot be handled in the present
theory that ex*ra care has to be taken at the point of appearance of this film
in the theory. To minimise the unstable influence of the appearénce of the

lovwer melt £ilm the initial value of 1t is celculated on the bvasis that the

pregsure gradient remains constant arcund the region of the film formation.

Experimental evidence sugeests this to be reasonable., Thug, if at step %{
in the 1%}direction, the screw temperature is just bhelow melting temperature
then there is no lower melt filn, and the pressure gradient iz calculated (3.73>o
If, then, at stepﬁ% +1 the screv temperature is greater thnan or eguzl to the
melting temperature then it is recuired to calculate an initisl value of .
This is done by re-w®¥titins eouation (3.75) evplicitly for é:g . Lsins the
value of the pressure grazdient cslculated at step %ﬁ ¢ & vilue for %2;18
obtzined. In general the value of %;sso calculated is lerger than it could
reasonably be in that its maximum developement length is only one dovhechannel

—n

step 1engbh;lﬁ33? . DBecause of this, this calculated initial vslue of gq& is
compared with a value obtained from a simple, approximste, snslyticzl sclubtion
that calculates the tnickness of film as a function of developement length. This
analysis is given in Appendix C, As it is an analytical solution it starts

with zero film thickness, If the thickness computed in the analytical solutioz,
say %“% ¢ 1s less than ﬁ;; as calculated from the continuity of pressure
gradient principle then it is assumed that 8;2 is still zero at step i% +1

and the solution proceeds on this basis. At step ?% +2 the procedure is
repeated. In the calculation of 5;3 the boundary temperature, that is, the
screw temyefature, is generally greater at each successive step ag ig the
potential developesment length for the lower melt film., This means tha%t at esch
succeSSive step the value of %@Q will be greater én therefore nearer %o

as calculated fro® the pressure gradient enuation, as this is only merginally
influencediby the increasin? screw temperature, If 8;;&3 gtill less than §§2, .
then 821713 once again set emwal to zero. Bventuslly % . will be greater then

or equal to the initial value of & . . When this happens the solution proceeds



with 5:@ as a working variable,

This procedure proved Lo be very siable in use bubt had one drawback. In

some cases it was found thet at the [irst step st wiich 5;; wag taken to be

non zero a discontinuity in the flow rate of unmelted msterisl wms observed,
This was due %o the sudden mpuesrsance of the lower melt ©il+ and the molten
material in it. If this discontinuity wes unacceptably large éhen en elternstive
procedure was adopted to calevlate the initial vaive of ggh‘ The initizl valiue
wag set at some suitable small thickness and then to aveid sn instability in

the solution due tn a lerge pregsure gradient discenbtinuity it wss essumed that
the solid bed velocity remained constant for the following three steps. The
solution to the esnalysis corresponding to the assumpbtion of zero solid bed
acceleration, thet is £ = 0, is easily obtained. Only one 'outer' iteration
has to he performed =t each step, and thus the solution of the 'inner' itsration
cycle is the solution to the constant solid bed velocity model. DBy doing this,
the value of the pressure gradient became redundant information as far ag the
'inner' iterative solution for &, , &, and A was concerned, This second
scheme was not in fact as stable as the firast but did remove the discontinuity
in the cslculatine melting rates, this being the only justification for its

uge in that there are no experimental grounds for holding the =0lid bed velccity
congtant, even loczally,

The initisl tempereture of the material is set equal to ambient temperature. In
general the melting mechanism does not start to function until some point down
the screw and there is thus sn initial period corresvyonding to the solids
conveyine zone during which the solid materisl recieves an smount of'pre-heating]
The nature of the present thermal analysis of the s0lid bed allows the effect

of this }pre—heating’ t0 be calculated, Doing this means that the computor
prograﬁ kegins to operete at the start of the sorew and that the main melting
calculation commences-at some point after this. It is therefore necessary to
specify the point at which the main calculation’begins. In general this can

be tsken at the point at which the barrel tempersture hecomes egqual to the
melﬁing,temperature and thus allowing the program *“o automatically calculate

the so enlled 'melting delayv'. It is cnmpafatively straight forward to provide

8 barrel temperature profile as input data for the program,



The initial value of solid velocity is calculated by ecuation (3.79). 1If
the channel begins to tsper during the 'pre<hesting' steze then the solid bhed

Zz N - >
velocity is up dated st each step in the following manner

‘ £ W f oy 5 . 3oy
Vey (3= Mg [Ps W (Mo (3.104)

o
The value of solid bed velocity which is ucged in the first step of the main
mglting galculation is c¢aleul ted so that the effect of the initial upper melt
film is accounted for, thus

g
jd 5.4 B 5/ o © ¥
%\.js.«% oy (‘!}E"? - f" Ef’% n‘\;‘\"‘j }/ {ﬂ/f}c‘ %";«R‘: (tg“.i: s §

% .
A (3.105)

L

vhere ﬁﬁf% is given by eouation (3.21)

1t now remsins to discuss the screw and barrel temperature boundary conditionz.
In the present application of this analysis the barrel temperature was iaken
to be independent of f@ in line with the experimental barrel temperrtures
which were constant during the melting recion. This mesnt that the barrel
temperature was unrcalistically high at the very becinnin~ of the channel, that
ig, durin~ the pre-hesating of the solid bed., However the effect of this is

merginal in terms of the overall analysis. Yore important = perhaps is the

-

fact . that the point of beginning of melting was not‘automaﬁically gpecified.
The specification of this initiation point in *the present work is discussed
in the next section.

In the absence both of any suitable theoretical means of predicting the screw
temperature profile and of any experimentally measured profiles it was found

necessary to use an empirical formila for the screw tempersture, thus

i A AP ! e AU
Ta F'ﬁvgi“eiiﬁ‘&“;«}j + o %P‘i{"f;ﬁ (3.106)

where, , f x )
5 - {J”g / wi-m MT%‘ L
% (\'To“"'f"&nj/ %m (3.107)

where ., is the "z coordinate at which the screw temperature equals the
S b

melting temperature,”

Thus the screw temperature, as defined by (3.106), is egual to ambient

- y . . .
temperature, jo o at é}:C}, and is asymptotic to the bterrel temperature as %

&.,
increases,

To compute the coe”ficicent % requires a knowledge of 7, the value of which

thus becomes an sdditional boundary condition, The choice of “%wwis discussed
b



in the next section.
The following section presents the resulis of the theoretical simulations
of the experiments which were described in chapter 2, These *heoreticsl

experimental results are then compared and discussed,

angd

[as
A
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3,6 ¢ Sxperinental and Theoretical Correlations,

3.6,1 Introduction
Chapter 2 of the present work described the experimentation that has been
performed snd discussed the resulis of those experiments, One aim of the

experiments was to oblain ingight into the mechanismg that function within

i
7

the extruder in the meliing region éo thet a methemstical model of the melting
behaviour could be the more sccurately formulated, The previous sections of
this chapter deslt with the ensuing formulation of the model and with the
mathematical techniques used in obizining solutions +to the mathematical
system.,

Having performed such a theoretical melting snalysis it is then necessary to
check the resvlts of the anelysis. Beceause of the nature of the mathemstical
formilation it is not possible to perform simple checks on the system. By
this it is meant that it is never possible to obtain an anslvtical solution

to the problen with which the mamerical solution can be compared. In additicon
the problem is such that no matiter whet simplifying mathemsiicrl assumptions
are made, it neveithe less remaine 2 complex one, The reason for thig is that
the formmlation of the problem beging by making fundamental assumptions as

to the physical behaviour of the overall system, snd only after thiz has been
done are the mathematical assumptions mede. Thus even if the mathematical
analysis is totally comprehensive there is no certainty of accurately snalysing
the overall syztem unless the basis physical interpretation is totally
comprehensive and correct, that is, no real significant effect is isnored.
Clearl& one dces not, expect, at this stage, the physical interpretation of
what is observed to happen in the melting region %o be totally comprehensive
and correct, rather that it is adequate and amensble to mathematical analysis.
Given the present basic assumptiong that are made to define the present
melting model it has not been found possible tolsolve the problem in any

other way than thaet discussed in the previous chapter, uno matter whet aimplifying
assumptions are made. Also there is no great value in using the results of
other ﬁeltin@ anslyses as a check on the accuracy of the present anslysis

since all other reported analvses make different bazic interprsastions of
P v



the real meliing process.

The reneral conclusion that is made is that the best way to perform ngeful
checks on the accuracy of *he sclution is by comparison with experiments, Of
course, the present set of experiments were performed with this function in
mind, It is the puryose of this section to present the results ofithe
comparisons between the present theoretical results end the present experihental
results, and to discuss them.

Clearly £6 perform theoretical simnlations of real experiments it is necessary

to hsve a cerbain emount of dsta. An outline of the dats that is reguired

is given in the following sub-section.

%46.2: The Data Requirements of the Melting Analysis

The input dasts required by the computer program used to generate the theoretical
solutions falls inﬁo three categoriess geometric dats which defines the extruder;
the material propertiesy end the particular opersting conditions, ’
The geometric dzta resuired is listed in Table 3,1, topether with the acfuﬂl
verlues for the two serews used in the present experimentsl work., ALl quantitieg
are in S.1. units,

The feed and taper section lensths are the mean helical lensths of the channel
in these sections and ss such are calculated from mesn values of channel depth
and helix angle using the various geometric relationships ocuoted in chapter 2.1,
It is also necessary to specify the down-channel step lenszth to be used in

the program. This is normally done by allowing a total of 300 steps and sub=
dividihg fhe total helical length of the screw by this number. It was found

by experience of runnins the program that 300 steps was about the optimum
number. Any fewer number tended to increase the likelyhood of instabitity

in the program to an unacceptably high level, whilst any greater number sinply
increased computation time without gifing any real{advantages in verms of
accuracy or stability.

Afairlycomprehensive knowledpge of the material properties is needed by the
progranm, :The relevant properties are listed in Table %.,2 together with the
values uged in the theoreticsl program for each experimental mmterial and the

source of the information.



Table 3.1

The Geometric Leta reguired by the coumputer

Chanrel wiath, W , m.
Feed sectiorn chennel depth,}4¢ s I
Coefficient of chennel taper, EE s /1.

Plight clezrance, € , m.

Feed zcone length 111

Taper zmone length Mo

P N N A2t o —
progran for each screw

Screw & Screw B
002994 0.029%24

17.65 17.65
.03827 L03827
.508 » D454

80

941



Provexrty Material
LDPEY HDPE1
Density of solid, Cs , kg/m 832.5 990
Density of melt, @m , kz/m 775.0 856
Specific heat of solid, Cs , J/kegC 3087 2329
Specific heat of melt, C,,, J/kg°C 2537 2691
Latent heat of fusion, A , J/kg 53,980 219, 300
Melting Point, Tm °C 111 134
Thermal condvetivity of melt, Ry, J/m°Cs 24 224
Thermal conductivity of solid, R ¢ J/m°Cs 308 W41
Dotum viscosity, 7o , Na/m° 30,765 9,172
Power leaw index N 0.337 ,422
Temperature sensitivity of viscosity,%r ,60'1 L0137 ,008
Datum tempersture of ?iscosity,'?;> , °C 140 170
Source of Information RAPRA  RAFRA
R +LeCo + I.C.
Tatle 3.2

PP1 ;%ésticised

875 .145%0
760 " *346
2325 1260
2800 © 1550
54500 8000
160 120
ek +18
2215 A7
5,864 34,966
$364  L267
0123 0159
220 150
RAPRA TI.C.T.
+1.0, +I.C.

LDPE
PO'»‘.’]’?LQI'

882.5
7750
2240
1900
53,600
110
24
«308
74887
244
0124
140

T.C.1s
+1.0¢

Material Properties required by the Computor Program for each Ixperimentsl Material.

Melinex' gégid

4

ROTLYVFHOSNT EIIOTHELEHMY *1°0°

1387
1340
810
1075
32,000
120

, 161
2165
40,000
o315
015
150
T.C.T.

