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Summary  

The present work describes an experimental and theoretical investigation into 

the melting process that occurs in single screw extruders that are used to 

process thermoplastic materials. 

The aim of the investigation was to develop a theoretical analysis of this 

melting process. This was thought desirable for three reasons; to aid in 

extruder design; to aid the improvement of the processibility of thermoplastics; 

to help to optimise the operating performance of extruders. 

An experimental investigation into the melting process was carried 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 melting could be:observed and also so 

that the melting pattern could becorrelated 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 theoretical melting model. 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 usual interpretation. The main difference 

are the inclusion of a melt film between the solid bed and the screw root alid 

the fact that the solid bed is allowed to accelerate. 

A comparison between the present experimental results and the theoretical 

simulations of those experiments showed good agreement between the melting 

profiles but not such good agreement between the pressure profiles. In- addition 

the experimentally observed phenomenon of solid bed break-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 

break-up causes pressure cycling of periodicity between five and fifteen 

seconds, 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 
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a 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 suggested 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 that essentially 

determines whether or not the solid bed fractures. 

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

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

other things being the same. 
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Chapter 1 : Introduction  

Extrusion is a forming process of great importance to the plastics industry. 

There are two main reasons for this. Firstly the inherent nature of 

thermoplastic materials lends itself to the process in that these materials 

have relatively low melting temperatures, 100C to 400C, and when molten 

require a relatively low force to extrude; several thousand Newtons being 

usually adequate. Further, the high viscosity of most thermo plastics 

enables the extrudate to maintain the shape imparted to it by the extrusion 

die until it is cooled. The second reason for the extensive use of 

extrusion in processing thermoplastics is the continuous nature of the 

process itself. This inevitably makes it economically attractive in what is 

essentially a mass production industry, and also one 4.'.n which.the cost of 

the raw material is relatively high, putting greater emphasis still on cheap 

processibility. The continuous nature of the extrusion process is valuable 

also in some stages of the manufacture of raw polymers. 

To extrude thermoplastics optimally one needs a continuous supply of the 

material at the die in a processible state, that is under suitable conditiols 

of temperature; pressure, and Immogeneity. One also desires these supply 

conditions to be steady. If for any reason they are not then the condition 

known as surging arises,-  which manifests itself as a variation in output 

rate. This is undesirable as it leads to variation in product quality and 

can upset the smooth continuous operation of the haul-off systems. 

Clearly to have a positive flow through the die there must be a positive 

pressure in the supplied material, the higher this pressure is t -the 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 laomogeneity, a uniform shear and thermal history, and must be 

supplied under steady conditions. The supply temperature must be above 

the material's melting or softening point and below its decomposition 

temperature. One further requirement of the supply material is that it 
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be free from impurities of any sort. With most thermoplastics the most 

troublesome impurities are gaseous, either air that has become entrapped or 

other gases which may 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 called. 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 though exceptionally part or all of it 

may be cooled to prevent overheating which may be caused by high viscous 

dissipation in the molten thermoplastic. Solid material in granular or 

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

die. The material is transported along 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 

comes from two sources; 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 means of viscous dissipation in the 

plastic when it becomes molten or softened. 

The machine described briefly above is more correctly termed a single screw 

plasticating extruder in that it is required to melt the plastic as well as 

pressurise it. Another type of machine is often used in the manufacture 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 molten 

material and its purpose is to mix the polymer and pressurise it in readiness fol 

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



As has been said one requires the plastic entering the extrusion die to be 

sufficiently molten or softened, sufficiently mixed thermally and physical, 

of uniform thermal and shear history, having sufficient pressure to flow 

through the die at a reasonably rate, and that these conditions be steady. 

These requirements form a basis for judging the performance of the 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 considerable amount of expense on 

theoretical work is economically justifiable in that once the initial 

theoretical simulations 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 incentive. Then there is the 

problem of material processibility. Here again it could be more economical 

to simulate the processing of new grades of plastics or even new types, then 

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 materials in existing machines. 

One must now look at the different parts of the single screw extruder in more 

detail to define more precisely what has to be analysed. Before doing so 

however it is useful. to point out some important properties of plastic 

materials which are of relevance to their processing behaviour in extruders. 

Plastics are highly viscous, pseudoplastic or shear thinning fluids which 

also exhibit visco-elasticity. Their viscosity is also highly sensitive 

to temperature. They have generally low thermal conductivity and. hence are 

good practical insulators. It should be pointed out that for any theoretical 

simulation to be of value one needs accurate information about the properties 

of the material. 

Firstly then one can consider the die flow problem. The most important 

information that one needs to know is the relationship between flow rate 

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



temperature distribution through the plastic, and how this is affected by 

the flow rate, is required. 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 be known. 

In die design the elastic recovery the material undergoes on exit from the 

die has a significant effect on the final dimensions of the extrudate and 

hence must be included in the design calculations. There are several 

comprehensive analyses of die flow in the literature (21,22). 

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 solids 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 literature provides a number of analyses of 

this zone (23,24,25,26). 

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 to the barrel 

surface. As soon as this molten material appears the transport mechanism 

changes and viscous stresses become important.-  The zone ends when the 

material has become completely molten. Again in this zone the pressure 

gradient flow rate relationship needs to be known as well as the final thermal 

state of the material and the degree of physical mixing . One other piece 

of information that is of vital importance is the length of the zone and 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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fellows the melting zone, occupying the rest of the length of the screw and 

consisting of fully molten 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 1e fore; the pressure gradient flow rate 

dependence, the thermal developement of the material and the degree of 

physical mixing that takes place. This zone of the extruder has perhaps 

been more comprehensively analysed than the other two and there is a yealth 

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 tapered section, which in turn is followed by another 

constant channel 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 extruders conform to this basic pattern, 

though in some cases certain 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 screws with ..'nixing devices of 

different sorts such as smear tips, eMi3ing 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 screw has been tried (51). 

However consideration 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. 

As can be seen from the foregoing there are several 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 transition 

zone; this process one may term the melting process. It is 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 qualitative 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 

basic information as to how the process of phase change manifests itself in 

this particular environment. The importance of such a knowledge of the 

pattern of melting becomes more apparent later. To obtain 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 Investigation 

2.1: Extruder Screw Geometry 

It is important at this stage to preSent a thorough description of the 

geometry of the extruder screw and the important simplifications to- this 

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

results what follow. It is also an opportunity to introduce some terminology. 

Figure 2.1 shows the important geometrical quantities 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 deals consistently with single start screws only. It should be noticed 

that the channel width,W, the flight land width,k and the helix angle, 8  , 

are functions of the radial coordinate,'". The helix angle normally quoted 

for a screw is that at its nominal outside diameter,t), which is calculated 

as 
	e (131z) 	ta-7:1  (P 1 	b) 

	
(2.1) 

Wherel)  is the pitch of the single start screw. 

For a square pitch screw, that is, one in which the pitch equals the diameter, 

this angle is 17.61, 

The channel depth,11c, usually varies linearly in the compression or tapered 

section of the screw and a coefficient of'channel taper is defined as the 

change in channel depth per unit axial length,/  or per unit helical length 

measured at the mean channel depth, 5 

Thus if, the feed section channel depth is H0, 

H, (1,) - H 	Al 
where L is the axial length 

or, • 

H (5-)- H  
where 	is the helical length 

The channel width is expressed in terms of the pitch as 

W(r) = P. co5 e(y) 	trc ) 

(2.2) 

(2.3) 

(2.4) 
Finally the relation between helical length, and axial length is 

(r) 	L / si.n a(r ) 	 (2.5) 
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Figure 2.1  

The Extruder SCrew Geometry 

Fire 2,2 
The Cartesian coordinate system for the screw channel 
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It is often useful to define position along 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 screw this 

position is defined as 

=5P=5b 	 (2.6) 

The helical position may be computed from equation (2.5). 

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 the 

effect of contrifugal forces on the radial pressure distribution. However, 

because plastics are highly viscous and the flow in the extruder is slow, 

the Reynolds number 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 d ain. The now stationary screw channel will be thought of as / / 

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 

cross-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 mathematical formulation of the 

theory. A fuller treatment of these assumptions is gi'Ven 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 in single screw 

extruders and the technique has changed remarkably little over the years. 

It consists primarily of removing from the extruder barrel the screw whilst 

completely full of material. The technique 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 solidify 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 technique, and the now solid plastic 

removed from the screw channel. 

The two basic experimental problems involved are achieving a sufficiently rapid 

rate of cooling to prevent the material in the screw channel melting by 

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

of over coming the surface stresses between the barrel w,11 and solid plastic 

in the screw channel. 

It is usually found necessary to employ water cooling both of the screw and 

more importantly of the barrel to achieve a sufficient cooling rate. This 

was the method Maddock used. To extract the cold screw in general requires 

a relatively large force depending obviously on the area of contact between 

the barrel and the plastic. Normal extraction systems for screws are only 

meant to be employed to extract a screw that is essentially devoid of 

material achieved by running the machine with the feedstock cut off until 

output from the die ceases. In this case the extraction force is much reduced, 

the more so since the extraction may be performed at normal processing 

temperatures. Thus specially designed 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 proportional to the souare of the screw diameter, all other things 

includung the length to diameter,14D, ratio being the same. 

The extraction 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 available 

and the proportion of the total area of the bore of the barrel that is 

bonded in this manner to the plastic is uncertain. One can calculate an 

upper bound on this extraction force if one assumes the strength of the 

plastic metal bond to be equal to the IDAALITate strength of the plastic and 

that this bond extends over the whole surface area of the barrel bore. 

However such a calculation yields 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 guess 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 as much as is required for 

the extractor to function. Clearly- if-  a lot of reheat is necessary the 

point in rapidly cooling the extruder beforehand is lost. Notwithstanding 

the foregoing it is possible to perform a hot extraction with useful results 

provided that the hot plastic 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 (they are not necessarily standard equipment on an extruder), and 

the.extraction force is much reduced. Street(3) was able to employ a hot 

extraction procedure in his experiments with polystyrene. 

Having extracted the screw with the solidified plastic around 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 those that 

consisted of unmolten plastic while the extruder was operating. Normal 

practice is to cut thin sections out of the ribbon of plastic removed from 



the screw at regular intervals along its.length, normal to the flights. To 

aid in viewing these sections and in particular to discriminate between 

regions that had been solid end those that had been molten, pigment is often 

added 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 granules or 

powder, of the particular experimental material, which has had the pigment 

homogenised within it during the final stage of manufacture, and then simply 

mixing a certain proportion of this pigmented material with the natural 

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 further in a later section. 

That concludes the present description of the experimental technique usually 

employed in investigations of the melting process. As has been said Street(3) 

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 OD ratio. Maddock(2) on the other hand extracted cold, though 
usually he found some. reheating to be necessary. The extruder he used was 

also a 2 inch diameter machine but having a 15:1LIDratio. He performed 

experiments with both low density polyethylene and plasticised polyvinylchloride. 

The sections of plastic obtained in such experiments show a pattern of 

compatible displacements in a single-phase stress-free system. From 

observation of these patterns and a knowledge of the actual 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 schematic 

representation of it are shown in figure 2.3. This photograph is actually 

taken from the authors experimental results but serves to illustrate the 
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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 is similar. 

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

pool consisting of re-circulating molten material between the trailing or 	se,  

pushing flight and the solid bed; the solid bei made up of the unmolten 

granules or powder situated between theleading flight and the melt pool;and 

the melt film which is a thin layer of molten material between the upper 

surface of the solid bed and the barrel. Street (3) observed a 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 had partially 

fused together. In addition Street noted that melting occurred at the interface 

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 streets 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 constant pitch, constant channel depth 

screw used by Street. Certainly all the other published experimental results 

with one exception (13) have come from extrusion trials using tapered screws, 

albeit of different designs. Maddock (2) noted one other secondary aspect 

of the pattern. At later stages of melting he observed a film of material 

between the screw root and the solid bed, and between the leading flight and 

the solid bed, forming a circulating flow path around the solid bed. 

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

of the mechanism which resulted in this observe pattern was given as follows. / 
/ * 

Melting essentially takes place by the solid plastic 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 surface and 

in addition filling in the gaps between the solid granules. As soon as the 

first molten layer is formed shearing within it leads to the conversion of 

mechanical energy by viscous dissipation. The presence of this extra thermal 

energy within the melt film will in general increase the thermal gradient at 
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the interface of the 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 a 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 solid bed 

being entrained in the melt- film and then discharging into the melt pool;the 

melt pool increasing in width at the expense of the solid bed width until 

the whole channel is full of molten material. 

Experimental results obtained by Martin (9) show partial agreement with this 

melting mechanism. Martin employed a cold extraction technique though it 

appears that the extruder barrel was air cooled, and hence cannot have been 

particularly rapid. He carried out experiments with one short and one long 

compression screw on low density polythylene granules and powder. His results 

show agreement with the model of Maddock and Street during the early stages 

of melting. With the short compression screw and granular material the rapid 

compression section caused the solid bed to fracture with the result that 

individual granules or groups of granules were dragged along in the melt. 