+L.0,
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The thérmal propertisa that are functions of temperature, e.g., specific heat,
and for which data wss available showing this varistion with temperature, were
averaged in esch phase over the relevent temperature ranges. For the solid
phese this temperature range wag from the initial feed temperature of the

.

naterial, i.e. S s to the meliing tempershure, E% e Por the fluid phase

1
4

the rance wag from'T:?to the barrel set temperature,thw .
The materisls were sssumed to have a distinct melting point, corresponding

to a fiscontinuity in the enthalpy = temperature curve., In the case of
thermoplastic materiasls this is an assumption and therefore the actual data
measured Tor the material was used ss & basis for producing an ideslised set

of data. Thus the resl enthalpy -~ temperature curve was replaced by =«

gtylised scheme, shown in figure 3%3.12, which has the following featuros;
constant specific heat for the solid phase; constant specific heat for the
fluid’phase; s distincet meldting pointy & finite latent heat of fusion,

These ideal enthalpy curves were constructed in the following fashion. The
melting point was taken as the point of maximum specific heat as ascertained
from the measured date. The mean specific heats celeculated from the data over
the previously defined temperature ranges. The latent heat of fusion was
calculated by first calculating the actual enthelpy change from the initisl
temperature of the material,.T; s to the bharrel set temperasture, "Tl, , and
the egquating this with the enthalpy change ss calculated over the same
temperature range from the mean specific heats and the letent heat; the latent
heat being the only unknown quantity in the equation.

The viscosity meassurements for each materisl were performed on en Instron
testing machine fitted with a capillary rheometer attatchment; the usual two
capillary technicue to eliminate end errors wes employed (44). Tne megsnrements
were maée, in general, over a shear rate range of 2.914 to 2914—1 and usuzlly

at three different appropriste temperstures. The resuits were ted iuto &
computer progrsm which calculated the parameﬁefs c¢haracterising the materials
viscosity variation acc ording to the 'power law' comstitutive eaquations that
is, the‘power law index M , the temperature sensitivity Lr, and the datum
viscosity ’?g at shear rate ?fg =1 Sec"1, and at tempergturew?;) which

was chosen cecording to the particular range of measurement. The program



Migure 3.12
The ideslised relationship between enthalpy and temperature

L4 5 £
géﬁ’%ﬂg%rl!
—«ma«:ﬂw

L

TEMPERATURE

161



Teble 3.7

............. e
The operatirg conditions reguired vy the computer progrsm for each

experiment.

Expt. Ho. Screw Speed TFlow rate ITerrel Temp Initisli Temp Screw
oD T, ke/s e °c potn
1 80 L006 160 20 135
2 40 00224 160 20 501
3 80 .00613% 160 20 1.%5
4 40 00335 160 20 .8
5 80 00319 150 20 5
6 40 00162 150 20 54
T 80 00359 150 20 56
8 ) €0 L00233 150 20 1.65
9 40 .00138 150 20 Bl
15 B 40 00133 250 20 e D
11 80 00299 250 20 .55
12 40 00155 250 20 cH2
13 80 00315 250 ‘ 20 . e95
14 80 00238 250 20 1.85
15 80 .00312 170 20 .G
16 40 A.00157 170 20 .85
17 80 00344 170 20 .9
18 80 .00229 170 20 1.85
i9 40 L0136 17c 20 .78
25 - 80 L005%2 300 20 1.25
24 40 | 00273 300 20 3
25 ' 80 ..00538 150 20 .5
26 40 .00192 150 20 .5
27 80 00368 | 15C 20 oD
28 40 00130 150" 20 «5

30 40 .00309 160 20 9
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calculate& gsets of values of these three psrameters, each sebt corresponding
to one decade of shear roies, The walues corresponding to the most appropriate
range of she-r rates were then used in the melting prozrem,
fhe operating conditions tha® need to be specified in the program are listed
ia Teble 3.3 with tne valves used for esch simulaticon.

The 1aitial pressure weg always taken ag zero. [litnougu this s not necessazrily
regr1stic due to pressure generation in the feed section, it can be justified

in that the initial predicted presure rise was usually fourd “o be large

such that the program adivsted the zero initisl pressure rapidly to one
compatible with the other variables of the analysis, Algo it would be difficult
to know whet elternative initial value of pres-ure to specify unless an

analysis of the solid feed section of the extruder were to be conpled wity

the me}ting analveis., This point is returned to leater,

As was steted in tne previcus section. for the present application of the
analyzis, the barrel temperature was assumed to he constant over the entirve
lencth of the screw, This therefore mesnt that the point along the channel at
which melting started needed to be specified. Thig start point was in fact
defined on the besis of the experiﬁentally observed stert peoint, Similarly

the point slong the channel st which the screw temperature becomes equal to

the melting point was defined by inspection of the experimentsl samples for
evidence of melting on the screw root.

Thus with the data outlined above the computer program was used to perform

similations of the experiments, the results of which are now given.

%2.6,3: Presentation of the Results

The main basis of the comparison betreen the theory and the experiments is

the melting rate vhich is represented as a solid bed profile,

Bxperimentally these were measured by projecting the photograph prints of

the experimental crosse-sections, that are shown iﬁ the Plates, and tracing
round the enlarged imsges onto plain paper. A planimeter was then used to
measure ?hé are» of solid and melt from these tracincs, The ratio of the area

of so0lid to the total cross-sectional area of the specimen weg then plotted
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sgainst the helical down-channel distsnce to form the experimental solid bed
profile, Although thig ig nonminally the area rstio it was compared with the
solid bed width ratioc predicted by the theory. This wee done becsuse of the
diffioulﬁy of measuring accurately the cross-sectionsl ares of the melt filws
from the specimeng. This meant that the messured retio wrg, in freiy more of
en indication of the rrtio of mean s0lid bed width to channel wid%h‘

Tigure 3,13 shows the different profiles one gets by plotting “he different
ratios for two experiments, Three theoretically predicted ratios sre shown in . »
each case, Curves A, B, snd C represent the solid hed to channel width rstiio
variation, the solid bed to channel erea ratio variation end the golid bed

to total down-channel f{low rate variation respectively., This last ratio gives
an exact indication of the predicted melting rate, but of course, it is not
pogsible to use it in a meaningful comparison with the experimentsl results.
This is because of the impossibility of measurins the true experimental meliing
rate, due to the different unknown down-channel velocities in the nelt [low

and solid flow regions,

In this fiﬁgre and others the positions of the besinning and end of the taperad
section of screw are msrked on the ﬁ§_axis by T's, and the point et which the
screw temperature reaches the meltins point of the plsstic is merked by en i,
In figure 3.1% it is clear that the theoreticel ares ratio, curve B, gives
virtually ss good a prediction ss the width ratio, curve A, This proved to be
the cese in a 1ot of the experimental compsrisons. Indeed in some cases this
area ratio gave & siqnificanﬁly better prediction, Horever ag has been ssid
the experimentel messurements correspond to width ratios and therefore must

be comp:red with the theoretical width r-tiocs., It is likely thet the reason
for the scometimes better agreement of the predicted area ratio is a co-incidentsal
combination of factors peculiar to particular experiments, The area ratio

at any point is lower than the width ratio by an amount equal to the aresa

of the melt filns, With the present screw geometfy, in particulsar the small

channel depth, the effect of the areas of the melt filme is quite large.

Results of simlations performed with larger screw sizes which are presented in

the next chspter confirm this. For all the other experimental comparisons
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Figure 3,13
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The theoreticel melting profile expressed in thres ways for two of the

present experiments together with the experimentsl profile
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presented in the present work only the theoretical vidth ratio is plotted.
The solid bed profiles for plssticised PV, experiments 1 to 4, are shown in
figures 7,14 and 3.17 40 3.19. Figure 3.14 slgc shows the variation of the
other four main verisbles from the theoretical analysis. The general agrecment
is good thougn the theory consistently predicts too large a solid bed width
during the leter stazes of melling, without there being a large érror in the
predicted completion of melting. Fipure 3,14 slso shows theoretical predictions
calculated makine the restrictive assumptions of constant solid bed velocity
and no lower melt film, The predictions are derived {rom the present theory
with the solid bed scceleration seb equsl to zero, that is £ =0, throughout.
The results are not necessarily identical to results ohiarined from the one
Tadnor derived (4,15) zs the present formulstion of the analysis is dif“erent,
It can be seen from the figure thet the consteant solid bed velocity solution
does no* give as good a fit as the more general analysis. The effect of naving
no lower melt film is & secondary one for two reasons, Firstly, in gener-l, the
melting rate at the lower interface is sn order of magnitude less thsn that

at the upper. Secondly with the constsnt solid bed velocity assumption the
effect of the lower melt film on the pressure gradient is of no couseguence
since the pressure sradient is not needed in the melting calculations. Therefore
the resulting poorer fit is most likely to be a consequence of the assumption
of constant solid bed velocity.

The corresponding results for low density polyethylene granules are shown

in figures 3.71% and 3%,20 to 3.23, Again figure 3%3.715 also shows the veriation
of the other main variables of the theory. The general agreement between
theory and experiments is good, ith the screw cooling experiment, no.S8,
depicted in figure 3.23, the theory predicts too high & go0lid hed width ratio
though the end of melting is in excellent agreement with the experimental
findings, Figures %.20 and %.21, also shov constant solid bed velocity
solutions and a<%sin these sre less accurate than’the more general solution. In
the case of the screw cooling experiment, {igure 3.2%, the solid hed width
predictiqhs sssuming congtant solid bed velocity are more accurate Eut the

predicted finish of melting is much less accurate,



Figure 3,14

The theoretical varistions of the melt
pressure and solid bed width ratioc with
for experiment % with plasticised FVC.

melting profiles are also shown. K(80):
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fili thickness, go0lid bed velocity,
channel pogition in the . direction
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The theoretical veriations of the melt film thickmness, s0lid bed velocity,

pressure and solid bed width ratio with channel position in the 2 direction

for experiment 9 with low density polyethylene.
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‘The theoretical wvariations of the melt film thickness, solid bed velosity,

pressure end solid bed width ratio with chawnel position in the 2 diraction

for experiment 27 with low dermsity polyethylene powder,

The experimentsl
pressure and melting profiles are also shown. N(80); Q{221)s D

(5/32)

>,
h\ﬁ%fﬂﬁ

e & (FINE04

- 2 QPR

of «
7
3 vV %g‘
cBE o $%e - %f
A
{ e
: ywmfwﬁw -2
?. —— s i AT oo
i i
; o P
L e
i ffww
Pl P -ic
:i:w"‘y . \ﬁ -
o M "
,u"w‘f
e al
wrM v
to e ©
T,
R
@‘%““xm
Q .&‘%ﬁ»
q"‘“’iv
- ﬁ;v P Q 4{:“(\‘«@%
- -3
@ [
- ‘\»@\“u
.
w‘“"m-
M%'WMW
Q $ ¥ s T < i
+4 b -6 ¢ o fe2 14
“, HEE T
T by R ELfEs



Fipure 2,17

The experimental and theoretical solid bed profiles for experiment 1
with plesticised PVC, N(80): Q(360); D(3/32)

O TS .
s @ S,
AN
AR 5
.
a'?g_.
=Y
&
A
& .
\
oF - e
o\
c2E §

WL
2
Fa:Y
e
S
Nesorre
5
e

#u



j-C

W\_
\\“%»h . THEORETICAL.
g, PROFILE
M
R .
W
el
ol )
@
2 :& oy
Q —g' ) ) ‘ 7 V : Ty e * ? L3 k) ¥ ¢ g > if“\i“;,
4 -5 - 7 ] -9 20 11 b2 b3 4 15

T %‘ mgiﬂ? E4

Pigure %.18
The experimental and theoretical solid bed profiles for experiment 2 with plasticised PVC, N(40); Q(200); D{3/32)

5074



- 8 " \\
Pas * ~—
> N

g
.\
L3 -~
a 2 -
g 5 | - -2 -3 .q e % b2 R 4
T i; mabres

Fiqure %,19
The experimental and theoretical solid bed profiles for experiment 4 with plesticised PVC, N(40): Q(201): Q(1/16)

208



e CONSTANT Vs

SoLuTioN

=
s
Y S
@ x& e
, .
* 5 ~
>y ‘%‘t‘_\‘\& ‘ ~
W N
) & A
T,
~
LN
g,
# : - o ,;;a;_;u,‘T«.ﬁ-.;»,‘;.w‘:.m.s-a.--‘ g & » % L9 ¥ " “g-m e
& -G 1-0 i1 8.2, i3 i-#f 1.5
2 metves