However the behaviour of the powder material agrees with the previously 

stated model even after the compression zone. With granular material processed 

on the long compression screw the results agreed with the model. until 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 todate is that 

bT Iradinoi et al (5,8,15). They carried out a series of experiments'on a 

2.5 inch (76.2 millemetre) diameter extruder having a 26.1 4) ratio. The 

machine was not fitted with barrel water cooling jackets but a system of 

vmter jets was arranged around the barrel to cool it reasonably quickly. Most 

of the experiments were performed with low density polyethylene granules under 

a variety of operating conditions. However individual experiments were also 

performed with polypropylene, high density polyethylene, rigid polyvinylchloride 

( PVC ),Nylon , and acrylOnittilebutadiene styrene (ABS ). 
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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 than for other reported 

melting experiments. Also, because of this primary function of the experiments 

some interesting features which the plastic crotes-sections show that differ 

from the simple mioabi ,; were not discussed in the original publication (5). 

The first of these being the presence of a melt film around three sides of the 

solid. 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 

thickness and could no' longer be considered a thin film. The second feature 

of note is the regular occurrence of a phenomenon called solid. bed break-up 

or 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 a 

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 same mechanism as 

that applying before fracture occurs. 

This solid bed break-up shown in the results of Tftdmor at 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 latter's experiments was produced by the 

short compression section of the screw and in effect the metal wedge formed 

by the barrel and screw root continuously separated the bed into small 

segments. In the,formers experiments the break-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 occurrence of 

this break-up is periddio. 

Overall the results of Tadmor 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 mentioned above. 

As these experimental results were to be used to check with theoretical 

predictions, certain relevant measurements were made. The most important 

was the measurement of the ratio of mean solid bed width to channel width at 

regular intervals clown the channel. From these figures a graph 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. 

The extruder used to perform these experiments was eouipped with a series of 

pressure transducers at a range of locations along the barrel. 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 experiment performed (8,15), these included 	series on an , 

8 inch diameter extruder. 

Donovan (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) diameter 

extruders. The plastics used were low density polyethylene, PVC, ABS and 

polypropylene. As with the previously described experiments, these by 

Donovan were primarily intended to check theoretical predictions. For this 

reason pressure measurements were taken at several points along the barrel (12), 

Although Donovan has not published any photographs of his expertmental cross-

section he confirms that during the earlier stages of melting the observed 

pattern supports the proposed mechanism. However as with Tadmors results 

he notes the appearance oc' melt films, on the sides of the solid bed in 

contact with the screw, at a later stage of the melting process. In addition 

he comments on the regular occurrence of solid bed break-up. 

Donovan presented a new piece of experimental information of great significance, 

namely evidence of acceleration of the solid bed in the down channel direction. 
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Figure 2.4 shows a plan view of part of the unwound screw channel.Vris the 

barrelyelocity and its direction is at an angle° , the helix angle, to 

the channel wall, having componentsWx. and\k3.in thex and 	coordinate 

direction respectively. The velocity of the solid bed is VS 	in the 

direction. The relative velocity between the barrel and the solid bed 

is \./3 at an angle A to the channel wall. Clearly if the solid bed is not 

moving then A becomes equal to e . The maximum value of p is likely to 

be 7,./Z at which V51,,becomes equal to 	Donovan observed smear lines 

on some of his experimental specimens,the angle of which he was able to'measure. 

These measured smear angles were an indication of the angle 	defined above. 

Donovan observed that these smear angles increased as the solid bed moved. 

further along the screw indicating acceleration of the solid bed. 

There is one difference in the form in which Donovan presents his experimental 

solid bed profiles. Instead of measuring the ratio of mean solid bed width 

to channel width he measured the ratio of the area of the solid bed to the 

channel cross-sectional area at each section, thus taking into account any 

significant amount of molten material between the solid bed and.the screw. 

Either approach is valid provided any theoretically predicted profiles are 

expressed in a consistent fashion. 

Vermeulen. et al (13) obtained results from a short series of cooling experiments 

on a 60 millemetre diameter 15:1 OD 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 agreement with the basic model of Maddock and Street up to approximately 

half way through the melting process. Thereafter appeared a molten film 

between the solid bed and the 'screw root and the solid bed fractured. 

Tadmer.  and Klein (15) discussed the occurrence of solid bed break-up in the 

experiments reported. in the work of Tadmor at al (5) and which have been 

previously described. They noted the regularity of the phenomenon and that 

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 break-up could explain the temperature fluctuations observed in 

the screw mounted thermo-couple probes of the experiments of Marshall et al (18), 
&-) 

The alternating of solid plug and melt plug pass the probes was suggested as 

the cause of these fluctuations. The passage of a melt plug pasted the 

probe was recorded as a period of rising temperature and the passage of the 

solid plug as a period of felling temperature. Tadmor and Klein also 

proposed that pressure and output surging of frequency 1 to 15 cycles / min 

was due to bed break-up. 

Comment was also passed on the beneficial effect of screw cooling on stability 

of pressure and output rate. Maddock (2) first reported results that showed 

that screw cooling could prevent bed break-up and Tadmor and Klein suggested 

this to be the reason for lack of surging. 

Maddock (30) observed pressure variations along the length of the extruder in 

experiments performed with a negative pressure gradient in the metering zone. 

He suggested that surging arose as a result of excessive pressure developement 

in the feed.and transition zones and a resultant tendency to over supply 

the metering zone. 

A recent paper by Klein (19) dealt in more detail with surging and its 

relationship with themelting 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.thet the solid bed is deformed to fill an increased area 

of the channel cross-section with the result that it tended to jam and 

block the channel. The channel only became unblocked after sufficient pressure 

had been generated behind it to cause the bed to fracture and the broken 

piece to move forward down the channel. The second form of bed break-up 

Klein described, what he termed "melting instability", is essentially that 

phenemenon that has been described as bed break-up in the present review. 

Bed break-up was also observed in a series of model experiments reported by 

Stevens(20). These' were performed utilizing a transparent extruder barrel 

made of polymethylmethacrylate (PMMA) and a model fluid. He recorded the 

fact that bed break-up occurred only after the solid bed had become surrounded. 
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by melt. However he did not connect this phenomenon with surging. 

Rousselet (16' carried out a number of novel experiments using a. 60 millemetre 

diameter 20:1 lefOratio extruder. The materials wre. 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 longitudinally split barrel. 

In other words the barrel was opened up after the experiment and the screw 

lifted out. It is not clear what form of barrel cooling was used in these exper. 

invents. Rousselet reports agreement 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 particular pressure transducers used 

were of a sufficiently fast response time tobllow the recordings to show the 

variation of pressure that occurred within one revolution of the screw. 

Discussion 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 Kienk (6) on rigid PVC powder 

showed a completely different melting pattern from anything observed elsewhere. 

This pattern is shown schematically in figure 2.5. Essentially "melting" of 

the PVC only takes place between the flight land and the barrel. Powder is 

dragged into this gap and is intensely sheared as it does so and becomes 

"molten".Clearly this is a very slow process and rarely can all the material 

become molten by this means. The remaining solid bed becomes compacted and 

sintered but the results showed a considerable proportion is not mixed at 

all by the time it gets to the end of the screw. Menges and Kienk concluded 

that the PVC did not follow the pattern of Maddock and,Street because it was 

a highly viscous non-wetting Plastic. However a subsequent paper by Gale (32) 

which reports cooling experiments on rigid PVC powder, has shown that the 

melting pattern of rigid PVC powder is highly dependent on the lubricant used 

and its concentration. The melting pattern of Madr'ock with melt films all 

around the solid bed was observed for rigid PVC by Gale if a suitable choice 

of lubricant was made. 
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Figure 2Q5  

Dia6ehii, 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 pattern first observed by Maddock 

would seem to apply fairly generally during approximately the first half of 

the melting process. Thereafter it can become modified in a number of ways. 

The following sections describe the present experimental work and discuss the 

present results and how they agree or not with the work discussed in thid 

section. 
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2  0._._..3 Er...ta2EZcP.2K1T.__lie-frk 

2.3.1: Introduction 

Experimental investigations into the melting process occurring in single screw 

extruders can have three primary functions, not entirely connected. Firstly, 

experiments can yield information which gives insight into the physical 

mechanism of the process. Into this category falls the work of Maddock (2), 

Street (3), Menges and Klenk (6), Gale (32); and Martin (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 melting process. The work of Tadmor et al (5), 

Donovan (10) and Vermeulen et al (13) comes under this heading. The second. 

and third functions are perhaps served by experiments which set out to imitate 

practical
1
operating conditions. The first function, however, may also he 

served bydeliberately operating the extruder under extreme conditions which 

would. never be used in practice. 

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 author 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 up that 

did not permit the ideal experimental technique of a cold extractionfor was 

the machine. quipped. with instrumentation above that normal for a production 

machine. In particular there'were no pressure transducers or gauges and no 

barrel water coolers. Hence there was an incentive to repeat the experiments 

with an experimental extruder specifically designed to perform cooling 

experiments. In addition 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 se0113.49  

if reheat of the barrel was neon scary, produce a set of thermo-mechanical 



31  

boundary conditions on the material in the screw channel that partially 

simulated those thereto-mechanical boundary conditions occurring during 

operation of the extruder. Hence there could be produced a melting pattern 

during the extraction process that 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 	could become 

molten to a certain extentduring extraction. Secondly the region where 

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

more during extraction. The overall effect being to distort the true melting 

.region and perhaps, though less likely,tfi4pattern of melting. 

At the time of setting up the present experimental extruder the paper by 

Rousselet (16) bad not been published. Therefore there had not appeared any 

detailed examination of the pressure variation across the width of the channel 

in the melting region and it was thought important to perform such a study to 

aid in the visualization of the melting mechanism. 

These then were the reasons for wishing to perform some fundamental experiments 

into the melting process. As has been stated earlier the eventual 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 theoretical predictions. It would, of course, have been possible to utilise 

the already available experimental results of Tadmor et al (5) to this end as 

has been done before (11). However it was thought preferable to produce a new 

set of such results. 

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

both the functions of the present experimental work into one comprehensive 

set of experiments. Secondly the results produced by Tadmor et al (5) have 

a number of limitations. In the first place the majority of the experiments 

were performed with low density polyethylene granules, only single experiments 

being performed with other materiels. Further, although a seemingly 

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

the polyethylene they all, in a non-dimensional characLerization proved to 

be similar. In every experiment her one the non-dimensional flow rate, 
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7q, as evaluated in the melting zone, was greater than one half, and the 

non-dimensional pressure gradient in the metering section,71,,negative, that 

is 

= 	(v\i 	\A-) > 0.5 	 (2.7) 
where Q  is the dimensional volumetric flow rate and, 

61' ti& < C.) 67dr. 	76' 	 • 
where 1F is the shear stress at the mean shear rate V(r / 

The reason for this similarity may well he the particular screw design employed. 

The last reason for performing a completely new seh of melting experiments 

is that one vital part of the data required for a theoretical simulation is 

that relating to the thermal and flow properties of the material being used. 

The information concerning these properties that Tadmor et al (5) supplies 

appears to be primarily based on information received from the material 

manufacturers and the accuracy of it is not quoted. In other words the data 

used was at best based on bulk average measurements. It was thought desirable 

and possible to perform at least some of the contemplated experiments with 

material for which he flow and thermal data 	be obtained by measurement 

made on samples out of the same bags of material that were used in the extrusion 

experiments. 

Then there were the reasons for extending the scope of the experimental work 

to fulfil the first and third functions mentioned earlier. No attempt wPs 

made to fulfil the second function as one of the overall aims of the work 

presented here is to be able to perform theoretical simulations to take the 

place of such empirical expermentation. 

Such then is the background to the present experimental work. The following 

section describes the specific experimental enuipment used in performing the 

experiments. It also discusses the choice of experimental materials and the 

particular range of operating conditions employed. 

(2.8) 
C . 
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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 methods; direct and indirect. The direct methods are 

by means of the cooling experiment (2,3,5,9) or by employing suitable viewing 

windows in the extruder barrel (9). The indirect methods coniist of 

interpreting either detailed pressure traces taken from barrel mounted 

transducers (16) or interpreting detailed temperature traces taken from thermo-

couple probes mounted on the screw but reading the temperature of the plastic 

rather than that of the screw (18). 

All these methods in one form or another have been employed previously. 

However the only one which is usually sufficient when employed on its own is 

the cooling experiment. This is because it provides a continuous record of 

the melting process where as the others at best only give a representation 

of the process at discrete intervals. In addition the cooling experiment 

gives n three-dimensional representation whilst the others only provide a two-

dimensional one. The main disadvantage of the cooling experiment as compared 

to the other methods is that it involves a lot of extra work and hence time, 

in performing each experiment. It also can involve the design of special 

apparatus. iloweler it was felt that the extra effort .involved 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. thermo-couples. ThiS 

decision was taken on two counts. Firstly it wis thought that having decided 

to perform cooling experiments the information concerning the melting 

mechanism provided by such thermo-couples was virtually redundant. Secondly 

the equipment end the modifications required to so equip the extruder would 

have been considerable. 

Experience of fitting viewing windows into extruderberrels is limited and 

little of what has been done has been reported in any detail in the literature. 



34 

In the context of the overall aims of this work it was not thought that the 

results obtainable from developing a system of optical viewing probes for the 

extruder barrel would be adequate return for the-  time and effort involved.  

it was, however, thought desirable to equip the extruder barrel with nressure 

transducers. One reason for this has been mentioned, namely to attempt'to 

provide correlation between the cross-channel pressure profile and melting 

pattern to confirm the interpretation of melting patterns from such pressure 

profiles. Secondly, of course, this enables axial pressure profiles to be 

obtained which are of importance in the theoretical comparisons. Lastly a study 

of pressure recordings over longer periods of time than the periodicity of the 

screw rotation is a good way of studying and characterising surging behaviour 

in extruders. 

The extruder that was to be used to perform the experiments was a 1.5 inch 

(38.1  Millemetre) diameter Bone Brothers machine with a 20:1 OD 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 technique discussed in the previous 

section it was decided to build a new barrel for this extruder that could be 

split into two halves thus allowing the screw to be removed from the barrel 

without it being subjected to heat or shear forces. At the time this barrel 

was designed the existence of Rousselet's split barrel extruder (16) was not 

known. The barrel was also equipped with six transducer'ports and nine 

thermo-couple mounting holes to measure the barrel temperature. The drawings 

of the barrel are reproduced in figures 2.6 and 2.7, whilst figure 2.8 gives 

two illustrations of it. 

It was also necessary to obtain water cooling jackets for the extruder; it 

was already equipped with facilities to water cool the screw. The barrel 

heaters were split into two control zones only, each occupying about half of the 

overall 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 was made in these jackets for the various pressure 

and thermo-couple pmts. They were cast in two pairs, one pair for each 
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Figure 2,6 

Drawing of the 'upper' half of the split extruder barrel 
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Figure 2.7  

Drawing of the 'lower' half of the split extruder barrel 



Figure 2.8  

Two views of the split extruder barrel 

(a) Showing the splitting tools in use 

57= 

(b) Showing the two split halves 
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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 barrel temperature control system, the _ 

original air fans being more than adequate, but only for rapid cooling of the 

barrel as required by the cooling experiment technique. The head and die 

assembly were fitted with a separate heater and conventional proportional 

control unit. No 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 grease filled bourdon pressure gauge which 

by virtue of its direct reading of pressure gave a quick visual check to the 

state of operation of the extruder. 

The die used on this machine was of the utmost simplicity. The layout is shown 

diagrammatically in figure 2.9. The essential part being a bolt with a 

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

This system allowed for a variety of back pressures to be generated in the machine 

by simply changing the die bolt for ones of different diameters. 

The extruder control panel provided information about the motor current, motor 

speed, which was continuously variable between 24 r.p.m. and 84 r.p.m., and the 

barrel and'head unit control temperatures. The barrel thermocouples not used as 

part of the controlling system were conected via a Data Transfer Unit (DTU) into 

a Digital Volt Meter (DM) 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 thereto-couples to be made. The purpose of the 

DTIT was to control the cyclin7 of up to 20 dif.'erent input channels into the 

TITU, and to control the Irerv_oncy of operation of the printer. 

Dynisco pressure transducers were used on the extruder barrel. These are 

American made units that have several important advantages over comparable British 

made units, although their cost is about twice that of a British transducer. 

The principle of operation of most pressure transducers intended for 



Figure 2.9 
Diagram of the die assembly. 
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use in plasticating extruders is essentially the same. The tip of the 

transducer is 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 transducer to the 

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

resistances arranged in a Wheatstone Bridge network. The outcome of this 

straining is an e.m.f. which is essentially proportional to the applied 

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

is transmitted to the strain gauge by a thin capillary of mercury. The usual 

alternative to this is a thin metal tube providing a mechanical link. 

The advantages of the Dynisco units are as follows. The shift of its zero 

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

the extruder barrel, than other units. In addition to this it does not resuire 

any air or water cooling for the strain gauge bridge. It can withstand 

mechanically a 200% full scale overload, although the readings are not accurate 

at this level. It has the smallest cap diameter that is available, 0.303 inch 

(7.7 millemetre), though this is not to imply that 	the only make With this 

particular cap diameter. This last point is all the more important when dealing 

with such a comparativlr small diameter machine as the present one. Lastly 

this type 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 experimental work envisaged in that the transducers 

will have to be handled much more than perhaps would be usual due to 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 made to the specified tolerances then complete interchangeability 

between different transducers and different ports presents no problems. 

Figure 2.10 shows a schematic outline of the experimental extruder indicating 
6-/ 

the relYtive positions of the transducer ports, the thermo-couple probes 

and the heating zones. In addition the geometry of the two experimental 

screws, is shown. The 2.25:1 compression ratio screw was used for the experiments 

with PVC, all the other experiments being performed on the 4:1 compression 
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Figure 2.10 

Diagram of the experimental extruder and screws showing the positions of the various instrument and control 

equipment. 
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ratio screw. The compression of a screw is defined as the ratio of the 

channel cross-sectional area in feed zone to that in the metering 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 ultra- 

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

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

is dependent on the input signal. The movement of the chart paper is controlled 

over a more than adequate range of speeds by an electric motor and gearbox. 

This type of recorder was prefered to a pen-type chart recorder for several 

reasons. Firstly and perhaps, most importantly, the fastest full scale 

response time of the best pen systems is no less than perhaps 0.5 seconds which 

is barely adequate to follow the detailed changes of pressure that may occur. 

In addition a pen recorder tends to be a messy machine especially if several 

channels are used on one machine, fi,U.V. recorder may have anything from 

12 to 20 channels whereas more than 6 on a pen recorder is exceptional. Finally 

the U.V. recorder is no more expensive than a pen recorder or set of them with 

the same number of channels. 

Although it is possible to connect the output of a transducer to the Ij.V, 

recorder input directly, it is more flexible to insert an 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 is 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. 

Figure 2.12 shows the screw extractor on its own and as it appears fitted to 

the extruder ready for operation. 

The extractor consists of a threaded bar whose length is approximately the same 

as the extruder screw. This bar is driven axially forwards or backwards by 

a gear wheel which is threaded on its internal surface to mesh with the thread 



Firlare 2.11 

k general view of the experimental extru'asr 



Firrure  2.12  

Two views of screw extractor 

(a) The unit in isolation 

4 4 

(b) The unit fitted to the extruder 
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on the bar around which it fits. This gear wheel is caused to rotate by the 

transmission of power from the electric drive motor via suitable reduction 

gearing. Whilst this rotates it cannot move axially, therefore the threaded 

bar moves axially, it being prevented from rotating by a key fitted at its rear 

end which isconetrained to move axially by a slot in the tubular casing 

around the bar. It is the forward movement of this bar that fokes the screw 

out of the barrel. To do this the extractor is mounted on the back of the 

extruder and held in. position by two tie-bars that stretch between a collar 

on the extractor and a separate collar located on the front face of the barrel, 

that is, the die end. Thus the thrust in the extractor bar pushing on the e 

screw is reacted against by tension in these tie-bars. 

This concludes the description of the experimental extruder-and instrumentation 

equipment. 

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

materials as possible. This was done in the first place to see whether 

different materials displayed different melting patterns, and secondly to provide 

as comprehensive a set- of-experimental data as possible with which to check 

out the theoretical analysis. The particular materials eChosen 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 batches that had been. specially 

mixed to ensure identical material in each beg. The original supplier of the 

material is - not known. These materials are made available on request for 

research activities in the general field of plastics. The idea being that a 

comprehensive wealth of data, about a few particular materiels is potentially 

more useful for research purposes than a little information. about a lot of 

different materiels. The importance of this in the present work is that it 

meant that very detailed know] d e of fhe flow and thermal properties of these 

materials would be or would become available. 

The low density polyethylene poder was chosen as it was a material with which 



46 

Table 2.1  

The Experimental Materials and the Extruder :Farrel Set Temperature 

used for each Material. 

Material and code 
	

Material Supplier Barrel Temperature 

oC  

Low density polyethylene 
	

P 	150 

granules - LDPE 1 

high density polyethylene 	P.S.C.C.. 	170 

P-vanules - EDPE 1 

Polypropylene granules 	P Z.C.C. 	250 

Low density polyethylene 
	

150 

powder - WYC 71 

Plasticised PVC granules 
	

160 

- 	

GDO/542 

Crystal polystyrene 
	 200 

- 	

KLP 

Polyethylene Teraphalate 
	

300 

'Nelinex' 

Rigid PVC powder 	 160 

- PC6/038 



a lot of experimental work had been done by other workers in the College - 

laboratory and for which, therefore, property data was already available. 

Similarly the particular grade of plasticised IVO chosen was one for which 

( Plastics Division) were able to provide comprehensive property data. 

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

unlike most of the other experimental materials. 

Those six materials were used in the main experimental program. Later 

additional experiments were performed with two other materials. 

The polyethylene teraphalate ('Melinex') was used because of the particular 

surging problems that can arise in its extrusion. 

The rigid powder blend PVC was used to check out the earlier results with 

rigid PVC powder that showed extreme disasreement with the usual melting model 

of Vadr'ock. 

The last area that needs reviewing in this section 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 the u6e.of screw cooling. To help decide on -specific operating 

conditions a number of trial 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 drawn from these experiments which are 

relevant to the choice of operating conditions will be presented here. 

It was found that at the maximum speed of the extruder, namely 84 r.p.m.iit 

was well capable of completely melting the maximum output rate achievable, 

which was with the largest diameter die both; ,and wil!hout screw cooling. Fecause 

of the aims of the experiments it was thought desirable to cause 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 avoided 

if at all possible and therefore the decision is justifiable from a prsctical 

point of view. For each material the barrel temperature settings wers different 

and are - given in Table 2.1. Advice-was sought as to typical processing 

temperatures for each material. In the interests of simplicity both experimentally,  
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and theoretically it was decided to set both barrel zones to the same 

temperature, though sometimes the die was set to a different temperature. 

In view of the number of different materials being used, six initially, it was 

thought that four experiments per material, giving a total of 24 experiments, 

would be a—manageable number. The operating settings that varied between the 

four experiments on each material were screw speed and die bolt diameter; barrel 

end die temperatures were not altered. Two screw speeds were used, 40 r.p.m. 

and 80 r.p.m., and three die bolts each of the same length but having different 

diameters; 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. 

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

2: 40 r.p.m.; 3/32 inch. 

3: 80 r.p.m.; 3/32 inch. 

4: 80 r.p.m.; 5/32  inch. 

This choice of experiments fulfills the following desirable criteria. Firstly 

a reasonable range of beck pressures and output rates is covered. Secondly 

an adeouate range of screw speeds is used. Thirdly and most importantly the 

criticism levelled against the experiments of Tadmor et el (5), namely that - 

they al.l had a non-dimensional metering zone pressure gradient thst was negative, 

in other words there was always a pressure maximum somewhere before the end 

of the screw, does not apply to the present experiments. That is, the present 

choice of experimental operating condition gives a good range of non-dimensicnal 

flow rates. 

In the next section the preliminary trial experiments are discussed with regard 

to the contribution they made to the final experimental procedure which is 

then itself described. 
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Preliminary experiments were performed for several reasons. The new split 

extruder barrel had to be tested 6s did the new heaters and cooler units. 

.Similerly the instrumentation systems had to be checked through and the overall 

operation of the extruder familiarised. More explicitly the experimental 

procedure had to be established. 

The most important aspect of procedure in the beginning was the 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 this 

to be done. The seouence of operations involved here started with the removal 

of the die and head unit and the associated barrel flange. The screw water 

cooling coupling and reed were removed and all the various thermo-couple probes 

in the barrel taken out. The electrical connections to the heaters were then 

removed and the rater piping disconnected from the cooling jackets. The pressure 

transducers were always removed before the plastic in the barrel had solidified 

so as to avoid damage to their caps due to the solid plastic. This practice 

is recommended by the manufacturers. 

Having removed all connections between the barrel and the machine except the 

locating and clamping flange at the feed hopper end the metal bands clamping 

the heaters and cooling jackets to the barrel were loosened so that these units 

could be slid off the end of the barrel which was lubricated with high temperature 

silicon grease to facilitate this. 