Figure 3,20
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The theoretical and experimentsl solid bed width profiles for polypropylene
are shown in figures 3,24 to 3.28. The level of sgreement here is rnot as
zood as for plesticised PVC and low density polyethylene. It would seem that
although the shape of the theoretical curves is similar to the experimentsl
ones the predicted end of melting is consigtently well after the observed end,
It is possible that this error may be due to inaccurate data, This point is
dizscussed in the nex® chepter in the light of further theoretical simulations
on the effect on the predictions of varying the input data,
Fiecures 5.13(b) and 3.29 to %.32 show the results for high density polyethylene,
The degree of agreement is renerally good., Again, as with the low density
polyethyliene resulis of figure 3,23 for the screw cooling experiment, the
theoretical predictiong for the secrew cooling experiment of figure 3,71 show
too high a solid bed width ratio, &et accurately predict the finish of melting.
TFigures 3929 to 3,31 include theoretical results for the congtant solid hed
velocity cuse, showing less satisfactory acreement than the genersl analysis,
except for the screw cooled case of experiment 18.
The results for Melinex are shown in {ipures 3.33 and 3.%4., Tt dis immediately
apparent that although agreement with the experimental results is geod during
the initisl stages of melting, fthe theory is unable to make ressonable
predictions mich after the appesrance of the lower melt film, The theory is
predicting & rapid reduction in solid bed width which then remeins fairly
congtant but small, and henecs givine a lov melting rate, In practice the
solid bed bresks so that the broken pieces of the bhed sre still comparaiively
wide and relting continues at a similar rate., I% would seem that the Newtonisn
nature of molten Melinex is responsible for the theoretical prediction of
a rapid solid bed width reduction and corresponding hicgh solid hed acceleration.
as soon as the lower melt film forms, This point is discussed in the next
chapter. The constent solid hed velocity sclution showm in figure 3.3%3
shows poor agreemsnt in terms of the shape of the profile but predicts
the end of melting perhaps more realistically than the general nodel,
Figures 3.1%3(a), 3.16, 3.35 and 3.36 show fhe g0lid Dbed width profiles for

the low density polyethylene powder experiments. Figure 3.16 also shows the
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The experimental end theoretical solid bed profiles for experiment 10 with polypropylene. N(40); Q(80); p{1/16}
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N(80)s @(189): D(5/32)

L3



NN““«-»-...,MW
—_
I ey s e

-8 - T . e
X | . T
Pay
W > T~

-~ éﬁ h ® k3 »&\x‘“‘%‘k

-

<4

s
7 q ‘ =g f LT e .3 e M e ‘“:;»‘::in‘»&;;.,/ NPT e :»;_9\?»3—'«3? Farseny A ,?4"& T G 3 i e ¥ T PR, ” ¥ i j‘;;
] b <7 -8 *q b0 + s I3 e 5 4} 7

Figure 3,28

The experimental and theoretical solid bed profiles for experiment 14 with polypropylene. N(80); @(143); D(5/32)
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Figure 3,30
The experimental and theoretical solid bed profiles for experiment 16 with high

Q(94)s D(3/32)
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variationAof the other four variables of the problem. ¥uch the same commenis
apply to these results as were applied to the other resultss renerally rfood
agreenent and generally betier sgreement with the full analysis than the
conshent solid bed wvelocity snzlysis,

Tigure 3.37 shows the results for experiment 30 with rigid PVCs again the

fit is good. The results for experiment 29 with rigid FVC were ngt ohtained

due to instabilities in the melt film analysis caussd by the very high viscosity
of the materisl coupled with its high tempersture sensitivity. H&W@V@r* it is
thought that this problem ean be overcome by applyins better starting conditions
in the Newtcon Raphson iterative technique, that is used to obtain the seolution
to the melt film analysis, see ‘fppendix B,

Results are not shown for the polystyrene experiments becsuse insufficient

deta wes available to run the prosrsm, IHowever in the light of the other
results this omission is not thoight to be too serious.

That concludes the presentstion of the meltinz profile compsrisons. DBefore
disecussing the implicetions of them it is advantar~ecus to present some comparisons
hetween the experimental pressure profiles and the theoretical predictions.

The theoretical and experimentsl pressure profiles for plesticised I'VC in
experiment 3 are shown in fipure 7.14. It is obvious that agreement is poor,
This may be partly due to an inaccurate specification of the point of formetion
of the lower melt film, coupled with the fact that &t this point, in the cese

of FPVC, the constant solid bed velocity change over condition was used aé
opposed to the continuity of pressure gradient condition. This meant that

some disconfinuity in the pressure gradient occurred and it could have been
sufficient to cause the inaccurate pressure predictions.

Fisures %.15 and 3,38 show the pressure curves for two low density polyethylene
experiments, There is much better agreement here then for the PVC, noting

that the continuity of pressure gradient condition was uged at the formation of
the lower melt film, t can be seen, however, thét during the later stages

of melting the theoretical pressure is rising increasinsly higher than the
actual p?gésure. THe.same comments apply to the pressure results in fisure

%39 for-polypropylene and to these of ficures 3,40 snd 3.41 for high densily

polyethyleng.
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~The experimentel and theoreticsl solid bed profiles for experiment 26 with low density polyethylene powdsr
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Figure 3,37

The experimental and theoretical solid bed profiles for experiment 30

with rigid PVC powder. N(40)s Q(185)3 D(3/32)
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with low density polyethylene granules, N(80); Q(191); D(3/32)
i /’
ZGQ + J/
5 - '%‘/
o -
P
PN [ i
5 - -+ /”
-w«wrf-“‘j‘
< (4 s B S N | Sesil a hiorges (3 ¥
5 -6 T ‘8 1 -0 1 2



223
Firure 3033
The experimentel and theoretical pressure profiles for experiment 11
with polypropylene, W(80); Q(179); D(3/32)
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Figure 3,40

The experimental and theoreticsl pressure profiles for experiment 16
with high density polyethylene, N(40)s Q(94); D(3/32)
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The experimentsl and theoretical pressure profiles for experiment 15
with high density polyethylene. N(80)s Q(187)3; D(3/32)

40

Figure 3,42
The experimental and theoretical pressure profiles for experiment 8§ with low
density polyethylene gramiles. N(80); Q(140); D(3/32)., Screw cooling used.
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Ficure 3,43
The experimental snd theoretical pressure profiles for experiment 18
with high density polyethylene. N(80); @(437); D(3/32). Screw cooling

used.
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Figure 3.44
The theoretical solid bed velocity profile, experiment 1 for plasticised

pve, N(g0)s Q(360)s D(3/32)
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The pressure results for two of the experiments with screw cooling are showmn
in figures 3.42 and 3.43 for low end high density polyethylene respectively.
Here the present sntlysis does not successfully predict the change in sign

of the pressure gradient that is experimentally observed.

It would appesr then that *the present analysis zives generally good predictions
of the meltinz profile but not of the pressure profile. Clearly if this is

g0, then the effect of the pressure gradient on the melting rate is 2 secondary
one, though its effect on the solid bed acceleration and hence shape of the
solid bed width prefile may be more significant. This effect is discussed
later.

There are several ressons why the anaslysis does nolt give accurate pressure
predictions., TFirstly, during the esrly stages of melting before the formation
of the lower melt film, the pressure gradient is hichly dependent on the co-
efficient of friction between the plastic and the screw root., Unfortunately
"data concerning such coefficients of friction is scarce and the variastion

of the coefficient with temperature is even less well documented. It is
therefore difficult to know with any degree of certainty if a reasonsbly
correct value is being used. Secondly the effect of the lower melt film,

when 1t is present, on the pressure gradient c¢elculation must be considered.

It can be seen from the previously described figures showing the pressure
profiles that, generally, when the lower melt film is present the predicted
pressure gradient is hicher fthan the sctual one, Inspection of the enuation
(3.75) shows that one possible explenation for this is that the shear stress

on the lower surface of the solid hed, ﬂéié , is too small, The most obvioug -
reason for this would be that the thickness of the lower film was too great.
Observatio.. of *he experimental cross-sectional specimens in +the Plates und
inspectich of the theoretical results shows that in general the predicied
thickness of the lower.melt film is larger than the actual thickness. The
theoretical variation of the lower film thickﬁesé may be seen in figures 3.14
to 3,16 and compared with the corresponding experimental cross-sections shown
in Plates 2(&), 5(a) and 14(a), bearing in mind that the width of the experimental

specimens is approximately 3 centimetres, Thus it would seem that it is very
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possible‘that the inaccuracy of the prezsure gradient is due to an ineccuracy
in the lower film thickness.

There is an obvious explanaticn for such an inaccuracy in the lower film
‘thickness. Essentially the thickness will depend on the meltinz rate at

| he lower interface, in that all the material melting at that interface is
retained in the lower melt film., The melting rate at the interféce depends

on the heat flux into the interface which has two main souressivisdous
dissipation in the film; and hest conducted from the screw into the film. Now
the thermsl boundary condition used at the screw surface is the temperature

and thus the heat flux from the screw to the film will essentially depend on
the amount of viscous dissipation and the temperature difference between the
screw and the melting point of the plastic, This heat flux in the theoretical
model will not depend on the availability of heat in the screw itself, It

has been stated by Martin (35) that heat flux back along the screw is likely

to be insignificsnt in comparison with other heat fluxes in the extruder system,
This mey be interpreted as meaning the heat flux from the scfew to the lower
melt film will be an order of megnitude less than that from the bsrrel to

the upper melt film. Inspection of these heat fluxes in the theoretical
analysis shows that using the screw temperature as the relevant thermal boundary
condition in the lower melt film analysis produces heat fluxes from the screw
of the same order of magnitude as those'across the barrel surface, Thus here is a
potential source of error. It would seem that a more realistic thermal boundary
condition at the screw surface would be zero temperature gradient. YFrom the
present evidence this would reduce the heat flux to the lower interface which
in turn would reduce the melting rate there and this would lead to a generally
thinner lower melt film, The reduction in thickness of this melt film would
then give‘a lower pressure gradient and thereby potentially a more accurate

one. .

It is now appropriate to discuss the tolerable bﬁt consistent error in the
melting profiles, namely the generally high predictions of solid bed width,
especially’with the screw cooling experiments, To do this one needs to look

at the interaction of the acceleration of the s0lid bed on the melt pool flow



228
rate aﬁd the effect of the pressure gradient on the melt pcol flow rate, In
geheral the higher is the acceleration, the greater is the rate of reduction
of the solid bed width, This, of course, means that the hisher the acceleration
is the wider is the melt pool, though the flow area of the melt pool also
depends on the channel tsper. Concentrating on one cross-section of the channel
such that the channel depth is fixed, enatles the effect of thé change in
s0lid bed width on the down-channel flow rate %o be étudied. Basically, once
the meltiﬁg rate is calculated the new éolid's flow rate is determined znd
it only remains to manipulate the velocity and width of the solid bed to suit
overall continuity. The higher the solid bed velocity, the smaller will the
width need to be. In turn this means that the melt pool is wider. The
combination of increasing melt pool ‘width end incressing solid bed velocity
will produce an increasing flow rate in the melt pool, since the width of
the so0lid bed does not significantly affeqt the pressure gradient.

From the foregoins it can be seen that as the true solid bed width is often
less than the predicted solid bed width, and as the melt péol flow rate would
be larger if the predicted solid bed width were reduced, that is if it were
predicted more accurately, then it follows that to retain the same meld pool
flow rate and yet reduce the solid bed width, by predicting it more accurately,
the pressure gradient would have to be increased, However it has already been
seen that the pressure gradient predictions are ftoo high! In other words the
implication is that if the predictions of solid bed width were more accurste
the pressure pred%ctions would be less zccurate.

This inconsistency is thought to be due to the error introduced into the melt
pool flow r&te caleulation by the assumption thet the fluid hes a constant
viscosity. Comparison between non-dimensional pressure gradient,:r(4a, and
non-dinensional flow rate,.ji:q, for Newtonian and non-¥ewtonian fluids are
given in seversl publications, see for example Fenner(29). Such comparisons
show that for a given.jT;che more non-Newtonién the fluid is, the lower is the
corresppndimg:ﬁ;p. Or for a given value ofijip the more non-Newitonian fhe
fluid'i?, the lower is the flow ratejyzcg. Thus in the present case for the

given préssure gradient and melt pool geometry the melt pool flow rate ag
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calculated is unrealistically hizh. Therefore the width of the melt pocl is
calculated to be smeller than it reslistically is. In other words if the melt
pool analysis were for s non-Newteonien fluid the general predictioné of
bed width would be lower, and therefore, potentially more accurate, since the
mélt pool would need to be wider to accomodete the required flow rate. In
this way more accurate predictions of solid bed width should result without
causing legs sccurate pressure predictions.

If in addition the correction to the lower melt film analysis was made, as
discussed previously, then potentially improved pressure predictions would
result ag well., Such & reduction in pressure gradient would tend to oppose the
reduction in solid bed width caused by the introduction of a non-Newtonisn

melt pool analysis, Without obtaining comparative solutions it is not possible
to say how significant this interaction would be,

It is now useful to study the theoretical predictions of solid bed velocitye
Figures 3,14,%.44 and %,45 show the results for three plasticised PVC experiments.
It is easy to see from figure 3.14 that the acceleration of the solid bhed
whilst it is of significant size is moderate and uniform. In experiments 1

and 4 the acceleration of the solid bed incrzased rapidly but not until
approximately 80% of the plastic had melted. In which case the more rapid
acceleration is of little significance,

Figure 3.15 shows the results of experiment 9 forAlow density polyethylene
granules. Here it can be seen that the solid bed has a region of high scceler=-.
ation. The beginniné_of which corresponds approximately o the observed hed
break-up point. It can also be seen in this figure how the region of high
acceleration produces a rapid reduction in solid bed width. This reduction

in solid bed width produces in turn a reduction in the upper film thickness.
Also,the increasing solid bed velocity reduces the.?ate of increase of the
lower melt film thickness.

Figure 3,16 shows similar results for low density polyethylene powder., Hotice
sgain how-the gtart of the region of high scceleration corresponds to the
position of'sﬁlid bed breakeup,

Pigures 3.46 and %.47 show the solid bed velocity varistion for the two Melinex
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Figure 3,45 .
The theoretical solid bed ve%ocity profile, experiment 4, for plasficised
BVC, N(40)5 @(201); D(1/16) '
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Ficure 3,46
The theoretical solid bed velocity profile, experiment 23, for

Melinex., N(80); Q(319); D(3/32)
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Figure 3,47

The theoretical solid bed velocity profile, experiment 24, for

N(40); Q(164)5 D(3/32)
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experiments. Here the initisl point of high acceleration corresponds to
the point of hed bresk and also the point o7 formation of the lower melt
film. TFor the other materials the point of formation of the lower melt film
preceeded the experimental bed break-up point and the theoretical hish
acceleration region by up to several 'turns' of the screw, depending on conditions
Pigure 3.48 shows results for polypropylene simlating experimeng 1. Again the
point of ted break-up corresponds %o the beginniﬁg of the region of high
acceleration, TFigure 3.49 shows the simulated results for the corresponding
experiment performed with screw cooling. It is immediately noticeable that
the analysis predicts that no violent solid bed acceleration takes place in
the absence of a lower melt film.
The conclusions to be dramm from the foresoing theoretical and experimental
results in that the theoretical analysis agrees with the experiments in that
if solid bed break-up occurs then the corresponding simulation predicts a
region of hisgh solid bed acceleration, the beginning of which occurs whilst there
ig still a significent amount of unmolten material. If experimentally there
is no bed break-up snd no serew cooling then the theory .predicts no high
acceleration before most of the material has become molten. If, experimentelly,
there is screw cooling and therefere no bed bresk-up then thoe theory predicts
no region of hirh acceleration at sll,
These are conclusions based on essentially qualitative comparisons. The final
s01id bed velocities, in the cases where hish accelerations occur, are predicted
to be anything up to an order of magnitude 1argerithan the initial solid bed « -7 .
velocities. The experimental indications suggest that the actual velocity
change is probably much less than this., The results tabulated in Table 2.4
sugdgest tﬁat a tripling of the velocity is as much as is likely to ﬁappen. Tt
is thcugﬁt pogssible that the magnitude and extent of the solid bed acceleration

[N

in the theoretical predictions is greater that it realistically is, partly
because of the incorrect and high pressure gradiént. Of course, in practice
the solid bed breaks because it cannot withstand the stresses on it that tend
to prod@cé rapid accelerations, so that the bed does not actually undergo

rapid acceleration. The theorv does not take account of any break in the solid
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The theoretical s0lid bed velocity profile, experiment 14, for polypropylene
K(80)s Q(143); D(5/32). Sorew cooling used.
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bed and perhaps therefore it necessarily predicts these very high final bed
velocities. A concluding discussion of solid bed break-up, its causes and
occurrence, will be given in the next chapier after the presentation of some

more relevant theoretical resultis.

2.6.4: Conclusions

It has been shovm in this section that the preseut melting analysis described

in the earlier sections of this chapter can make adequéte predictions of

the melting behaviour of a wide range of plastics and over a fair range of
operating conditions, It can also make useful predictions of solid bed acceler-.
ation which can be usea to predict the occurrence of solid bed brezk-up in
practice. TIn its present form’the model does not give particularly good
predictions of pressure,

Iy islthought that if two modifications were to be made to the detailed analysis
of the problem then significant improvements in the accuracy of the predictions
of pressure and solid bed width would be obtained. The first of these
modifications is to specify zero temperature gradient at the interface beiween
the lower melt film and the screw surface., The second is to replace the
Newtonian melt pool flow analysis by & non-Newtonian one.

The next chapter attempts to show amongst other things how the theory in its
present form can be made use of in simwlating extrusion trials from several ...-

different points of view,
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Chapter 4 : Theoretical Simulations snd Conclusions

4,1 ¢ Introduction

Having developed a theoretical asnalysis of the melting region in single screw
extruders and shéwn that the results ohtéined from it are, for the most part,
in good agreement with experimental resulis, it is now proposed to present

some results obtained from the analysis for a variety of simuléted extrusion
trials.

It was stated in the introduction to the present work that there are three
mein uses to which a theoretical analysis can bé puti to aid in exbtruder
designs to aid in developing plastics having better processing perfornance;

and to optimise extruder operating conditions in particular applications. There
is not scope in the present work to co&prehensively and complefely demonstrate’
the use of the analysis in each of these three areas, EKether than concentrate
on oné particular application it was thought better to present as wide a

range of results as possible to indicate sreas where more extensive and detailed
use of the analysis could yield practically useful results and hence reduce

the need for potentially costly ev?erimentation.

In the field of extruder design results are given which show the effect of
varyine the overall ‘'compression ratio' of the screw, that is, the ratio of

the channel cross-sectional area in the feed zons to thaf in the metering

zone, on the melting behaviour. Other results are given showing the effect

of the rapidity of taper with a constant compression ratio and the effect of
extruder size on its melting performance ié illustrafed. With regar@ to the
latter effect two 'scale-up' laws are investigated. |

As regards the processing behaviour of materials, some results are presented
which show the effect on the melting performance of varying various thermal

and fiow properties of the msterial.

In the area of optimising operating conditions the effect of varying degrees of
screw cooling iz investizated and the effect of flight clearance on the melting

performance demongtrated,

" In the concluding section to this chapter various aspects of the theoretical

reaults presented in thig ond the preceding cha
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phenomenon of solid bed break~up, Lagstly the manner in which the present
melting asnaelysis may be combined with anzlyses of the other parts of the

extrusion process is indicated,

4.2 ¢+ Theoretical Simulaiions concerning Extruder Desigm

Figures 4.7 and 4,2 show the efect on the solid bed width profile snd downe
channel solid bed veloeity, respectively, of wvarvine the screw 'compression ratio
the taper length remaining constant. The properties of ‘he material used in
all the extruder design gsimulations are given in Table 4.1, The geometric
dats and operating conditions for the compression ratio simulations are given
in Table 4.2, Basically everything was held constant except the compression
ratio and hence the metering section channel depth.

It is apparent from the results that as the compression ratio is increased

80 the acceleration of the solid bed begins earlier, has a higher maximum
valvue and ultimately achieves a higher velocity, It should be noted that the
length of the compression section corresponds to just under nine turns of the
2.5 inch (63,5 millemetre) disameter screw which is usgd ag the basis of the
simulation. In the figures the helical positions of the start and finish

of the tapered zone are indicated on the E% co=-ordinate axis by T's,

It should be pointed out that on the basis of these results it cannot be
inferred nor be suggested +hat with,say, a two turn compressién section
that similar trends would be observed. A study of the full computer output
showed thst varying the compression ratic does not significantly affect the
true melting rate in the various cases. The results of the predictions for
the 4 + 1 and 8 : 1 compression ratio's show that at a certain point in the
compression section the pressure reaches a maximum? and thereafter the pressure
gradient continues negative until zero pressure is predicted and the prosram
stops, These points of peak pressure are indicated in the figures by a P. It
would thus seem that for the given data both an '8 1 and a 4 ¢ 1 compression
ratio ére too high,

Figures 4.3 and.4.4 show the effect on the solid bed width profile and down-

channei solid bed veloecity profile respectively, of varying the length of the
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Teble 4.0

The properties of the meterizl (low density polyethylene) used in

the exiruder design simulations.

Propexrty Value
G

Density of solid, @g , kg/n° 880
Density of melt, (p, » kg/m3 750
Specific heat of solid, Cg , J/kg“C 3000
Specific heat of melt, C,, J/kg C 2100
Latent heat of fusion, A , J/kg 50000
¥elting point, "n“ ’ °c 110
Thermal conductivity of melt, RF“ , J/m%Cs 0.346
Thermal conductivity of solid, Rg , J/n°Cs 0.3075
Datum viscosity, 73 , Ns/m2 6895
Power law index, Ty . . 0.5
Temperature sensitivity of viscosity, b‘ ’ OC“l 0.01

Datun tempersture of viscosity, T, s GC 140



Compression Ratio Variation

1 2 3
Chennel width, il +0541 0541 0541
Feed section channel depth, I L0105 .0105 +0105
Coefficient of channel taper, , o/m 0,0 ,00%35  ,005215
Flight clearance, y M » 0001 « 0001 ».0001
Helix angle 17.65 17.65 17.65
Screw dismeter, 4 -00635 L0635 L0635
Feed zone length, m 0.0 0.0 0.0
Taper zone length, m 1.5 1.5 1.5
‘Serew Speed, g TeDol, 80 80 80
Flow rate, , ka/s .0189 ,0189 L0189
Barrel temperature, s C 150 150 150
Initial temperature, , C 20 20 20
Serew melt point 75 75 o715

Table 4,2

4
0541
L0105
.00613
0701

17.65
0635
0.0
1.5
80
.0189
150
20

<75

Taper length Variation

1 2
.0541 «0541
0105 .0105
+00921 004605
0001 0001

17,65 17.65
0635 .0635
0.0 0.0
8525 1,705

80 80
.0189 .0189
150 150
20 20
427 852

The Geometric Data and Operating conditions used in the Compresgsion Ratio and Screw Taper Simulations

3
.0541
,0105
0023025
+0001
17.65

.0635
0.0
2.5575
80

.0189
150
20

1.278
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compression section assunming a constant ratio of 4 :1. The details of the
different screw geometries are given in Table 4.2o It can be seen how the
solid bed acceleration and velocity increases as the length of the compression
section is reduced. This is similar to the results of figures 4.1 and 4.2
in that as the coefficient of channel taper increases so does the solid bed
velocity. It should be noted that the point of formation of tﬁe lower melt
film was taken to he half way along the tapered section so that the results of
" figures 4.1 and 4.2 are not strictly comparebie with those of figures 4.5
and 4.4 even though the other data is gimilar. The point of formation of the
lower melt film is indicated by an M in the figures. |
Notwithstanding the foresoiny comments it is interesting to compare the results
for the 10 turn taper section in figure 4.4 %ith those for the 4.1 compression
ratio screw in figure 4.2 since the data for these two is very similar. for
the 10 turn taper section no pressure peak was observed in the results indicating
that it therefore constituted a workable screw desism whilst the slightly
shorter taper length would not. It would seem that for this particular flow
rate, materisl, end meometry a 10 turn compression zone with =2 4 : 1 compression
ratio represents some form of limit to possible screw designs.