The barrel was located by means of a spigot in the feed hopper casting and was 

held in place by a flange which is separate from the barrel, the clamping force 

being exerted through a split ring locating in a circumferential rectangular 

section groove around the end of the barrel. This can be seen in figure 2.7. 

The Allen screws holding the barrel to 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 together. Therefore, even after removing the set of Allen screws holding 

the two halves together the barrel did not come apart. This was forseen 
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LE120-2.1.1i 
Diagram of the barrel splitting tool. 
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and special splitting tools were designed and built for this purpose; the 

design is shown in figure 2.13 and they can be seen in position in fieure 2.8. 

The inner part is first screwed into the barrel at one of the four special 

locations designed for this purpose, shown in figure 2.6, using the thread in 

the 'lower' half of the barrel used also by the clamping screw. The outer part 

of the splitting unit is then fitted over the inner and screwed pinto the thread 

in the 'upper' half of the barrel. This thread in the 'upper' half of the barrel 

is peculiar to these four special 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 dowel pins locating the two halves of the barrel together, the 

two halves must remain square to each other during splitting to prevent any 

tendency to jam. This means in practice that three splitting tools at least 

were employed simultaneously. 

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 by simply clamping the barrel half in a vice and pushing the 

protruding end of theescrew away from the barrel. If this failed the barrel 

was locally and gently heated on the outside surface with an oxy-ocetylene 

burner. Normally the screw stuck to the half of the barrel in which the 

transducer ports were located. The reason for this being that the transducers 

were removed before solidification of the material and so some molten. material 

had flOwed into the part before solidifying. Because of this it was-normally 

only necessary to direct the flame of the burner up these parts to soften these 

plugs before the screw could be'separated from the barrel half. Conveniently 

the plastic usually remained stuck to the screw channel and not the barrel surface 

It was found, that material at certain points tended to leak through the inner 

sealing surface of the barrel and to collect in the trough in the 'lower' half 

of the barrel, between the inner and outer sealing surfaces, and even to pass 

down the thread of the screws although it did not leak past the outer sealing 

surface, This leakage wes 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 liable to decompose and in the case of PVC the hydrogen chloride 

given off during decomposition could be harmful to the metal. For this reason 

a solution to the leakage problem was sought. The most convenient way of making 

the seal good was found to be placing a layer of polytetraflorethylene (PTFE) 

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

naturally was extruded into the points of potential leakage as the barrel halves 

were screwed together. It could also withstand the processing temperatures 

required by most of the materials 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 and 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 

identical ones using the splitting technioue. 

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

without any reheating of the extruder barrel then the two techniques gave identical 

results. Also it was found possible using some skill to apply 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 barrel 

inner surface without having too large a quantity of residual heat in the barrel 

and heater units. 

The extraction force available for these early experiments was about 6 Tons 

(about 60kN). The conclusion from these comparative runs was that an increase 

in this force would enable virtually all the extractions to be performed cold 

and hence without producing inaccurate results. Therefore a more powerful 

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

to 10 Tons (about 100kN), and it was decided to employ the extraction technique 
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as the standard. procedure in the main experimental work. 	fact several of the 

experiments in the main series were performed using the splitting technique. 

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

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

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

some materials without resorting to excessive reheating and in these cases also 

the barrel was split. 

These initial experiments were all performed using unpigmented material, mostly 

low density polyethylene granules. It was found possible to distinguish the 

regions of solid granules and of molten plastic successfully. However it was 

not possibleVo adequately distinguish between material that had been molten 

during operation of the extruder and that that had melted during cooling due 

to conduction of residual heat from the barrel. The result of this conduction 

melting 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 assembly ties allowed to 'cook' 

for five minutes after the heaters and drive motor had been turned off before 

the cooling was applied. The results showed what appeared to be a significantly 

thicker melt film in the second case than in the first. 

A simple order of magnitude calculation was performed to investigate the effect 

of cooling rate on the thickness of this conduction melted layer. The details 

of the calculation are gi:ven in Appendix A. Figure 2.14 shows the r(,levent 

results of this calculation. The thickness of the molten layer, S s  in 

millemetres is plotted against- the time taken to reduce the barrel surface 

temperature from its operating value to the melting temperature of the plastic. 

These particular results were calculated for the extrusion of low density 

polyethylene. 

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

to the barrel thermocouples recording the barrel temperature as being at the 
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Fi!u.re 2.14 

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

barrel whilst the extruder cools down against the cool down time. 
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melting point of the plastic for the polyethylene experiments was about 3 minutes. 

Figure 2.14 shows a predicted thickness of about 2.75 millemetre. A typical 

measure value for such a case was found to be about 2 millimetre. The most 

,significant point arising from the results of figure 2.14 is that even if 

copling could be achieved in one minute the thickness of the molten layer 

would be about 1.5 millemetre which is still about an order of magnitude larger 

than the later experimental and theoretical evidence suggests the melt film 

thickness to be. The conclusion then is that it is impractical to attempt 

to prevent the formation of any 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 physically 

mixing the pigment with the natural granules or powder just before putting the 

material in the hopper was preferable on several counts. Firstly it was nr.leh 

simpler and 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 bed. This was because each granule had 

some particles of pigment on its surface which effectively marked the surface 

out. This point is really a result of the general advantage of this method 

which is that for a given proportion of pigment it is possible to achieve a 

more uniform dispersion of discrete particles of the pigment in the initial 

solid plastic, which considerably aids later observation of the process. 

A blue dye was chosen for the present experimental work. It was a very intense 

dye requiring only the minutest quantities to be - added. to the feedstock. 

Experiments showed that a proportion of one part dye to 50,000 parts plastic, 

by mass, was sufficient to give adenuate colouring of the extruded material. 

This proportion varied somewhat between materials. The more opaque the material 

the higher the concentration of dye needed to be. This was because the dye 

itself was transparent when mixed in with the molten plastic and therefore 

if the plastic was reasonably transparent the intensity of the colouration 
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was a function of the thickness of the section of material being viewed as well 

as the overall concentration of the dye. 

Experiments were also performed to see if the addition of the dye had any effect 

on the extrusion process. Results proved negative, that is, no noticeable 

differences were observed that were outside the limits of experimental error. 

It is now appropriate to describe the experimental procedure adopted throughout 

the main series of experiments. 

The correct screw for the material to be processed was selected and fitted into 

the barrel and drive kerJay behind the hopper. The die and head - unit - were fitted - 

and their 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 temperaturescontrollers 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 heat 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 eachetransducer was unscrewed 

so that any molten plastic on the thread or on the cap could be wiped off. They 

were then screwed back into the barrel and tightened up sufficient to form sn 

adequate seal. The lends 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 before they were zeroed 

so that thermal drift of the zero was minimised. 

The zeroing operation consisted of three operaNions. Firstly the UV recorder 

inputs were disconnected so that the galvanometers could be mechanically adjusted 

to give the desired position for•the zero of each transducer channel. Then 

the ITV inputs were connected to the amplifier outputs. The amplifier 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 necessary 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 value the Wheatstone bridge zero control was adjusted to once again 

bring the UV beams back onto the required zero points. 

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

traces. Each transducer was supplied with a calibration resistor. This resistor 

was wired into the circuit between the transducer and its amplifier and could 

be switched into the circuitry of the transducer. When switched into this 

circuit the resistor had the effect of simulating, nominally an 800 of full 

scale load on the transducer. Thus as long as there was no adtual load on the 

transducer inclusion of the c-lihration resistance circuit produced a deflection 

on the UV recorder representing 80% of full scale for e-ch particular transducer. 

This then served as the calibration trace. It is important to realise that 

because this resistor is sito.ated prior to the amplifier input, reliance on the 

accuracy of the settings of the amplifier is automatically bypassed. The only 

information that needs to be accurately known is exactly what percentage of 

full scale load each particular resistor represents. To ascertain this 

accurately a dead weight pressure tester was used. Because of the excellent 

linear response of the transducers a continuous calibration chart was not 

necessary and the one figure provided by the calibration resistance was sufficient 

to calculate the conversion constant for the corresponding transducer, from 

centimetres of deflection, as read on the UV chart, to pressure. 

The last operation performed before the machine conld be started up was to 

check that hourdon pressure gauge on the head unit was functioning properly. 

Silicon grease was pumped through a nipple into the gffage until the ONIge 

recorded zero and all the plastic that had penetrated the gauge during the 

previous experiment had been removed. 

Usually the machine w"s left for about 30 minutes after being started 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 temperatures 

were made. in addition comprehensive pressure recordings were taken. These 

fell into three categories. Firstly with the amplifier settings untouched a 
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low chart speed trace was made of all six transducers simultaneously. The chart 

speed was too slow to allow study of the pressure variation within one 

revolution of the screw but it did show up longer period variations of pressure 

that one may call surging. This indeed was the intention. Such traces would 

be taken over a period of several minutes or more. Secondly a recording was 

made of all six pressure traces simultaneously at a higher chart 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 reason for taking this trace was to use it to take measurements of 

the pressures. The third sort of trace that was taken consisted of individual 

detailed recordings of each transducer in turn. For each of these the ch-rt 

speed and amplifier gain were increased to give as big a trace an was thought 

necessary. While any one of these wesekrigtaken, 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 trace 

increased which was the desired efeect. However in addition the mean deflection 

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 disadvantage; it was not then possible to re-align the zero 

on its original point without stopping the extruder. Hence these pressure 

recordings were the last to be taken. 

Once all readings had been taken preparation was made for the cool down. The 

transducer leads were disconnected from the transducers and the- hopper cooling 

water switched off so as to provide the maximum flow rate for screw cooling. 

The cool down procedure was to simultaneously turn on the water supply to the 

barrel coolers and the screw -Firth the machine still running. Then as soon as 

the temperature of the barrel, asindicated by the controller units, be7rin to 

drop the motor and heaters were switched off. 
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When the screw had stopped rotating all the transducers were unscrewed and 

completely removed froth the machine as quickly as possible. The die and head 

unit7vere then removed while still hot, along with the breaker plate. When 

using PVC it was most important to remove these units as quickly as possible 

so that they could be cleaned out before the PVC had cooled down. If this was 

not done it meant burning the PVC out later, an unpleasant job due t6 the 

Hydrogen Chloride gas given off, this being the reason why the units had to 

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. Usually the barrel water coolers were 

left on whilst extraction took place. However if the extractor wPs unable to 

move the screw as happened on occasions the cooling water was turned off and 

the heaters switched back on, in this situation care hPd to he taken as he's 

been explained earlier. It was found useful to switch. the front or metering 

zone heaters on first as the plastic is more likely to adhere to the barrel in 

this region. compared to the melting and solids flow zones. Once the indicated 

temperatures had reachet1 about CO;) of the melting temperature of the plastic 

the extractor w,:s :tried out. As soon as it began 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 intervals starting from the hopper end. This was done by simply 

sticking masking tape to the plastic. The material was then removed from the 

screw. With the flexible materials it could normally be unwound in one continuous 

length. Brittle or tough materials sometimes had to be chipped off in a number 

of separate pieces. Having removed the material from the screw the experiment 

was essentially over and the machine could be re-assembled in preparation for 

the next experiment. 

In this fashion the first 20 experiments were satisfactorily performed. Difficulti  

was experienced with the  experiments performed on crystal polystyrene. This 
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concerned the screw extraction which was found to be extremely difficult, and 

the splitting technique w=as employed twice in three experiments, the forthh 

experiment was not performed. Only t-ro experiments 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 Kelinext. 

This was because of the special difficulties encountered. with this material. 

These were mainly associated with the fact that the extruder was operating at 
0 

300 C and consequently the violence of the cooling operation was extreme and the 

PTFE, seals on the barrel of limited life only. Finally three experiments were 

performed using screw cooling; one each with low density polyethylene, high 

density polyethylene, and polypropylene. These were done, after examination 

of the results of the first 23 experiments, to study the effect of water cooling 

of the screw on surging. This will be discussed in detail in a later section. 

Details of all experiments are shown in. Table 2.2. Itshould be noted that the 

numbering system used for the experiments in this work does not correspond 

to the order in which they were performed. 

The techniques involved in preparing the specimens of plastic from the experiments 

are dealt with in the next section. 
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The 

No. 

Table 2.2 

Results. 