It would be easy to conclude from the above results that the best screw design
is one with zero taper. This however is not necessarily the correct interpreta®-
ion of the results. The effect of‘beginning melting in a non-~tapered section
but continuing in a tapered section has not been investigated, neither has

the behaviour with very short compression sections. Further the model assumes
that at the beginning of melting the solid bed is fully compacted and that

its density equals that of the solid material. In practice such compaction
may’not satisfactorily océur without some degree of channel taper. Thus what
ma& be concluded from figures 4.1 to 4.4 is that for the particular data of
those simulations and assuming the solid bed to be fully compacted st the
start of the melting region, then no channel taper after the start of melting
will give the most stable melting behaviour.

Some results concerning scale-up of extruder design are now presented. The

data which forms the basis of these simulations is tsken from a paper entitled
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'Some Melt Flow and Mechanical Design Aspects of lLerge Extruders'. by R.T
Fenner and J.G. Williams (40). Two different scale-up rules are investigated -
from melting performance aspects. By scalc-up is meant meking predictions
of the performance of essentially large diameter extruders from a knowledge
of the performance of smaller machines,
It was susrested (40) that an ideal method of scale-up, from ﬂﬁe nelt flow
point of vie& would involwve holding two critical nonedimensional quantities
constant., These two quantities are the Peclet number, F% s where

Pe = Pm.Vyg.‘”‘ia,Qm / R (4.1)
and a viscous heatiﬁg parameter, JL 4 » Where

KM = | - exp (-—‘J &T} (4.2)

where {r igs the normal temperature sensitivity of viscosity in the power law

LA

o

constitutive equation; and o
LT = F §He | 2 ke (43)

The Peclet number expresses the ratio between thermal convection effects in

the melt flow, It is normally high in polymer melt {lows, 103 - 105 typically,

indicating the importance of thermal convection.

The non~dimensional group ;?i}*is a measure of the effect of the temperature

variation through the melt caused by the conduction of héat generated by

viscous disgipation, ;f the value of ji;éis zero then this indicates that

any temperature rig;ﬁ%g dissipation has negligible effect on the viscosity. If

the value of J{ ) apfroaches unity tiue practical effect is that the material

is likely to overheat if it reaches the fully developed stave.

It is shown (40) that it is not practical to hold both Z&Q and }-(H constant

during scale-up becauge to do so would involve very low output rates for the

larger size machines.

The first practical rule of scale-up to be investigated is one proposed by

Maddock, Basically the metering ssctiou cnannel depth, %% s 15 det'ined as

H = H F‘f | |
A mﬂ (404)
where @Q =6 inch 3 H,q =0.05. Dy

and the screw speed is detined as

Ayt -



N = NAfEQ | (4.5)
D

where h!g = 60 r.p.m, aud ig vhe gpeed of tae o iucn size macnine,

Using tuese relationships and the results for output rates quoted in (40),
fhree different size screw geometéés were formulated based on 2,6, and 10

inch diameter extrudgrs (50.8, 152.4 and 254 millenetre respecfively). To
enable complete specification of the geometry for the melting region it was
assumed that the oversll compression ratio was 3%:1 and the length of taper
section was 15 turns, for all screw diameters. The details of the screw
.geometries and the operating conditions are given in Table 4.,3% under scale-up
TA'., The material properties are given in Table 4,1,

Using this scale up lawv it was shown (40) that both F&_an57{4§rise substantially
as the diameter rises. An alternative procedure was suggested, This involved
using the gsame variation of channel depth, equation (4«4), but to maintain
jytsg constant. Results were presented fort?{hﬁ= 0.99. It was éhown that this
method gave a much more nearly constant Peclet number. Using the results
presented in (40) for this alternative scele-up law three more screw geomebries
were formuleted, these are detailed together with the operating conditions in
Table 4.3% under scale-up 'BY,

The results of the melting analysis for scale-up 'A' are given in figure 4.5,
those for scale~up 'B' are given in figure 4.6, The results are presented in
non-dimensional form %o enable the effect of the scale-up rules to be observed,
The melting rate ,is the true melting, that is, the ratio of solids flow rate
to total flow rate. The solid bed velocity is ploitted as the ratio of bed
velocity to &own-channel barrel velocity. Both these variables are plotted
againgt the axisl screw position in'turns',

I+ can be geen that both scale-up rules work well in terms of melting rate, in -
that the non-dimensional melting profiles are very nearly co=-incident., Of

the two,scale-up 'B' is slightly the better. However, inspection of the solid
bed wvelocity profile éhows that as screw diasmeter is iricreased so the solid
bed acceleration incresses., Again écale-up 'B' is slightly the better in

this respect, in that the variation of =olid bed acceleration with screw

-diameter is less than that given by the predictions of scale-up 'A'., However



Scale-up A ' Scale-up B

h 2 3 1 2 3
Channel width,YVY ,m 0436 1307 22179 0436 1307 T L2179
Feed section channel depth,H(-, o ,0132 0229 0295 - ,0132 0229 <0295
Coefficient of channel taper, I ,m/m  ,004135 002214 .00168 .004135 002214 00168 .
Flight clearance, £ ,m ,0N01 0001 » 0001 »0001 »0001 0001
Helix angle, & 17.65 17.65 17,65 17.65 17065 17.65
Screw diameter, [} , m .0508 L1524 .254 .0508 1524 #254
Feed zone length, m 0.0 0,0 0.0 0.0 0,0 0,0
Taper zone length,m C 2,127 6.876 11,714 2.127 6.876 11,71
5créw.8peed, o, repem. 104 60 46 320 86 46
flow rate, My, kg/s 0148 141 +3854 0377 193 .3854
Barrel temperature, J4 5 © 150 150 150 450 150 150
Initial temperature,”J, , C 20 20 20 20 20 20
Screw melt point, m 1.0635 3.438 5.855 1.0635 3;438 5855

Table 4.3

The Geometric Data and Operating Conditions used in the Scale~Up Simulations

g¥e
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Figure 4.5 -

Theoretical predictions resulting from the application of scale-up
law A, '
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Theoreticél predictions resulting from the application of scale~up
law B, -
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neither can be considered adequate-in this respeét. The iﬁplication ig that
using either of these scale-up rules to design a 10ine 254 millemetre) dismeter
screw, based on the results of trials én a 2 inch (50,8 millemetre) dismeter
screw is likely to give no trouble with melting capasity but that surging

is likely to be more pronounced. Of course, this is not always an important

’
¥

consideration eapecislly for large diameter machines.
This concludes the limited simulations concerning screw design applications
of the present theory, It is hoped that they serve to indicate the potential

usefulness of the anslysis.

4.3 Theoretical Simulations of the effect of material Properties on

melting performance.
Figure 4,7 shows the effect of varying the proportion of the total enthalpy
increase imparted to the material, that is taken up by the latent heat of
fusion of the material, The basic data-for this simulation is taken from
experiment 15 of the present work. It can be seen how an increase in the latent
heat tends Yo flatien out the solid bed width profile slthough the effect is
not particulsrly marlked.
Figure 4.8 shows the effect of varying the thermal conductivity of the materisal,
again based on data from experiment 15, The effect here is most marked. Not
unexpectedly the greater the condﬁctivity the higher ig the melting rafe. The
sengitivity of the melting rate to the value of the thermal conductivity means
that it is of great importance to obtain accurate values of it if accurate
theoretical simulations are to be performed. It is possible in the present
work that the bad fit between the theoretical and experimental results for
the polypropylene experiments was csused by inaccurate values for the thermal
conductivity.
Further interesting results are obteined by investigating the effect of
varying the parameters of the power law constitutive eguation. Figure 4.9
shows the effect of varying the datum viscosity, §23, based on the data for
experiment 11, on thé solid bed width profile.' Clearly the increase in viscous

dissipation increases the melting rate, and also the higher viscosity material
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Theoretical predictions showing the effect of varying the ratio of lastent heat of fusion to specific heat

on the solid bed profile
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of necéssity, generates higher pressures,

Figure 4.10 shows the effect of varying the coefficient of temperature
gengitivity of viscosity, é? , on the s0lid bed width profile, Increasing the
teuperature sensitivity is effectively incresging the mean level ofﬂviscosity
since mich of the melt in the melt filns is st 8 temperature lower than the
datum temperature of the viscosity messurement. Thus the.melting rate is
incressed as the temperature sensitivity is incressed. The primary effect of
varying both the datum value of visdosity and its temperature sensitivity is
to alter the melting rate, the effect on solid bed scceleration is secondsary,
and is probably a consequence of the different melting rates rather than these
viscosity parameters.

The same, however, cannot be said of the effect of varying the power law index
on the melting behaviour, which is shown in figure 4.11, &gain based on
experiment 11, Of course the more Newtonian the fluid is the higher will be
the viscous dissipation as long as the datum viscosity and temperature
sengitivity remain constant eand as long as the datum shear rate is below the
shear rates that occur in the analysis, Thus one expects an inereasse in melting -
rate as the power 1aw.index decreases towards the Newtonian value of zero., This
is in fact the case up to the point of “ormation of the lower melt film, as can
be seen in the figure. There after, however, a more complex situation arises.
The resultsrshow that the more Newtonian the fluid is the earlier does
significaﬁt solid bed acceleration occur and the higher is the maxirmum solid
bed velocity. This behaviour will affect the melting rate since the meliing
rate is directly proportional to the solid sed widthe Thus for the extreme
Newtonian case the digsipation in the melt film is the highest melting rate

per unit solid bed width, yet the solid bed width averaged over the melting
region’is least. These two effects tend to counteract one another such that

the finish of melting does not vary significantly with the variation in power
law inéex, Of course this is, in a sense, co-incidental because of the
particulap data used in this simulation, The significence of these results

is in the effect on the point at which significant solid bed acceleration

begins, relative to the point of formation of the lower melt film,
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In practice‘the melting profiles predicted for nearly Newtoniem materials, such as
Melinex, do not exhibit this long region where the solid bed width is small
compared to the channel width, This is because the solid bed does not remain
contimious as the theory assumes it to do, rather it periodically breasks and
one sees & series of separate pieces with regions of channel completely full
of molten material between regions of solid and melt. The presené steady
state theory cannot predict such hehaviour and therefore the predictions of
the melting profile for such naterials cannot be accurate. However it is
possible that the theory may be useful in such cases as a tool in designing

screws to minimise such solid bed accelerations.

4¢4 Theoretical Simulations of factors affecting the performance

of Extruders in operation.
Figure 4.12 shows the effect of varying the flight clearance based on the data
of experiment 5. Compared with the predictions of thé effect of flight
clearsnce on melting performance published by Tadmor snd Klein (15), the present
results show much legs sensitivity to increases in flight clearance., Without
good experimental data with which to make comparisons it is difficult to pass
comment on the accuracy of such predictions, It is interesting to note that
the present predictions suggest, if accurate, that the greater the flight
clearance is, the less will be the effect on the melting performance of an
increase in the flight clearance,
Figure 4.13, which is based on dats from experiment 7, shows the effect of
varying the point of formation of the lower melt film on the melting behaviour,
thus simlating varying degrees of screw cooling., The detailed results for
these simulationi show that the presence of the lover melt f£ilm is imporbant
as régards the overall melbting rate, in other words, there is a significant
energy input to the métarial from the dissipation in the lower film and from
the screw, It has slready been commented that the heat flux from the screw
may be over-estimated in the present model but the dissipation is certainly
. & real and significant effect. Therefore one expects a higher melting rate,

all other things being equal, when the lower melt film is present. The
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results élso indicate another effect of the lower melt film, that is, its
effect on the onset of significant selid bed accelerastion, It would seem that
the earlier the lbwer melt film forms, the esrlier does significant solid bed
’acceleration occur,

-This concludes the presentation of the results of the theoreticsl simlations
of extrusion trials. The next section presents a concluding discussion

of the various experimental and theoretical results, with special regard to

the phenomenon of soclid bed break-up,

4,5 3 Coneluding Discussion,

It is now appropriate to discuss the correlation beitween theory and experiments
concerning sclid bed bresk-up. The experiments showed that a lower melt film was
necessafy if bed break-up was to occur. The theoretical predictions show
agreement with this, in that in the absence of the lower melt film no significant
acceleration of the s0lid bed was predicted, Additionally the theoretical preds
ictions for PVC showed no significant solid bhed scceleration until the very

end of melting where its effect is of little importance, which agrees with

the absence of solid bed break-up in the PVC experimenté. Further, theoretically,
the more Newtonian the plastic, which generally means the more crystalline the
plasfic, the earlier after the formation of the lower melt film did significsnt
acceleration take place. In & general wey this agreez with the experimental
resulté which tended to suggest that the more crysialline the polymer the

more severe was the surging due to bed bresk-up, although this ig difficult

to quantify, especially as ﬁhé'Melinex‘ results were inconclusive due to feed
section surging which completely masked the pressure variations due to so0lid bed
bresk-up. In the absence of any means of measuring screw temperatures in

the experiments it was not possible to compare the point of bed bresk-up

with the point of formation of the lower melt film in the experiments and

hence 1t wag not possiéle to confirm the theoretrcal predictions,

It musn:hé iemeMBﬁEed that in the pregent theory no comstitutive eguation

for the,solﬁd bed hags been specified, merely its deformation; and therefore one
cannot ﬁécessarily expect to be able to predict the point of actual bed break-

up. Ifltrends of the present theoretical predictions concerning tne. . _ .o
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point 6? formation of the lower melt filw and the cnset of significant
801id bed acceleration together with their dependence on the nature of the
flow properties of the material, are an accurate reflection of the actual
behaviour, then one implication of it would be that the inherent strength

of the solid bhed is not necessarily the overriding factor in any critericn of

i
!

s0lid bed fracture,
I+ is useful to look at the ratio of the shear siresses acting on the solid
bed 4n E%_direotion. Restricting attention 4o the upper and lower surfaces
only, the ratto of these siresses for the Newtonian constant viscosity case,

making veuas assumptions about the melt film flow bwehaviour, is
Tz o= (Mey-Ve) L S
T2y & V2,

which is independent of viscosity .

(4.6)

In the theory the initial value of égg'is conputed on the hasis that the
pressﬁre gradient is locally constant, and of course tne presmire gradient
is calouleted 3ssentially from the differeniebetween the above two shear
stresses, Normally the initiasl wvalue of 8z'so calculated is of the same order
of magnitude as ‘g‘ though ususlly smsller. 3Because all the materisl meiting
off the bottom of the solid bed is necessarily retained in the lower film, the
thickness of this film will increase steadily and therefore so does the ratio
ng/é’?‘v In the absence of any solid bed acceleration this means that the
shear stress ratio in equetion (4.6) will increasse and as & consequence the .
pressure gradient will increase. In theoretical terms such an incresse in
pressure gradient in the absence of solid bed acceleration would so rgstrict
the mélt pool flow rate that the overall continuity of the down channel
flow rate would be impossible to maintain, However, acceleration of the solid
béd ellows continuity to be maintained on two counts. By allowing a reduction
in width of the solid bed it increases the flow area of the melt pool, and
secondly the increased velocity of the solid bed will reduce the shear stress
ratio in equetion (4.6).
This then is the mechanism that operates in the theoretical model as applied to a
Newtoﬁian constant viscosity fluid., In the case of non-Newtonian, temperature

dependent viscosity fluid the situation is more complex in that the shear
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stress ratio, /E’,-sf / ’I,’z,}is a function of the shear rate and temperature
profiles in both films. The viscosity in the lower film will in general be
higher than that in the upper filﬁ for two reasons. The mean temperature of
the lower film is generally lower than the upper and the mean shear rate will
also be lower, both of which tend to increase the viscosity in the lower film
compared to the upper., Thus this effect will reduce the ratio;of the shear
stresses acting against the effect due to the film thickness ratio. The
more non-Newtonian the materisl the greater will be this counter effect, All of
which means that the acceleration required of the solid bed to maintain
continuity is reduced in the case of a non-Newtonlan material compared with
a Newtonian one,

Of course, even with non-Newtonian fluids significant solid bed acceleration

is predicted by the theory but always at a finite measurable distahce after

the formation of the lower melt film, As the lower melt film developes

several significant effects take place, sll of which tend to increase the shear
gtress ratio and hence the likelyhood of significant acceleration, Obviously
the ratio of the film thickness is working to this end. In addition some
acceleration of the solid bed is taking plece which on the one hand tends to
reduce the‘acceleration of the so0lid bed, see eguation (4.6) and on the other
hend tends to increase it in that it increases the shear rate in the lower
film and hence reduces its viscosity and hence shear stress., Thirdly the
screw temperature is increasing which will tend to increase the mean temperature
of the lower melt film with a consequent reduction in viscosity and hence
shear stress, It is not therefore surprising that at some stage these effects
combine so that significant acceleration of the solid bed begius.

It is also possible to identify in the theory a positive feedback cycle that
causes an instability and means that once the solid bed acceleration reaches

a certain critical point it increases rapidly until conditions have become
édjusted and the acceleration levels out. Thié feedvack cycle may be described
ag follows., Tt can be followed more easily by reference to fisures 3.15 and
3e16.

Acceleration of the solid bed causes a reduction in the solid bed width. 4

-

reducéion in the solid bed width tends to reduce the thickness of the upper
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melt film at a subséqﬁent-section since the effective developement length of
the film is reduced. A reduction in the upper melt film thickness without
a corresponding change in the lower melt film thickness causes an increase in
the shear stress ratio in the solid bed. This in turn requires greater
acceleration of the solid bed to maintain continuity., Henece if the dominant
factor in determining the upper melt film thickness is the solid: bed width
then the unstable feedback mechanism described above is likely to occur,

The above discourse refers essentially to the postulated melting model

and therefore only if the model iz an accurate representation of the actusl
melting mechanism can it be applied as an explanation of solid bed ' breakeup.
Present experimental evidence does not conclusively demonstrate that it is
accurate, and as it does not allow for the possibility of bed breek-up it is
necessagily inaccurate to some extent. Yet the results do suggest that up

to and including the fracture of the so0lid bed the model is reasonably sccuraste,
The conclusion of the discussion of the theoretical analysis as regards

the onset of bed break-up is that the point at which significant solid bed
acceleration occurs corresponds to a certain stress state of the solid bed,

This state is one in which there is a comparatively high shear stress gradient
across the solid bed and a comparatively high pressure gradient in the solid
bed, and by implication according %to an assumption of the model, a comparatively
high pressure gradient in the melt pool. The comparison being made with
conditions that apply when the solid bed acceleration is low. Purther, this
state that brings about significant solid bed ascceleraticn, tecause of the assum-
ptions .of the model is independent of the properties of the solid bed, in

that it is only the properties of the fluid thaf affect the gtresses on the
solid bed,

Turning to the real situation it has been stated that the size of the granules
did not noticesably affect the occurrence of bed bresk-up. This obhservation

goes a little way to support the theoretical conclusion that solid properties
are notrnecessarily of péramount importance in controlling solid bed break-up.
If one'weré seeking the simplest possible constitutive equation for a solid bed in

the present context it might well be that the solid bed has infinite strength
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in ceonmpression and zero strength in tension, In other words the criterion
for fracture of the solid bed would be that fracture occurs when any principsl
stress becomes zero., This may well be an excellent first approximation to
the real situation. Of course, if it is, the idea that the criterion of
fracture is:independent of material could be applied.

The obvious next step in formulating a theory to accurately predict the point
of bed bresk-up is to undertake a detailed stress anslysis of the solid bed,
This is outside the scope of the pregent work, but it is hoped that the
foregoing may be of use to other workers in formulating such an analysils,
To re-cap then the theoretical explanation of the ocourrence of significant
g0lid bed acceleration is that a certain critical stress state is reached
that consigts of a high shear stress gradient across the solid bed in the

?%, direction and & high pressure gradient in the melt pool andnfgéeﬁﬁially
a high melt pressure. This stress state is brought about by & combination of
factors but is essentially due to conditions in the lower melt film being
- guch that the shear stress on the bottom of the solid bed in the lér dirgction
- becomes smaller and smaller comp&redmto thet on the top of s0lid bed, The
reason for this reduction in this shear stress is the increasing thickness
and increasing temperature of the lower melt film, Once conditions have
reached a certain stage an instability occurs due to the interrelationshirps
between the different variables of the problem. This instability causes a
short ?eriod of high solid bed acceleration., It should be noted that this
instability, due to the previously described positive feedback mechenism
is not a mathematical instability but a physical one in the postulated

melting model,
Qualitatively the trends and predictioﬁs of the snalysis correlate favourably
with the'experimental results although the evidence is by no means conclusive,
However there is no reason why.one should not apply the above explanation
to the real situation. In which case, of course, the unstable region of high
acceleration in the thedretical model becomes synonymous with the region in

which the solid bed fractures in the resl case., This region of high scceleration

in'the_theoretical model is highly qualitative and can only be identified
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by inspection of a graph of the solid bed velocity against channel position
such as have been shown earlier,

Having postulated an explanatioh of solid bed break-up on the basis of the
theoretical treatment some implications of it are of relevance., Firstly,
does the explanation suggest means by which solid bed break-up may be avoided?
It has been shown experimentally that one way, and perhaps the easiest way,
to avold solid bed break=-up is to prevent the formation of the lower melt
film by the use of screw cooling. Of course, the stabilizing efféct of screw
cooling has long been appreciated and used, Though this is, in principle, 8
ginple method it is by no means ideal in that it would seem %o inevitably
involve a loss in output rate. Looking at the various experimental and
theoretical results concerning screw cooling experiments suggests‘that the
reason for this is the reduction in pressure generating capacity in the melting
recion. In the light of the previous discussion it would seem that this loss
is inevitable if the shesr stress on the lower surface of the solid bed is
due to @Py friction, If this is so then to achieve higher output rates the
pressure of the lower melt film is necessary. Therefore, ways of preventing solid
bed break-up whilst allowing the presence of the lower melt film must be
sought,

Esgentially what is needed to fulfill thig requirement is a thin film of low
temperature that does not get thicker nor hotter as it develop;s downchannel,
Of course the thinner and the cooler the film is so the higher will be the
dissipation which will then tend to increase the temperature of the film

and its thickness due to the increasing melting rate, However, one could
perhaps visualize some form of tempevature control system for the screw which
would attempt to meintain the screw temperature in the melting region, some
fey degrees above the melting point of the plastic, Whether such a system
would be economicably viable were it to be effective is uncertain, It is
certainly technically possible and undoubtably would give a very sénsitive
extra control of the extruders performance,

An alternative method perhaps could involve a screwAdesign having & reducing

channel depth and increasing channel width, that is,- tapered variable pitch screw,
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The idéé behind this being that the solid bed width should remain virtuslly
constant and that the increasing amount of molten meterial collects in the
increasingly wide channel, so that as the pressure gradient increases the
solid bed width does not need to reduce to accommodate the melt flow in the
melt pool. Thug thgwpnstable feedback mechanism is less likely to function
gsince the upper melt film is less likely %o reduce in thickness due to a
reduction in the solid bed width. As the overall melting rate is directly
proportional to the golid bed width this form of screw design will not have
such a high potential melting capacity as & conventional design would have,
However, if surging caused by s6lid bed fracture were sufficiently troublesome
that it needed to be eliminated then this might give a better solution then
screw cooling, say. Further the results presented previously illustrating the
effects of scale-up showed that for larger machines the melting capacity is
_likely’to be more than adeguate but that surging becomes more severe,. Therefore
a reduction in the potential meltipg capacity - of the machine by adopting

such a form of screw design may not in fact reduce the asctual output reguired
- of the mschine,

It now remains to discuss briefly how the present melting analysis may most
effectively be cémbined with snalyses of the other two regions of the extruder;
the solids feed region and the melt flow region.

Ideally s non-isothermal feed flow theory should precede the melting analysis,
This could then provide the initial pressure for the melting snalysis, the
initial solid bed temperature digtribution and most importantly the actual
starting point for the melting analysis. The theory recently published by
Tadmor and Brayer (41) would seem ideal in this respect. DBecause of the way the
preéent theory has been formulated such a non-isothermsl feed flow analysis
would aufomatically match up with the present analysis and would not require
an intermediate analygis a3 the Tadmor melting snalysis does, that of the so
called 'delay zone' (42).