N 	q 

r.p.m. 	gm/mm 

B 

inch 

Experimental Numbering Scheme and Main 

Material 

1 Plasticised PVC 80 360 3/32  .304 

2 
IT 	 TI 

40 200 3/32  .426 

3  ) IT 	 FT 
80 367 5/32 .391 

4 40  201  1/16 .429 

5 	. Low density polyethylene granules 80 191 	' 3/32  • 

6 tt 
40  97 3/32  .449 

7 80 215.5 5/32 .498 

8* 
TT 	 If 	 tl It 

80 140 3/32 .324 

9 
tr 	 tr 	 Il It 

40  63 1/16 .334 

10 Polypropylene 40 80 1/16 .387 

11 ft, 80 179 3/32 .422 

12 
If 

40  93 3/52  .459 

13 
If 

80 189 5/32 .446 

14* 
n 

80 143 5/32  .357 

15 Rig 	densit3 polyethylene granules 80  187 3/32 .392 

16 
TT 	 t? 	 t? TT 

0 94 3/32 .392 

17 
Ty 	yy 	ty ty 

80 206 5/32 .432 

18* 
it 	ff 	n n 

80 137 3/32 .289 

19 
ft 	ff 	n ti 

40 81.5 1/16 .34 

20 Crystal polystyrene 80 266 5/32  .449 

21 
1, 	if 40 110 3/32 .572 

22 tt 	t? 
40  128 1/16 .433 

23 1,':7elinex 80 319 3/32 .408 

24 
n 

40  164 3/32 .420 

25 Low density polyethylene powder 80 203 3/32  .470  

26 ty 	t, 	n t, 
40 115 3/32  .533 

27. I, 	Ty 	yr Ty 80 ,-_-_,_ 221 
, 

5/32 .511 

28 n 	tt 	It II 40 78 1/16 .561 

29 Rigid PVC powder 80 419 3/32 .446 

30. 
TT 	 Pt 	 II 

40 185 3/32 .396 

..* Denotes screw cooling experiment. 
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2,5.4: Preparation Pad Presentation of  the l'omerimental Results 

The preparation of the plastic specimens obtained from each experiment took up 

a large part of the overall time involved in performing the experiment, it 

was decided to cot out section of plastic at half turn intervals to give a 

sufficiently detailed representation of the develepemeht of the meitin:- patterns 

without involving excessive preparator: effort. 

A smell table-top rend sow was used to initially cut the strip of plastic into 

approximately half turn langths, such 'hat one face of each piece Wee to be 

prepared for visual observation,. With the amorphous materials it was found 

adenuate to use a fine grinding stone to prepare this surface, this was done 

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

It was found that ts the crystallinity of the polymer increased, this technive 

became more and more difficult. The grinding stone, inste-d of physically 

removing discrete particles of material, tended to melt the material and tear 

it. This did not leave such a uniform surface on the specimen. However it 

was judged to be adeauste even for polypropylene in the absence of suitable 

alternatives. Having prepared the viewing face on one end of the half turn 

long pieces this was then cut off at about 	inch (about 3 millemetres) behind 

the face using the band saw again. With some materials the surface of the 

specimens at this stage was improved by rubbing li-htly with a very fine wet 

and dry paper. 

Some of the polypropylene and polystyrene specimens were prepared using a sledge 

microtome, Great difficulty was experienced preparing the polystyrene because 

of its extremely brittle nature. Preparation of the 'Helinex however was even 

more difficult due to its amporphous state. Because Melinext  is a hiuhly 

crystalline polymer it has virtually no strength at all in the amorphous state, 

unlike polymers of low crystallinity. The rapidity of barrel cooling was not 

sufficient to solidify the Welinex' into a crystalline state which would perhaps 

have been preferable. In this amorphous state it was not possible to grind the 

samples because they would shatter being unable to withstand the shear force 

put on them by the grinding surface. The problem Was due to the difficulty.  

of gripping the specimens sufficiently evenly to allow them to withstand the 
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grinding force. Phis was overcome by mounting the specimens in black i 5akelite' 

moulding powder caused for mounting metallurgical samples. Because of the 

relatively high melting temperatureof hal inox (265C) it was not affected by 

the tomperature inJolved in the process (150C), which would have excluded the 

use of this technique on most of the other materiels, though the pressure, 

about 1500 p.s.i.abcht 10 YiN/m ), did c-use some slight deormation of the 

specimens. This howeverms insufficient to cause any real problem. 

mounted each specimen in this fashion the viewing surface Was ground usin:- a 

.rotating grinding wheel fitted with fine wet and dry grinding paper. 

Without doubt the best way of recording t h ese ratults is to take individual 

photoraphs of ech specimen on 35 millemetre sloe negatives. This, however, 

would have been much too long a process in view of the large number of specimens 

involved in the present work, totalling somethinm over 600. Instead it was 

decided to lay out on a suitable marked card all the specimens for each experiment 

and to photograph them together. This was initially done on 35 millemetre 

negatives. However when the final enlarged prints were prepared it was found 

impossible to obtain sufficient quality due to the grain problem and the sort 

of detail required from the prints. This was overcome by using a 5 inch by 

4 inch plate camera, with a cut film pack. The final prints in this case were 

made by contact printing from the negatives, the quality proving satisfactory. 

These melting cross-sections so obtained in the present experiments are shown 

in Plates 1 to 15. The experiments are characterised by the following code 

set out beneath each illustration.. 

Experiment 24: N(80); Q (179); B (3/32) - 

where the figure in brackets after the It is the screw speed in r.p.m.; that 

after the Q is the output rate in gram/minute; that after the B is the die 

bolt diameter in inches. 

The axial pressure profiles for each experiment are shown in Figures 2.15 to 

7.29 inclusive. 

Other experimental results of importance are presented where appropriate in the 

following discussion of the results. To facilitate comparison of the melting 
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cross-sections for any particular experiment mith the corresponding pressure 

profile or any other experimental or theoretical results presented in the present 

work4  Table 2.3 provides a quick reference as to where to find all such inform-

ation concerning each experiment. 
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Table 2   

Reference Table showin wbich experiments]. and theoretical results are 

presented in the Present work for each expe:ciaent. 

Expt TI:aterial 	Exuc Jmeota1 fiLzires 	 T'neoretical IiEures 

No. 

1 PVC 
,-- 	i 	(,,) 1(a) 3.17 5.44 

2 1! 2.15(b) 1(b) 3.18 

:: t! 2.16(a) 2.32-  . 	2(a) 3.14 3.14. 3.14 
., 

,4 

4 2.1 6(b) 2(b) 3.19  

5 T,D.P-',7,' 	1 2.17(a) 3(a) 3.20 3.38 

6 
,, 2.17(b) 3(b) 3.21 

t, 
2.18(a) 4(a) 3.22 

8 
T1 2.18(h) 4(b) 

7c 	, ,.,,,,, 3.42 

0 1T 2.19(e) 5(a) 3.15 3.15 3.15 
9 

10 T-1) 	1 2.19(b) 5(b) 3.24 

11 .< 2.20(a) 2.57-  2.54 6(a) 3.25 3.39 3.48  
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12 
It 2.20(b) 6(b) 3.26 

13 
1, 2.21(a) 2.51 it, 

,ir_', 
) 3.27 

14 
it 2.21(b) 2.35-  7(b) 3.26 5.49 

7,8 

15 7FIDPE 1 2.22(a) 2,45- 2.50 (t-3) 3.29 5.41  
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2.59 

16 
IT 2,22(h) 8(h) 3.30 3.40 

17 
If 2.23(a) 9(a) 3.13(b) 

18 
• tf 2.23(h) 2.55 • 9(b) 3.31 3.43 

19 
II 

2.24(e) 10(e) 3.32 

20 Styrene 2.24(b) 10(b) 

21 " 2.- 25(a)  11(a) 

22 
I, 

2.2(b) 11(b) 

25 Yelinex 2.26(a) 2.63 2.61 12(e) 3.33 5.46  

24 2.26(b) 2.64. 2.62 12(h) 3.34 5.47 

25 LPPE 2.27(a) 13(a) 3.35 

26 
,7 

2,27(b) 13(b) 3.36 

,,, ,, 2.26(a) 14(s) 3.16 3.16 3.16 , i 2.39-  

44 

28 
it 	. 

2.28(b) 14(b) 3.13(a) 

29 PVC 	. 2.29(a) 15(a)  

50 
.t!• 

2.29(b) 15(b)  3.37 
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(b) E±periment 4, Plasticised PVC. N(40); Q(201); D(1/16) 
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Experiment 7, low density polyethylene granules. N(80); Q(215); 
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(b) Experiment 8, low density polyethylene granules, with sow 

cooling0  N(80); Q(140); D(3/32) 
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(a) Experiment 11, polypropylene. N(80); Q(179); D(3/32) 

(b)Experiment 12, polypropylene. N(40); Q(93); D(3/32) 
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Experimental Axial Pressure Profiles 
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(a) Experiment 13, polypropylene, N(80); Q(189); D(5/32) 

(b) Experiment 14, Polypropylene with screw 000lingN(80); Q(143); 

D(5/32) 
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(a) Experiment 17, High Density Polyethylene W(80); Q(206); D(5/32) 
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(b) Experiment 18, High Density Polyethylene with screw cooling 

N(60); Q(137); D(3/32) 
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(b) Experiment 20, Crystal Polystyrene N(80); Q(266); D(5/32) 
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(b) EzperL,Ient 24, Melinex N(40); Q(164); D(3/32) 
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(b) Experiment 28, Low Density Polyethylene Powder N(40); 0,(70); 

D(1/16) 
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(b) Experiment 30, Rigid PVC Powder N(40); Q(185);  D(3/32) 
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2.4 Mseusslon c the ExEnimentpl_Reul 

IL bno been stated that the aims of the present experiments were twofold; to 

obtain more qualitative information concerning the pattern of melting and the 

mechanisms operating with the extrude.r which produce these patterns, and 

secondly to obtain haantitative information of the melting process to he ushd 

in :Vrrison -ith theoretical predictions. This lat'er specific date ill 

be presented in the later chapter dehling wi-b this .compaTiann and does fern 

part of the contents of this section. 

Essentially then the present section deals with the observation and interpretation 

of the results with a view to obtaining, initially a basic onnlitative understand- 
/ 

ing of the melting process. Such en underslanding will then. provide the 

beckgrouncl against which to develop tbe theoretic-1 onelsis. The more cc7olete 

an understanding one hes of the process the better able one should be to make 

the necessary simplifications which allow the setting up of en analysis for 

which one can readily find the solution. 

Initial observation of the molting cross-sections illustrated in the Plates 

shows that break-up of the solid bed is by no means uncommon, if, for the 

moment only, the melting behaviour prior to the bed break-up is considered, then 

it can be seen that the melting patterns conform to that observed by .:,ddock (2) 

and others, One typical such molting cross-section for each, of the ey_periental 

materials is shown in figures 2.30 and 2.'51. 

A few simple observations concerning the presence or not of a melt film between 

the solid bed and the screw root can be made. For lhose experiments which do 

not exhibit bed break-up and did not have screw cooling, such a melt film always 

appeared during the later stages of melting. In some cases developing a 

significant thickness such that it could no longer be considered. a film, For 

those experiments which did exhibit bed break-up this film whs consistently 

observed and it can be seen in the Plates that bed break-up never °soured before 

this melt film had formed and further that the break occured soon after the 

formation of this film. The experiments performed with water cooling of the 

screw did not display either a melt film beneath the solid bed or bed break-up. 

The initial corolusionq that are drawn from the foregoing are that the hitherto 
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211.12112-24/g 
Typical Experimental Cross-Sections obtained in the present Experiments 

(a.) Experiment 7, Low density polyethylene, 9 turns along the screw 

(b) Experiment 2, Plasticised PVC, 11 turns along the screw 

(c) Experiment 16, High density polyethylene, 10 turns along the screw 

(d) Experiment 11, Polypropylene, 8 turns along the screw 
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Pinar. 2.11.1 

Typical Experimental Cross-Sections obtained in the present Experiments 

(a) Experiment 27, Low density polyethylene powder, 7 turns along 

the screw 

(b) Experiment 20, Polystyrene, 	turns along the sorer 

(c) Experiment 24, Melinex, 8 turns along the screw 

(d) Experiment 29, Rigid PVC, 	turns along the screw 
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observed melting pattern is verified bat that the occurrence of the phenomenon 

known as solid bed break-up, which. hos been observed and reported hafcre (5,10) 

is fairly common and that its importance and lie implications may have been 

ignored.: it is appropriate before discussing this phenomenon in more detail 

to describe ty,:a discuss the detailed pressure traces taken during the experiments. 

Fir-arcs 2.1;2 to 2.46 show a selection of detail pressure traces together with, 

in relevant eases, the corresponding cross-sectional specimens, for a range 

of experiments. Tne traces are numbered from 1 to 6 from the feed hopper to 

the die respectively. Thus the number of each trace identifies its position 

along the barrel uniouely. 

Figure 2.47 shows a sketch of part of the straightened out extruder channel 

with its solid bed melt pool interface marked out. It also shows the poth slon 

which the tree: ducers record the pressure variation which is not ot right ongles 

to the channel. Tolls. Aerofore the cross-sections presented below the ds, toil,- -  

pressure traces in the above mentioned figures are approximations to and not 

en accurate representation of the state of the octnol materiel in the charnel 

whose pressure the tr-nsduccr airs recording. 