As regards‘the melt flow analysis, it would again be fairly straightforward

‘ to link the melting analysis to the melt flow analysis if the melt pool flow

analysis were to be for non-Newtonian fluids. In its present form the anslysis



of the melt pool flow is for Newtonian constant viscosity fluids. The
information the present snalysis provides is a mean melt pool temperature,
melt pressure snd the finish of melting, This is sufficient to initiate a
melt flow analysig though it is a long way from being ideal. Terhaps the
jideal case would be to have a thermally developing non-Newtonian flow analysis
for the melt pool. Of course when the width of the solid bed %ecomes Zero
the melt pool occupies the whole of the channel and the analysis would

proceed as the melt flow analysis,



267

The Tlates Showivg the Experimentall

Obteined Cross-Sectionsl Snecime:ns
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PLATE 1

(a) Experiment 1: Plasticised Polyvinyl Chloride Granules
N(80); Q(360); D(3/32)

(b) Experiment 2: Plasticised Polyvinyl Chloride Granules
N(40); Q(200); D(3/32)



PLATE 2

(a) Experiment 3: Plasticised Polyvinyl Chloride Granules
N(80); Q(367); D(5/32)

(b) Experiment 4: Plasticised Polyvinyl Chloride Granules
N(40); a(201); D(1/16)



PLATE 3

(a) Experiment 5: ILow Density Polyethylene Granules
N(80); Q(191); D(3/32)

(b) Experiment 6: Low Density Polyethylene Granules
N(40); Q(97); D(3/32)



PLATE 4

(a) Experiment 7: ILow Density Polyethylene Granules
N(80); Q(215); D(5/32)

(b) Experiment 8: Low Density Polyethylene Granules,
with Screw Cooling
N(80); Q(140); D(3/32)



(a) Experiment 9: Low Density Polyethylene Granules
N(40); Q(83); D(1/16)

(b) Experiment 10: Polyvpropylene Granules
N(40); a(80); D(1/16)



PLATE 6

(a) Experiment 11: Polypropylene Granules
N(80); Q(179); D(3/32)

(b) Experiment 12: Polypropylene Granules
N(40); Q(93); D(3/32)



PLATE 7

(a) Experiment 13: Polypropylene Granules
N(80); Q(189); D(5/32)

(b) Experiment 14: Polypropylene Granules,
with Screw Cooling
N(80); Q(243); D(5/32)



PLATE 8

(a) Experiment 15: High Density Polyehthylene Granules
N(80); Q(187); D(3/32)

(b) Experiment 16: High Densitv Polyethylene Granules
N(40); Q(94); D(3/32)



PLATE 9

(a) Experiment 17: High Density Polyethylene Granules
N(80); Q(206); D(5/32)

(b) Experiment 18: High Density Polyethylene Granules,
with Screw Cooling
N(80); Q(137); D(3/32)



PLATE 10

(a) Experiment 19: High Density Polyethylene Granules
N(40); a(81); D(1/16)

(b) Experiment 20: Polystyrene Granules
N(80); aQ(266); D(5/32)



PLATE 11

(a) Experiment 21: Polystyrene Granules
N(40); Q(110); D(3/32)

(b) Experiment 22: Polystyrene Granules
N(40); Q(128); D(1/16)



PLATE 12
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(a) Experiment 23: Polyethylenc Terephthalate Granules
N(80); Q(319); D(3/32)

() Experiment 24: Polyethylene Terephthalate Granules
N(40); a(164); D(3/32)

N.B. The above specimens are arranged in Rows not Columns



PLATE 13

(a) Experiment 25: Low Density Polyethylene Powder
N(80); Q(203); D(3/32)

(b) Experiment 26: Low Density Polyethylene Powder
N(40); Q(115); D(3/32)



PLATE 14

(a) Experiment 27: Low Density Polyethylene Powder
N(80); Q(221); D(5/32)

(b) Experiment 28: Low Density Polyethylene Powder
N(40); (78); D(1/16)



PLATE 15
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(a) Experiment 29: Rigid Polyvinyl Chloride Powder
N(80); Q(419); D(3/32)

(b) Experiment 30: Rigid Polyvinyl Chloride Powder
N(40); Q(185); D(3/32)



Note: Greek symbols, sub-scripts end super-scripts are listed after the main list

of symbols.

Symbol

A

(A
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Notastion

Description Units
coefficient of channel taper per unit exial m/m

length . ;

matrix of the coefficients of the variables,

used in the energy analysis of the solid bed .

general term of matrix Ef’:\] s

coefficient of channel taper per unit helical m/m
length .

matrix of the constants, used in the energy

enalysis of the so0lid bed .

general term of matprix Eg‘?} .

flight land width or, "
coefficient of the {emperature sensitivity of
viscosity in the 'power law' constitutive eguation.deg 0'1
Matrix of the coefficients of the varisbles in the
governing equationg of the meliing model ,

general term of matrix E;:cg'

specific heat at constant pressure of the molten

material . ‘ J/kg"C
specific heat at constant pressure of the solid

material . J/kg°C
screw diameter . n
screw diameter used a3 a datum iﬁ the scale=-up

gimulations . n
matrix of the constants in the governing equations

of the melting model . ‘

general term of matrix [t}] .

local constant value of the solid bed acceleration. m/s2
flight clearance . n

Newtonian @rag flow shape Tactor




LS

LM

Ha

He
Mo
He

o

Newtonian pressure flow shape factor .

pressure gredient, or

Griffith number in Appendix B .

metering section channel depbth,or

distance between the parallel boundasries of the
melt film analysis, see Appendix B . ‘"
channel depth used sg a datum in the scale-up
similations .

cheannel depth .

feed section channel depth .

s0lid bed depth .

number of nodal points of the finite difference
grid uvsged in the energy analysis of the s0lid bed
in the &j direction .

nodal point index in finite difference grid, in
the % direction .

coordinate direction, variously defined.

number of grid points in the % direction .

nodal point index in finite difference grid,in
the 3? direction .

thermal conductivity of the molten materisl.
thermal conductivity of the solid material ,
overall axial length of the screw.

mean length of broken pieces of solid bed ,
maximim length of melt between pieces of solid
bed ,
axisl coordinate ,

mass flow rate per unit length .,

magss flow rate per unit lenizth in the § direction
nmass flow rate per unit length in the 3}direction
in the upper melt film .

nass flow rate per unit length in the Y direction

in the upper melt film.

284

N/ﬁ5

J/ms'QC
J/ms ¢

m

kg/ms

kg/ms

kg/ms

kg/ms



nass flow rate per unit length in the E?direction

in the lower melt film ,

mass Tlow rate per unit length in the E;direction
for the solid bed .

mess flow rate per unit length in the gkdirection

for the melt pool .

1
i

mass {low rate per unit length in the X direction

through the flight clearance.

extruder out put rate, i.e., total mass flow rate -

in the 3 direction .

mass flow rate through extruder.

mass flow rate per unit length, referring

to Newtonisn flow,

mass flow rete per unit length in the > direction
for Newtonian flow in the upper melt film .

mess flow rate per unit length in the 3¥ direction
for Newtonian flow in the upper melt film .

screw speed.

screw speed used as datum in the scale-up
simulations .

‘power law' index or

iteration number .

pitch of screw .

Peclet number.

pressure .

volumetric flow rate .

non-dimensional flow rate.

non-dimensional flow rate in the direction ,

e

ron-dimensional flow rate in the direction

[ S

for the upper melt film .
non~-dimengional flow rate in the j direction for
the lower melt f£ilm .,

non-dimensional flow rate in the X direction

fpr the upper melt film.

Z8h

kg/ms

kg/ms

kg/ms

kg/s

ke/s

kg/ms

kg/ms

kg/ms

TePM,

TePole



\/b:c

non-~dimensional flow rate in the 3? direction for
the upper melt film,

radisl coordinate direction .

temperature -

barrel temperature.

datum temperature for viscosity measurements .
melting point temperature .

initial temperature .

serew temperature .

solid bed temperature .

boundary temperature in melt film analysis .
upper melt film temperature .

lower melt film temperature .

non-dimensional upper melt film temperature.
nonndimensiongl lower melt film temperature .
non-dimensional solid bed temperature ,

mean periodicity of bed bresk-up .

maximum velocity of the solid bed after fracture.
non-dimensional velocity.

barrel velocity,

barrel velocity component in the > direction .
barrel velocity compenent in the EFdirection %
boundary velocity in the melt film snalysis.
solid bed velocity -

golid bed velocity component in the Y direction -
golid bed velociéy component in the E}direction .
solid bed velocity in the }_direction calculated
from the solids-flow equation .

vélocity in the\] direction’,

velocity component in the ¢ direction .

velocity component in the Y direction |

velocity component in the 3 direction

deg
deg
deg
deg
deg
deg

deg

sec

n/s

m/s
n/s

m/s

/s

n/s

n/s

n/s
n/s
m/s
/s
n/s

286



ols
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channel width . m
width of the melt pool . m
solid bed velocity in the E}direction at the
point of fracture . uMs
golid bed width . m
coordinate direction across the channel . ¢
non-dimengional 3 coordinate direction.
non-dimensional Y coordinate direction in the
solid bed .
non-dimensional Y coordinate direction in the
upper melt film .
non-dimensional ﬁ coordinate direction in the
lower melt film
coordinate direction .
coordinete direction in the solid bed .
coordinate direction in the upper melt film .
coordinate direction in the lower melt film ,

non-dimensional down-channel coordinate direction ,

down channel coordinate direction ,

Greek Symbols

thermal diffusivity of the solid . m°/s
angle of the resultant velocity between the

solid bed and the barrel,to the ifcoordinate axis.

datum shear rate for the viscosity measurements , sec-1
mean shear rate , sec™ !
melt film thickness . m
upper melt film thickness . m
lower melt film thickness . m

analytically computed lower melt film thickness . m
EY direction step length in the numerical - m

solution



R

LR

=

>

non-dimensional Finite Difference grid spacing

in the‘)'},direction for the solid bed energy analysis,
viacosity |

datum viscosity calculated at shear rate B‘D and
temperature‘wTé ,
Newtonian constant viscosity . §
Helix angle .

letent heat of fusion .

adjusted latent of fusion for the upper melting
interface .

adjusted latent of fusion for the lower melting
interface .

coefficient of coulomb friction between plastic
and metal |,

ratio of adjacgnt grid spacings, A§g§ﬁ5 s in

the Pinite Difference grid vsed in the solid bed
energy analysis .

non~dimensional viscous heating parameter .
non-dimensional pressure gradient .,
non-dimensional flow rate

density of molten materisl .

densgiy of solid materisl .

shear sﬁress.

shear stress in the E& direction on the lower
surface of the solid bed .

shear stress in the E}Girection on the upper
surface of the solid bed |

mean shear stress .

m;an,shear stress for the upprer melt film.

méan shear stress for the lower melt film

non=dimensional shear stress in the j direction

for the upper melt film

*

288

Ns/m2

Ns/m2

Ns/m2
J/kg
J/kg

J/kg



W

Ud

W 5
Symbol

r-.‘4‘ g o < P

-v‘éﬂ'm';{ w A o 3

N
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non=dimensional shear stress in the O direction

for the upper melt film

non-dimensional shear stress in the 3}.direction

for the upper melt film

non-dimensional shear stress in the j direction. -

for the lower melt film |, ; N/m?

general variable .

matrix of the general variables .

mass melting rate
mass melting rate

mass melting rate

Subscriptsg

refers to
refers to
refers to
refers to

refers to

refers to

per unit ares . kg/m2
)
per unit ares at the upver interface kg/m

per unit area at the lower interface kg/mQ

Deseription
the 'scale-up' simulation .
the barrel,
the channel .
a datum value
the screw flight clearance .

a nodal point of the Finite

Difference grid.

refers to

refers to

the & coordinate direction .

2 nodal point of the Finite

Difference grid ,

refers to
refers to
refers to
refers to
refers to
refers to
refers to
refers to

refers to

the molten material.

an initial value._

the screw .

the solid material,A

the ¥ coordinate direction,
the 4 coordinate direction.
the E& coordinate direction .
the upper melt film _

the lower melt film



Symbol

Superscripts

Deseription

refers to the first derivative with respect to E},,
refers to mean value .

denotes non-dimensional quantity _

i
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Appendix A

A Calculation of the melting rate of plastic by conduction of residual heat

~ in the extruder during the cooling down period.

The problem whose solution ig developed here is & simplified approximation
to the real situation. The simplified problem is defined as follows,
Initially a semi-infinite solid at uniform tempevature ,Ta,is in contact
with a boundary at temperature T(”, , which is greater than the melting
temperature of the solid Tm o It is required to find at what rate the
melting interface advances from the boundary, given that at time t =0, the
thickness of the molten layer is zero and the temperature of the boundary,
_T(, sdecreases exponentially as € increases. It is assumed that the
temperature profile in the molten layer is always linear, The situation is
illustrated in figure A1,
The symbols used in this appendix are defined as they are introduced. For
the most part they are consistant with the main text but are not necessarily
80,
The position of the interface in Lﬁn;co-ordinat:e direction whose zero is
taken at the fixed boundary, is given by Lim = S s Where S is a function
of t‘; .
A hegt‘balancewat the melting interface at time E gives

(U}i, = km‘;ﬁ cj ‘(A‘l)

% Ym = o

where_w is the nmass of material melting per unit area per unit time at the
interface
R mis the thermal conductivity of the melt

T is the temperature of the melt
/ i
N = +C§(’m~Te) (42)

where >\ is the latent heat of fusion
C.is the specific heat of the solid

The tempersture gradient in the molten layer is given by

AT - Tel) =T

el = (45)

A Y S©
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Also W = OLél - @y | (44)
dt

vhere (75 is the solid density
Substituting equations (A2), (A3) snd (A4) into equation (A7) gives
S48 = R (Te-Tw) (a5)
dE Bt GTmTy)) o

The expornential decay of the boundary temperature Tlé,. is agsumed to be of the

following form

Ty = Toe. exp (E‘;v{:) + Jo. (! - eXp (@ﬁ}) (25)
where & = “L_ . L"; (Tﬂffa}

,b‘ ”Ti;'@” ‘TQ

where ‘¥ is the time teken for the boundary temperature to drop from e, to P

(A7)

Substituting into equation (A5) for T(,- from eguation (46) gives

S A8 = Koexp(BE) (TrTo) + K(T=Tm) (1)
at
where | K.‘: km/€s<>\+55(—rm” o)) .(A'9)

performing the integration in equation (A8) yields

rg,z,__-: - 2K (“ﬂ.o—Ta). exp(fii%;) +2K(‘E-Tm}fj

+ /Z i< (Ttro _.--—Q) /& (410)

as 5 =0 at £ =0

The results of this calculation are best presented showing ,S, as a function
of ’Z— s that is, how the thickness of the molten layer that is generated
in the time taken to cool the boundary down from its initisl temperature

to the melting temperature of the material, varies with this cooling down
time,

Thus equation (A10) becomes
2 - -
/‘g(/t’) - ZK<TLPO" ““) /% "’{'» ka': %.(E“NT:%) (411)

Substituting into equation (411) for B from equation (A7) and for K from

equation (A9) gives
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2 ' |
AS'(AC): 2}2 ,Y "—rm "'-—T—!,_o +’T; —Th‘\
s (4 G (Ton 7T }) (,m‘_ . (A12)
\ Tpe= 1 )
which may be written as

5 ‘?"-’:
Sy = K, v™ (213)
where, ¥
K, =% 2km [T 4T =Tl
s (Oh+ Cs (Trn-ToD) L o ( :'r:, |
l,-b-—%@

The results of this calculation are shown in figure 2.14 of the main text for

& low density polyethylene experiment.

A1 The solution domain

/ ’ (im
S MELT i
T="Tm . T T .



Appendix B:
An analytical Solution for Neon-Newtonisn, Non-isothermal, drag flow between

infinite parallel plates.

The problem is, given a drag flow (zero pressure gradient) with constant

i
i

shear stress, "t , power law viscosity with exporential temperature dependence,
find 7> 5 the boundary temperature gradients and the volumetric flow rate

in fully developed flow,

The method of solution is based on that developed by Martin (33).

In the melting spplication the upper boundery (zee figure B.1) is the metal
surface, screw or barrel,and the lower boundary is the solid bed whose

gurface temperafure is the melting point,Tm o The normal to the solid bed

is the co-ord‘inate \j s and 3 is the direc"cibn of the resultant velocity

of thé upper surface relative to the lower, V 3 ¢ The gap between the
surfaces is H s and Uy (‘j) is the velocity in the 5 direction,
The boundsxry conditions sare,

velocity U’S(D‘)a‘—’ o U’;(H) = \/3

T(H} ="Tw (21)

temperature T (0) = Tm

-3

The simplified form of the power law constitutive equation with temperature
dependence, app}icable to the present problem is,
T =79 l Lody ln-!ci_gri cexpf- (F(T"TD)] (22)

Pl ¥p ékj dﬂ
It should be ' noted that the nomenclature of this appendix does not consistently
follow that used in the main text,

The form of the energy equation applicable here is

RAT = - vy (35)
dy? ay
In the present solutiong $¢3ﬂ<%§gj> = 590 (\IS\) (B4)

The following dimensionless variables are introduced



Y= ylH Z

V = U‘g[\/3

Tké‘& b’(,T"Tm) g

S =~/
T L)Y e (et (0 To))
e A Vi exp(- )
T o= gbl ¥p H i

Hence the non-Dimensional shear stress, S s is written as

S - () o7

And equation (B3) becomes

- H* gy dY
where ngJ/H

Defining the "Griffith Number', % s 88
G=tH*"%F [k

and substifuting for thié in equation (B8) gives
T - - G.S.dy
dv* 4y

From equstion (B7) n
S‘li 2= }.S’n‘QXP(T*/n)
4V

Hence equ&tlon (B10) vecomes

45, = -G8 7 e (Th)

- 47 4 (41
4y ohf"‘ H‘?’

Hence, [0

7 »* e
where d‘T*/d‘)/ =0 o T .:TT

(ﬁﬁ)& =2GnS" [e:xp (T7[n) - exp (T”'/n)}

(B5)

' (56)

(B7)

(B8)

(B9)

(B10)

(B11)

(B12)

(B13)

Following the method of Martln, the following substitution is used

cos%?ﬁ = Q)(P( 2 -"Tx>

Thus equation (313) bacomes

(B14)

(B15)
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The sign of dgﬁ/@%y is arbitrary because the gign of ¢ is arbitrary and

one may choose the positive root, thus

9 . ».5 ,%?A (B16)
dY
wherva,w & = J%;zﬁ ’
A = e,x,o("?": /2n) e

Thus integrating equatlon (B16) gives

¢ >, 5“”/3\ Y 4+ C (B18)
Back substituting into equation (B14) to regain the original varieble gives,
o .
A exl-;(-i /h) cosh (BS ALY+ C) (B19)
Substltutlng from equation (B19) into equation (311) gives,
dV - 4 S"Hf"\ (B20)
dy c:cs'i{"ﬂ”(fs A)’+C>
let 14n
Fy=RS=AY + C (p21)
and F‘ = l: s:y} v .
Therefore,
| G
NV = S .tanh f:/ + ¢onstant (327)
R.S f’"
and gince \/( }: and V() =
l = B_ . /< ({,'G;n)‘" r . tqn}\ Q) (B23)
3

There are three unknownsS ’ A end C , and so far only equation (B23)
relating them, The other two equations are obtained from the boundary
conditions,

From (B1), Tl)= Ten

Therefore, T“(o) =

Hence from Equation (B19),

2
A“ = cosh T C (B24)
From Equafion (B17) A is positive, thus '
A = <cosh C (B25)

Eliminating A from Equations (B23) and (B25) gives



=1

R = Sﬁ ,COSJ’\C ,(&&nk F ~ tanh C) (B26)

where, now
: l+n

F=R.8S 2 ashC + C (B27)

Lgain from B1,

¥ #*
TU) = ()"CT;V -’Tm) == NT; , 88Y . v (B28) |

Applying this boundary condition to Equation (B19) gives

Az’ QXP{;—T*/”> = (.‘,05%?“?" (329)
Let £ - mp(...“;";*/ﬁ), , | (B30)
Therefore,

E. cosh™C = cosh™F = / (31)

2.
‘ | =tah™ F
Re-arfanging Equation (B26) gives
tan% F == & ‘ - . (Zﬁﬁf'\s C (B32)
cosh C. S #»
Combining Equations (B31) and (}332) gives, after suitable manipula;bion
I=n
. . el o -} 2z
SLnkC:—:Sz"{l -E - B (533)
' 2.5 |

f=n
ST
This equation, given 5 y finds C uniquely.

From Equation (B31)

S e B
JE,c.osnc. - coshF = (3 (334)

where F and C are given by Equations (B27) and (B33),

00

Thus Equation (B34) can be written in terms of constants, boundary conditions

and ,5' only. However it cannot be enalytically solved for ,S’ but is amenable

to the Newton Raphson numerical method provided reasonable initial estimates

ofIS' are available., Such estimates are available from the Newtonian solution,

which is g special case bf the above results.

For ’ﬁ:l , Equation (B33) becomes,

A , -1 f . e g__,_%a!
C-;Smﬁ'\ l..i.(l-l:. - B (B35)
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and from Egquation (327)

| = F: - <:
’5 c (B36)

vhere,

-
Foetoh [ B+ beohC] )

Thus the Newtonian value of the shear stress ig calculated from the above
relationships and is used as the starting value for the Newton Raphson
numerical solution for the required non-Newtonisn shear stregss., It remains
now to derive exprezsions for the other relevant quantities,

Firstl&, the temperature gradient at the solid bed, i.e., at the stationary

boundary, ™

T)’o :(ﬂ’e)
d‘y X%
From Equation (B19) [n
2n
""A pr(*Tm/ﬁ} \H. = RT3 & SLn}w( } (B38)
%% ’
Therefore, n
T:fo = - n B S sinh (2¢) (
_ A, _ 339)‘
UsingAEquation (B25), 1in

‘_T?/e Juiind -;ZT\ [-5 ,S ) 5“‘};\ (':- (340)

*
Secondly, the volumetric flow rate €;§ s defined as

* f" . “
Q = | VY (B41)

Prom Equation (392)

- (+n
%‘,Szn fjcm (E) S&nA Y +C} banh C)] (B42)

Hence,

Zn .
Q"= A. 87 .u(msw} —Eanh@©)] (s
.. <‘5 @,33. Sf"‘ cosh €
’ ]
Lastly, the mean convected temperature; T s definad ae




PR | ‘ #
T = ST
§vay

From Equaetions (342) and (319)

t R ‘
LovThay
ok (B24)

T ={-m jﬂ A S“{ma( BSTAY +C) - imw;fl
| [msk (.55 AY +a)\

"
cosh™ & O (B45)
A numerical technigue is employed to evaluate the integral.

Finally the dimensional quantities corresponding to the non-dimensional

ones calculated in the analysis are as follows

;:;35

(B46)
T Tyo
( } . (Ba7)
\ %
g s d“ﬁ‘ = ViH.Q (B48)
—_— e Moo
[ = :E_ + Im (B49)

B1 The flow domain

g
-~
\
e
Sr?
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Appendix C:

A simple analytical calculation of the initial developement of a melt film,

The situation is illustrated in Figure C1. The assumption is made that the
fluid ie Newtoni=n constant viscosity, and that the fluid flow)is thermally
fully developed so that the non-dimensional temperature profil; is not a
function of the thicknegs of the molten layer. The analysis is presently
applied to the lower melt film and it is assumed that the solid bed velocity
is constant for the purposes of this analysis, |

The temperature profile in a constant viscosity fluid hetween two parallel

plates at different velocities and temperatures msy be derived as

ToTe = Va % ( __;x__%) LY

To-T,, ZRm(Ta-Tm) 5, Sa S, (c1)

where the boundary conditions are given as
Temperature @ T:Tm at sz.:: (&
T=Ta st y_ = 6a
Velocity U}-.-.O at \31;: Q (c2)
=V 4, = 8.
Assuming the solid bed to be at a uniform temperature,’r;,then an energy

balance st the melting interface gives

L\))\z = km((_l;r \ ‘ (c3)
4279

dy .,

From Equation (C1) we have

(@3_1_#3 o (Ta-Tw) 4 T Ney o)
Yzo '

M, &2 25, Rm

Combining Equations (C3) and (C4) gives

WA, = E.;r:_m("f&" m) + Zﬁ__lji} A(CS)
S, - | Z 6.

Now, (13 , may be written as ‘
W = Ps' é_é,_ (c6)
. dt

Substituting into Equation (C5) for w gives

303



504

d&'& [k (TR - ) + 7,«4 \/S :‘

at O >\ <. (e7)
Integrating this equation, agsuming that only 8;L1s a function of t gives
, L L
gz_<t): Z km {T@“'Tm} + 'ZN \]:‘% 2 ) t %
{)S -\)\?. ' )

(c8)

as é%r: 0 et Lt=zo

C1 The solution domein

—4—-—--—% \f&'é«
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