It is al so important to realise that the fin,ue cep area of the transducers 

has an effect on the pressure recordings token. Figure 2.48 illustrates a 

pos-Abis 1 Ucchtj effect 	Below the regular outline of the channel, with the 

transducer cop abo'e it, is shown what might in the true pressure variation 

occurring. blow this is the trace that would be recorded by the UV recorder 

assuming that the transducer measures the a'rerece pressure over its cop area. 

It can he seen that given this assumption the tr-,nsducer can only accurately 

me sure the pressure 	at any point in its path when the actual '71=,  

pressure pradient is constant over the area of its cap. If he pressure ,--rodient 

is changing the transducer effectively reducos this rate of chance and hence 

smooths uat pressure maximums or minimums. 

Referring firstly to figures 2.17.)2 to 2.34, these show the results for 7-21actuoise 

PVC granules from experiment 3, it can he sees. that when. the channel is compl-

etely full of molten, or gelled material in the cease of PIG, trace 6 sliewu 

in figure 2.34,the trace is a smooth one eyhibiting a 1 SPW tooth' share, 
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Eisnit_aLla 

'Cross channel' pressure profile and corresponding specimen cross-

section for plasticised PVC from experiment 3 at the 14 turn position 
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Eie:~~r:s.:.._~,"..3j, 

f Cross channel t pre r.; ~~ 1J .re profile and COTY'8s}Jonding sp()c irnen cr os s-

section for plcls t:i.cised PVC,. from experim(31yt; 3 f at the 15 turn pos ition 

I 
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FtffantilL11 
'Cross channel' pressure profile and corresponding specimen cross- 

section for plasticised PVC from experiment 3 at the 18 turn position 
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Figure 2t35 • 

'Cross channel' pressure profile and corresponding specimen cross-

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

the 6 turn position 
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Figure  2.31  
'Cross channel' pressure profile and corresponding specimen cross-
section for polypropylene, from experiment 14 with screw cooling; 
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 2038 

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

with screw cooling, at the 14 turn position 
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Fitrare 2.3.2 

'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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Eimre 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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fialnftaal 
'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 turn position 
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Fiure ? 

'07ross channel' presure profile for low density polyothylene powder, 

experiment 27, at the 15 tarn position 

Fi.ff.re 2 AA 

'Cross chann,r4) pressure profile for low delAsity polyethylene 

experiment 27, at the 10 turn position 



97 

Figure 2,45  

'Cross channel' pressure profile and corresponding specimen cross-

section for high density polyethylene, experiment 15, at the 6 turn 

position 



_ . . Figure 2,46 

'Cross channel 1 pressure profile and corresponding specimen cross­

section for high density polyethylene. experiment 15, at the 10 turn 

position 
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sketch showing path. along which the pressure transducers record 
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is the pressure steadily increases across the width of the ohF,nnol due to 

the drag from the larrel and then as '.11.c flight passes across the ,o -,p,  of the 

transducer the presuure drops off rapidly, as effectively the transducer is 

displaced to a point further up—ohennel towards the feed end of the scrul. Trrice 

5 shown in figure 7.'33 shows a partially molten case end it can he seen that 
■ 

pressure is generated in the solid bed screen most of its width, and that this 

gradient is Similar to that in the melt pool. This in perhaps due to the fact; 

that these two regions of the channel contain. material which is essentLally 

in the same state. Traces for other mutorieb do not in gereral show such a 

similarity of pressure gradients. Trace 4 shown in figure 2.32 shows an 

earlier stage in melting and hero pert of the solid bed next to the flight hen 

a noticeably lower pressure gradient than the port; adjacent to the 'melt pooa, 

in both traces 4 and 5 the 'melt' pool is identified by the smooth portion 

of the trace whereas the solid bed exhibits a more irregular trace. 

Figures 7.5 to 2.58 show similor results for polypropylene, experiment no, 14, 

which was performed with water cooling of the screw, - xamination of tr,cet,; 

1,2 and 3 shown in figures 2.35 to 2.37 respectively, sbe-s very dramatie-ily 

how the increase in width of the melt pool manifests itself in he pressure 

recordings as a smooth curve of relatively low pressure mr7dient compared to 

the grodient that exists in the region of the solid bed adjacent to the melt pool. 

It is noticeable here that the pressure in the solid bed does not increase 

very mach as it travels down ohs coal Trace 4 of figure 2.58 shows the saw 

tooth trace typical of a melt filled channel. Examination of the axial 

pressure profile for this experiment shown in. figure 2.21(b) shows that a negative 

down channel pressure gradient exists in the metering oone for this experiment. 

This fact explains the variation' of the pressure gradient evident in trace 4, 

the trace being taken at very nearly the point of maximum pressure along the 

channel. This point win be discussed further,lster. 

Turning now to figures 2,7)9 to 2.44? these show traces and specimens from 

experiment no. 77 for low density polyethylene no-uder. The first thing that 

is noticeable here is that, apart from amplifier noise, all the traces are 
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completely.  smooth. This is typical of powder maierial, in that the thickness 

of the melt film above the solid bed and the small particle size of the powder, 

are such that movement of the solid beneath the melt film does not cause the 

solid to penetrate the film and hence cause a local momentary increase in pros8ure 

-hch is what would seam to happen vAth granular materia-i causing the irrr-:,allar 

pressure variation recorded above the solid bed. 

Pressure trace no 4 in figure 2.42 shows an interesting phenomenon. A sudden 

upward blip c=n be seen, occurring ss the pressure is dropping rapidly over 

the flifit, Corresponding to this is a downward blip in pressure in trace. no .5 

This cannot easil be seen in figure 7,45 due to amplifier noise. However a 

study of all the various pressuro tr-ces showed that this phenomenon occoy,re 

consistently. That is, it was observed that the upward blip in pressure of 

trace 4 was always accompanied by a downward blip in trace 5, at the same ici:AanI 

of time. Similarly there was observed en upward blip in trace 2 which was 

accompanied by a downward blip in trace 3. Additionally no such sudden bip 

in the pressure trace was ever recorded for numbers 1 and 6. The implication 

of this is that the occurrence of these blips was in part due to the re1W5ively 

short distance between transducers 2 and 3 and between. 4 and 5e  Alto sturdy 

of the pressure traces shows that these pairs of blips occur at that point 

when part of the cops of both the transducers are smultaneously over the flight 

The suggestion is that there could be some sort of pressure eQualisotion ta1dng 

place along the top of the flight in that at the point when the blips occur 

there is a direct path along the top of the flight between the two transducer 

caps. Also it is the transducer recording the higher pressure of each pair that 

has a downward blip in the pressure trace and that recording the lower pressure 

that exhibits the upward blip in the pressure trace, However the mechanism 

by which this pressure esualioation takes place is a little difficult to 

visualize, 

Refering now to traces 1,2 and 3 of figures 2,39 to 2,41, the regions of e3lid 

and melt can be distinguished readily from the pressure traces. Traces 4, 5 

and 6 of figures 2.42 to 2.44 are all recording melt flow pressure variations. 
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Inspeo bion of the axial pros6ure profile for this experiment shown in figure 

2.2 (a) shows the existence of a comperE)tively large negative down channel 

pressure gradient starting in the tapered part of the screw after completion 

of meitin7, see also Plate 14. Trace 4. figure 2.42, was taken at around the 

region of maxilam pressure whore the gradient is changing from positive to 

negative and this explains the 'hump' in the middle of the trace. 

The overell pressure difference recorded by the transducer over each cycle 

is a function of the cross channel pressure gradient and the downohannel 

pressure gradient. In a simple minded approach let the former be called 

the later 	and the overall pressure gradient measured by the transducer L, 

1,low the transducer mensures pressure along the path at :77) degrees, that is 

the helix aoglo, to the channel wall or 	coordinate direction, see figure 

2.47 Thus' 

(2.) 

Now because of the requirement that the net flow rate across the channel be 

zero, neglecting lenkne flow through the flight clearance t 	mast always 

be positive. Therefore one can state that for (2 	to be negative one must 

have 

•
sign 	neTtiv6 and I G 	,

a. \ r- 
k7i 

3,1• g
LOfl 

e- Similarly for 	to be positive one must have either 

sign 1.7„, positive 

e-  
or sign 	negative and 	L  

O'• 

This simple exercise supports the experimental findinp:o that a ne,c?:'ative down 

channel pressure gradient is not a sufficient condition for the pressure 

gradient recorded by a transducer to be negatives 

These results do riot agree with the interpretation recently put forward by 

Rouseelet (16) who suggests that the shape of the pressure trace at the pressure 

• 
peak is approximately sinusoidal and that in regions of negative downchannel 

pressure gradients the normal saw tooth melt flow trace is in a sense reversed 

in that the pressure is a minimum not a maximum at the point corresponding 

to the furthest downchannel position 
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recurded by the traneducerwhich can he called the pushing' flight side of 

the channel. 

Trece 6 of fig ore 2.4.4 is approximately sinusoidal -3n form and corresponds to 

a ref;ion of negative pressure gradient sell past he Peek. A pressure tr-..;0 

L / token hr the a:uthor from a 2.h inch (61.5 millemetre) diameter 25:1 1-41-,) r;atia 

experimentel extruder is shown in figure 2.49. 	This trace exhibits the reversed 

saw tooth form ;ncl vias token in the metering one of toe screw whilst operating 

with a negative pressure grodient. The magnitude of the grediont in this c'=se 

however neirtg much lorger thnn that for experiment 27. It wonld seem thPt in 

fl' e e;71tcriment5 performed by Rousselet end in the experiment of figure 2.49 

wos sufficiently inrre to mnke 	negative whereas in the results of 

expejments 27 end 14 this was not the case. 

Figure 2.45 end 2.46 show some results for experiment 15 with high density 

polyethylene. Prone 1 in figure 2.45 shows what is in typical solid flow section 

trace, there being no molten material other than the beginnings of the melt 

film. The exponential pressure build-up typical of solids flow is apparelii;. 

Trace 3 in figure 2.46 snows the usual melting zone pressure variation.; irregular 

low presare over the solid bed and a. smooth higher and. increasing pressure 

over the melt pod',. The melt traces for this e;y_prE,-.-im,,,rt are riot included 

as they mold ott - g to, the discussion cboing of a regular saw tooth form with 

positive down chorine? pressure =7,:e(3.1eL, 

1,11 the above pressure traces were selected for comment as typical of steady, 

state molting behaviour, that is in the absence of solid bed break-up. Although 

oiJr1 bed brook-me did occur in experiments 15 and 27 it wes possible to ignore, 

for sitT11)1oitt mind convenience, its eiTects in dos -.,, in: the various sorts of 

-:xcesmare Traces that can be developed in the steady state extrusion of different 

materials. However attention must now be paid in detail to the phenomenon of 

bed break-up and its reletionship to processing instability or surginc-. 

Bed hrenk-up was observed to occur in at least one experiment for each materiel 

used except the two types of PVC. This is in agreement with the experimental 

results of TeOmor at al (5) and Donovan (10) who also did not; observe bed 

break-up in PVC experiments. The occurrence of solid bed brenk-uo varied. with 
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ag.19. 
Detail preosure trace taken in the me1tiw7 zone of a 

(63.5 millemetre) extruder 



cgerating conditi ns for the other material. Contrary to the observ,tions_.oF 

Tad nor and nein (15) the effect of the size of the granules en bed brk-up 

wra negligible. In particular no significant hf'ferencea wore detected I'e;we(E.n 

pow] or 	 yotir 	and granular -ociyome. 

Tho pre ent results convincingly sulluort the idea that slrrging of freeuenev 

to 15 cycles/min is due to solid bed. break-up, as proposed by Tadmor 3 -nd 

Klein (15). dustificetion for this conclusion is to be found in the experimental 

pressure traces which will be presented now 

It Lou already leee shown how the pressure ia the extruder channel varies o7er 

the width of the chnnnel and, clearly, the period, of this variation is the 

time taken by the screw to rotate throilh 360 degrees. A study of the eyn..-3r-

mental pressure traces taken over a period of time, orders of magnitude greater 

then this ubow thnt in those experiment for which solid bed r'1su pu ii ehsel'yed 

+here W9S e low frecuency eycling of pressure. The frequency was lower 

that of the ocrow's rotation yet higher than could have been produced by he 

variation or the barrel temperature due to the nature of its control system, 

Figure 2.50 shoNs sue1.1 8 low speed recording of pressure traces 1,2,3 per] 

for experiment 15, Tr,7ces 1 and 3 correspond to those in figures 2.45 end 

2.46, The irregular fluctuations of trace 1 may he ignored since they are 

essentially due to pressure gener-ted in solids fl ow. Trace 2 is virtually 

steady, Trace 3 is steady except for -fte occasional but marked drop in pressure. 

Trace 4 is cycling continually and fairly.  regularly. The dramatic drop in press- 

ure in trace 3 is linked with e much smeller drop in pressure in trace 2 	Also 

it could be err too that this pressure drop produces a little time later a few 

cycles of low pressure on trace 4. 

Figure 2.51 shows a similar recording of all six traces for experiment 13. Here 

it is seen that; the pressure cycling is present from trace 2 and thereafter 

is seemingly transmltted along the extruder. 

The suggestion is that when the bed breaks there is 	pressure drop due to 

the flow of molten materiel between the two fracture surfaces. 

Figure 2.52 shows a sketch of the unwound screw channel with the position of 
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Low speed pressure recorgs for high density ,x)lyethylene, experiment 15. Trace's 1,293 ani 4 are shown. 

Bed break-up is eketec'ted by trace 3 and the resulting surging shc7n alo. in trace 4, 
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speed pressure recorc1ins for polypropylene, experiT:lent 13. All six traces 

on traces 2 to 6. 
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FiPure .2,2a 
aketCl. of unwound_ screw obnnnel showing position of broken pieces of 

solid be3?  for experiment 15 with high density col  
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the broken pieces of bed marked, for experiment 15. It can be seen that the 

bed breaks Pt le,.!st partially sometime before the 10.5 turn position and 1:-re 

sumably if the fracture is not complete it will become so at some later point. 

Refering to trace 3 of figure 2,50 again shows support for this in that the 

large drops in pressure may be due to the occurrence of complete fracture at 

around the 9,5  to 10.5 tirn position, whilst 	 7r,y corres7.asrd 

to 	frct,:res. 

n'nes P'seervticrs f,-ban together suggest that bed brek-,,11) causes en 

pressure drop which is transmitted in the direction of flow nlong the screw, 

hence the cycling of trace 4 of figure 2.50, but has little effect on the 

preceding part of the flow, hence the very sm-11 pressure drops of trace 2 

of figure 2.50. 

In this light figure 2.51 suggests th.Pt bed brePk-up occurs at approximately 

the 9 turn position in experiment 13. inspection of the plastic pieces removed 

from the screw show that bed brePk-up occurred somewhere just before the 10 

turn position. 

Additional experimental evidence to support the idea that bed break-up initiates 

low frequency pressure cycling is to be found in the results of experiment 11. 

Figure 2.53 shows a photograph of a piece of plastic removed from the screw 

between the 9 and 10 turn position.- it shows an almost complete bed break-up. 

The position of the break being at 9.25 turns, so that its effect would be 

picked up almost directly by transducers 2 and 3. 'igure 2.54 shows the variation 

of trace no.2 for experiment 11 over a comparatively long period of time. The 

fairly regular drop in pressure seen here can only be due to the fracture of 

the solid bed. 

On re-examination of the results of the preliminary experiments it was noted 

that those performed with screw cooling did not exhibit bed break-up. 

was in agreement with the results of haddock (2). Thererore the three exoerimenta 

8,14 end. it; were performed to check thrse earlier observation. These 

experiments :.:ei-e performed under identical control conditions ss experiments 

5,13 and M.  resoctively sae for the use of screw cooling. roe results showed 

among other things tact ')orl brenic-up did not occur and that there was no precoa;re 



110 

Figure 2.53  

The occurrence of bed-break in experiment 11 at the 9i turn position 

.1.01•10/0 

(a) Sketch 
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Fi,zure 91194 

Low speed pressure recording showing the occurrence of bed break trace 2 of experiment 11 with Typi:Torcpylene 
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gore 2. 5  shows the low speed recordirwos mado of the pressure?: SVP"P"I n".  
• 

for experiment 18 and cnn be compared to fiure 2.50. Although Lhe maynitUde 

of the pressures arc ad cod lower in the water cooled experiment the t-rpoe 

zernos and transducer f_).oins are simiJar for the two e'.q)e.riments so th-t LhP 

look of prensure sounr 	in. the rater cooled exerimont lc {- enujne. 

It is also possible to look at and evula n in terms oc bPd break-up tie cban7es 

that occur to the pressure voriotion over one revolution of the screw. 

Fiore 2.3o shows a so rice of sketcbcs illust.ratin the vnrious Ldeo1 iced 

forms of pressure traces to bc. expected, Diagram (a) illustrates the typical 

steady state typo of trace in the molting zone, Dlagram (h) shows a llkely 

trace resulting if the bed 	ok-up occurs directly beneath the transduer 

cep, and (c) shows the recordiw to be eypected a short time after fracture. 

The difference between (a) and (c) s that the py.-essure,in 	pooa. in 

(6):ilower nan that in (a) due to the flow of material botweon the fracturo 

surfaces of the solid bed. Thus the repeated sequence would be (a),(b),(c), 

(a), etc., not at ocual time intervals of course. One would expect several 

revo]uions of the screw exhibitirg no tran3itlertram (c) to (E) but relatively 

fewer to exhibit the actual brook, tot is, the t-unsition Crom (s) to 	L. 

(c). An actual pressure trace showing this sort of behaviour is shown in 

figure 2.57 which is trace 3 of oxperiment11, 

At a point farther down channel from the brook point one would expect a sii,p:htly 

different seonence to he recorded. In this case the sequence would be (a), 

(d), (b), (c), (a), etc. Diagram (d) of figure 2,56 is the additional veriation. 

here ,corresponding to the passage of the bock f'oce of the solid plug past the 

transducer, in actual example of this sequence is shown in fiFaare 2.59 which 

is again taken from transducer 	of experiment 11. The difference between 'Lisa 

traces of figures 2.57 and 2.59 is that the point of fracture of the solid 

bed was pressumably earlier in the latter than the former, In other words in 

the trace of f'iarure 2.57 the fracture occurred within the pbysical space of the 

screw channel spanned by the transducer whilst in that of figure 2.58 it occurred 

in part of the channel not spanned by the transducer but nearer to the feed 
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Fizure 2t55, 

Low speed pressure recording from exeeriment 18 with high density polyethylene and screw cooling. Traces 

1 to 6 shown overlapping each other 



Fjuure 2 

Sketcbes liowin,7 the form of the detail presaure traces that are seen 

yihcn bed b ahup occurs 
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Figure 2J1 

Sorios of aetall preesure traces from experiment 11 trace number 3, -.711.cwinT the situation where bccl 

bre3k-up occurs at the transducer location 
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Fiire 2,8 

Series of detail pressure traces from experiment 11, trace number 30  showing the situation whore bed 

brask-up occurs just upstream of the transducer location 
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hot?,`.'er® From this end. other results presented earlier it is clear that the point 

of bed break and its f-requency vary somewhat around their mean values. 

the less the effect or different extruder operating conditions and different 

typos of ptti on the be,,,  break up can still he asteutA. 

Yet another sequence of pressure variations ma-s occur at points fnr removed 

from the initiation of bed break, this is defined by (a), (d), (e), (f), (o), 

(a), otc. Diagram (e) of Figure 2.56 is seen when there is o. considerable 

melt plug botwen the solid plugs and is the normal saw tooth melt filled channel 

type of trace. Diagram (f) shows a last possible trace which may occur and 

gives the impression that the width of the solid bed is less than it , in fct, 

As. It shou]d be noted ihnt one does not necessarily expect to pick up all, the 

traces in these sequences because of the rapidity of certain parts or the cycle, 

In particul ar, traces corresponding to diagraus (d) and (r) may not he recorded. 

Figure 2.59 shown on example of this third sequence, it is trace 5 from 

experiment 15, In fact, an eyampIe corresponding to di gram (f) is not recorded 

here. 

One other type of trace not illustrated before has been observed in the pressure 

recordings made on the 2.5 inch diameter extruder mentioned earlier, Fiure 

2,60 shows this. It is an example that should correspond 'to the third sequence 

of variations described above. It does to the extent that, there are well defined 

periods when the channel beneath the transducer is full of melt and when it is 

full of solid end melt. However it can be seen that the pressure in the solid 

bed is generally higher than the melt pressiire. It should be remembered that 

in the metering zone flow of this experiment a large negative pressure gradient 

existed. It would seem that the taper of the screw is such that the solid is 

being 'pinched between. the screw Toot and the barrel surfaces and this pressure 

peak is some indication of the force required to deform the solF. In another 

experiment performed on this 2.5 inch extruder by a colleague, theme-couple 

probes were mounted on the screw to record the temperature of the plastic, 

These were mounted at axial positions correspondinu to the pressure transducers 

on the barrel. Simultaneous traces of pressure and temperature at several axial 

positions were made, Thee showed that during the noriod of peek Pressure or 
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ries of detail pressure traces from operiment 15, trace number 5, showing the situation Y.Thare bed b 
occurs a long way up stream of the transducer location 



Series of detail pressure traces from an expeent• on a 2.5 inch (63.5 millemetre) extruder 

the situation vihere bed break-up occurs a long Tay upstream of the tremoducer location 
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the cycle variYtion. the temperature was fall in and conversely during the period 

of low pressure the tempera hire was risiimm, doubly refleetilw the alternating 

pas,a7e of solid and melt pihs clone- the channel. These results are in agree-

neat with TilplIno2 and *Klein''4 1 r)) c- m-flmintion or the cemperaturo cyclini:' aloha; 

the screw observa6 by hi!arsholl ot. al (1A 

One important obayi?rvatien apparent from the forcoMpg description and illustration 

of the developement of solid bed brek-up both as a function of time et a p4Ttic-

ular position a] oar- the screw and as a function of position along the screw, 

has rot to be explicitly st;Ited. It is that the leng7th of the melt plug between 

any two pieocs of the solid bed increases as the solid bed pieces travel do7m-

channel. The in-plication of this observation when coupled with the observation 
, that the lenth of the solid bed pieces does not seem to vary significantty 

is that the solid bed is accelerating. It is possible from the experimental 

results to make some simple ouantitative measurements to illustrate this point. 

TWining the menn length of the solid plug' es LS, the maximum lene,th of the 

melt pin: as 10  and the morn. poriodicily of hod break-up as T, leads to tbE. 

followiyw simple relationships 

W .,.. is / T 	 (2.10) 

where W is the velocity of the solid bed in the (own  channel direction at the 

point of bed break. Also 

if ..... (LS 4- 1E) /T 	 (2.11) 

where U is the maximum velocity in the doernchannel direction reached by.  the 

solid pig, 

It is else possible to compute a figure for the solid led yeiocity, f to 

oc),,,re vi.,-n V;, l''rom a calction bnscd on the mcE.si:red 'jr'  output -ate of 

Ih.c. catruer, nr , ,,,,I!m:ming he soll.l bed. to be 1.7.1?.:[ exipresap 	 ,. ':.e(,n 

have'•ionsity en.- 1. to :.1e density of the solid plastic, Ps  

N 
12) V = 	1-j 	VI ) 	 (.,? . r i 	, ,-, - 1'0 	, 

where Plc, and VV have been previously defined as the height and width of the 

channel in the feed section respectively. 

In the calculations above it is assumed that the velocities IT  V and W do not 
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vary in the plane of the chnnnal cross-section. The results of 	 ee l 	thee 

calculations for several of the experiments Pre shown in Teble 2.4. 

A. comparison hetween the fi{,ures for V and '1  shows that in most cales reasonable 

agreement has been achieved which gives contidenee to the calculation procedure: 

CompsriOn 1;etween T1 and W shows the degree of acceleration that bas taken. 

place, in the extreme case quoted here the velocity of the solid bed more than. 

dobles after fractnho. 

The question mnst now be asked as to the cause of solid bed break'-up. Clearly 

under certain conditions the boundary stresses on the solid bed nun t. reach a 

critical state en i the bed fractures. The most useful experimental observations 

concerning the stale of the boundry stresses on the solid bed are that screw 

cooling prevents bed break-up and that bed break-up never occurs without there 

being e melt film 811 around the solid bed. The point of siamlficr.nco hero is 

that the soreu c001 in,,  prevents the formation of n melt film on the screw roots  

This they would seem to confirm the importance of this Tower melt film as re7arfis 

bed break-up. One further piece or experimental elvidence is 'h-t the pieces 

of solid bed that break off undergo si-nificant acceleration. Thus the form;,Ition 

of a melt film on the screw root elters the stresses on the solid bed such es 

to increase its tendency to accelerate. The implication being thht eilher the 

solid bed continuously deforms to n000modte these soceleratie forces, which 

one may call e 'ductile solid bed, or it fractures and the soperated pieces 

accelerate as a solid body, this one may call a 'brittle' solid bed. Donovans 

(10) experimental evidence of solid bed acceleration was based on measurements 

of en unbroken solid bed in p PVC experiment and in a low density polyethylene 

experiment. It would seem that taken with the present results PVC can be 

classified es having a 'ductile' solid bed and low density polyethylene as being 

'semi-ductile' in that the occurrence of bed break-up is partially' dependent 

on the pqrticular extrusion conditions. However it seems that most materials 

in this content have 'brittle' solid beds. 

Two important coneecuences or using screw cooling have olready been st ,, tcd 

nnmely the absence of solid bed break-up end surging. in addition to these 

notes a marked reduction in output. Observntion of the nxinl pressure profiles 
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of rigsres 2.1 (1)42.21 (h) pnd 22 (b) shows that screw cooling reduces the 

pressure generating capacity of the screw. The sour 	of this loss seemts to 

ho the metering zone. The pressure grodents in this reion are seen to be low 

and_ even to be negative o-\) eT a short zone, Comparison of Plates 4(b), 7(h) 

and 9(h) with these pressure profiles indicates that until most of the moltin3 

is over no sighlficent pressure generation takes place, unless it occurs dltring 

solids Flow at the very beginining of the screw, It is possible that the reason 

for this lack of pressure generation is linked with the absence of solid bed 

break-up, that is the accelerative forces on the solid bed are those that 

are responsible for the pressure build up in it 	These thoughts ore linked 

with the raot that without bed brePk-up the solid had presumably does not undergo 

significant acceleration and this also contributes to the reduced output rate 

in experiments wiLh screw cooling. 

This is as for 7s the discussion on the Phenomenon of solid bed break-np can 

be taken at the moment. It will he returned to in the light of theorotical 

predictions presented in the following chapters, 

Other general points of interest arising from the exper:irfl-ental results will 

now be described, 

Plates 1 and 2 show the cross-sectional samples of plasticised PVC. Two things 

are apparent from these results; firstly, the long dolny before melting starts 

which is not found with sny other material, oven rigid PVC. This delay is 

linked with a lack of pressure build-up as shown in Yignres 2.15 and 2.16. The 

suggestion here is that melting will not start until sufficient pressure has 

been generated to cause the PVC to 'stick' to the hot barrel surface. In other 

words the PVC will slip on the barrel surface, even though it is well above 

its softening temperature, until sufficient pressure has been generated. Clearly 

no pressure will be generated until, the solid bed has been fully compaote(9. 

Two thins can produce this compaction. One is the reduction in channel cross-,' 

sectional area due to the screw tnper. The other is the Oec.eler-tion of the 

solid bed due to a high down-stream pressure. The term feed i control' is F;ometimer, 

used to describe he operation of an extruder if there is no effect on the flow 
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in the feed section of the later pressure generation and the term 'melt control' 

is used if the pressure buildup does effect the feed flow. In 'food control' 

then, one expects the compaction of the solid bed to be due to channel taper 

oV)1? woros in 'molt control" part will be due to decal oration of the solid 

bed caused by prescure 

The resuito show rh.a the output rate per revolntion of the screw is higher 

when the screw speed is 40 r.p.m. than when it is 00 r.p.m., yet at 00r.p.m, 

the results sucgor-.!t that the screw is feed contro..ged. The reason for this is 

thought to br 	 benafic 	effect of erlier solid bed compaction which may, 

in fact, give h higher solids flow rate in that earlier compaction means that, 

there is a greater cross-sectional area for the flow than if this compaction 

occurred further alon2: the screw. This is assuming that the reduction in solid 

bed velocity, caused by the pressure initiated cor action, does not fully 

counteract the benefit of early compaction, ln other words the existence of 

positive pressure right back to the feed hoper may have a. beneficial efect 

on feed flow. 

The second ol.servation that can be made from the sectional. photogroplis is that 

the apparent rate of melting of the PVC is significantly h:gher at the end of 

melting compared to that at the beginning. There are two possible explanation; 

for this. Cue 	d'.!e to die sea latent neat of fusion of PVC and the 

continual heating up of the solid bed as it travels along the screw, there 

comes a point at which the whole of the remainder of the solid bed reaches its 

softening point virtually simultaneously and thus will repi&iy become mixed 

and disappear. Secondly it may be that the true rate of melting is not increasing 

PS much as it WOU1r1 appear to. The true rate of melting is measured ig the 

rate of decrease of solid flOw tate, As the solid flow rate is a function of 

its density, cross-sectional area and down-channel velocity, it is not possible 

to estimate it accurately from the specimens. Thus it is possible here th,t 

the solid bed is decelerr,tino; end the variation in the true meltinsc rate is 

smell. 

A' similar effect can be aeon in Plate 15 for rigid PVC and similar explanations 

apply. Also the results of the throe victor cooling experiments sho7! a 
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similar seemi/ty rabid final melting, see Plates t( b), 7(b) and 9(b). iicra 

however the arnument based on zero latent heat is inapplicable and therefore 

the sugestion that the solid bed is decelerating becomes more likely, the 

more so th the light of earlier observations on the manner in which screw cooling 

wouJd seem to prevent solid bed break-up. 

The to exneriments performed with '1)Telinexl  produced the most unLsual resalts 

of all the experiments. The cross-sestional specimens of Plate 12 show that 

hod brosk-up occurred, yet the expected pressure traces in such a case were 

not observed. Yigures 7.61 ,nd 2.62 show the slew speed pressure recordings 

for experiments 23 and 24. Figures 2.63 and 2.64 show higher speed recordings 

for the same two experiments. As can be seen the surging is most irregular 

and has a mush higher amplitude than that observed. with any other experiment. 

In addition the origin of tie surging would seem Co be at trace number 1 

which. :is before the initiation. of bed break-up. The implication is that effects 

other than bed break-up are partly or mainly responsible for the surging 

observed. with 'melinex'. 

On performing a trial experiment with Melinex it was found that the material 

was not feeding into the screw. This was due to the size of the granules in 

relation to the thmensions of the screw channel. To overcome this problem. 

the granules were fed through a granulator which reduced the granular size 

slightly and also separated the clusters of granules that were partially Mined 

t ogether. 

It seems that the cause of the surPsing with the 'Melinex t  in he present 

experiments could 11-ve been due to a feed flow instability, a partial blocking 

and unblocking of the channel in the feed section. The axial pressure profiles 

of figures 2.26 show that virtually 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 trace 1 increased all the other traces show an immediate increase, 

albeit of smaller amplitude. These virtually simultaneous pressure rises and 

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

due to bed break-up. In that case there is a deffinite time lapse between the 
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drop of pressnre st the point of the brook and i correspondinf:' drop st tbe point 

further do7n-enennel, see for exsmple firmre 
	

The resson for this reedinp; 

insWnility in the present experiments is not cle-r,and further discilssion 

of it is outside tne scope of the present work,suffice it to say that its existeekn 

has been noted snd the resnits recorded 
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FiP7ure 2.61 

Low speed pressure recordings for experiment 23, with Melinex. All ix traces shown. 
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Figure 2.62 

Low speed pressure recoriings for aperient 24, with Me.linex. All six traces 
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Fire 2.63 

High speed pressure recodings for experiment 25!  with Molinex. All six traces shown. 
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Figure  2.6k 
High speed pressure recordings for experiment 24, with Melinex. All traces shown. 
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2.5 Conclusions 

Tho er,rrerimental -results in the present work in part agree 

with the elting pattern that hes hitherto been reported initially by 7'!,addok 

(2). 

It has been found that this pattor'.-1 on a considerable number of occasions is 

modified in that melt fil,2s eyist between The solid bed and the screw.  surfpce. 

It has also been found that the melting process can hove en inherent instability 

which manifests itself as solid bed break-up; this in torn produces aurFing. 

Fixaminat'ion of the experimental results of cases exhibiting bed break-up end 

those not doin,- so leads to the conclusion that in some situations the solid 

bed may accelerate whilst in others it may decelerate. in thosP cases when 

it accelerates it may fracture, in those when it decelerates it does not fracture. 

The occurrence of solid bed break-up varies between materials and would seem 

to cause more serious surging problems with the more highly crystalline plastics, 

not occurring at all for PVC which is essentially amorphous. The most effective 

way of preventing it is by the use of screw cooling. This however also reduces 

markedly the flu3rate if the other operotino conditions oreleft unaltered. 

it has been shown how an examination of detailed pressure recordinr-s can led 

to a recognition and understendin,' of the processes occurring within the 

extruder. In particular the phenomenon of solid bed break-up and the process 

of melting can he readily identified and followed on such pressure recordins. 

The following chapters will make use of these observations in the seting up 

of a mathematical model for the melting process. Initially the predictions 

of the theory will be compared ,-ith the experimental results and then a separate 

series of theoretical. simulations will be described in an attempt to demonstrate 

Lb e usefulness of a computer simulation technioue in comparison with empirical 

experimentation. 



Chop:ter _72: 	oorai:icial Anals i 

3.1: Introduction 

It has been stated that the c-ientual aim of tbo present work is to produce a 

thsoretioal simulatior, of the molting proosos in single screw extruders. Ono 

aim of the pren:Lonoly described eaperimel'00 worb.  was to provide insight into 

mechanism involved in. tots melting process, which can be used to guide the 

mathematical formulation end to judge the appropriaieess of various possible 

simplifing assumptions concerning the analysis. Thia is precisely the path 

followed by the earlier theoreticians of the subf!ect. However because those 

analyses were the first they made the greatest possible simplifications of the 

problem in order that a solution could be ol'Aained. Having successfully completed 

such an initial analy-sis they then proceeded in refining it. However, one 

general comment about Lids refining process is that rarely did it include the 

re-consideration of the basic interprontion of the ol-served melting patterns. 

The present theoretical analysis, is derived from a re-appraisal of the experl-

mentel melting patterns of the present and previous expr—t-iental v:ork. Of 

course, the arperience gained by previous theoretical analysis has also contributed 

to the present formulation of the problem. 

It is appropriate to proceed by discussing the interpretation of the melting 

patterns that was used by the first theoreticians and the theories produced by 

them e  pointing out those assumptions which are open to doubt. Having done this 

the exposition of the present theoretical treatment is given. 
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tore cr view 

The first theoretical analysis of The melting rrocess was performed bg Todm;yr 

(/1.) making use: of the experimental oervatione of i'aadock (2) The idealiod 

meohnism no u00005ed 	Tich ormed i,be basis of his analysis is shows in 

fignre 3.-. The basic ensue tics o Th s model and ell otners is that the thormel 

and me,::hanichl state of the system at ell points in the domain occupied hy the 

melting -process is independent of tjrne. In addition, the geometry in 

as shcya,n is the figure; the material properties are simplified; the' solid bed 

is considered to be homogeneous and continuous; the plastic is considered to 

1'1-ye a sharp melting point, and the thermal properties of the material to be 

constant in each phase. Tadmor's explanation of the thermal state of the domain 

is based on the occurrence of melting at the solid bed to melt film interface 

only The heal, for melting supplied to the interface originates pertly from 

the barrel , PS conducted heat, and partly from viscous dissipation within the 

Li] m. Although some hest supplied to the interface is used to heat up the solid 

from its initial temperature to its melting temperatuTe, the solid had is assumed 

not to undergo any ,- ulk increase in temperature as it passes down the channel. 

This is a conseonence of the assumption, mrde in the thermal arlalysis of the 

solid bed, that it is o semi-infinite solid. This means that heat transfer 

from the melt pool and screw surfaces to the solid bed are neglected. 	n 7...S is 

reasonable in the orse of the melt pool since the hei7ht of the solid bed is 

much less than its width over most of the melting process. Dile can only reasone-ta 

justify the assumption of zero neat transfer from the'screw if it is cooled. 

This point will he discussed. in greeter detail later. The general assumption 

that heat conduction and cony 	tiondown-channeltin-the -.2,direction, are 

neglected.aWies both to the melt film and the solid bed. 

The flow in the melt film is assumed to be fully developed pure drag flow of 

a Newtonian fluid between parallel plates. This is assuming that the melt film 

thickness is not a function of .7,C . in addition the 1'14,,,ht clearance is assumed 

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

and of constant velocity, that is 

\./L C V5  f— k. 
In the X. 	Plane the solid bed is assumed to have a velocity \J 	at the 
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The mechanism for maintaining the continuity of the system is this 

molten material is continually vntering the melt film through the melting inter-

face. At the some time molten material is flowing across the channel and cut 

of the fl '!m to collect in the melt pool. 'he width of the melt pool is time 

increasin. 

 

he some time the width of the solid bed is decressin and 

there is a steady flow-  of solid into the meitin interface. 

The problem thus has two dependent variables, the width. of the solid bed 

and the melt film tbicknoss, 6 . 	X is an expticit function of the indopenert 

-variable - while o then implicit function. of 	. The solution essentially.  

requires two basic eeu.etions 	These are derived from en integral mass be[ance 

of the melt film over the :K 1LA. plane end a different mass beisnce on the solid 

bed in the 	dizaction. The former ecuation relates the melting rate to to 

the melt film with the flo7 rte into the melt pool. The latter relates the 

reduction in the solid bed width. with the melting rate. One lost piece of 

information 'oequired is the melting rate at the interface. This is found by 

means of on energy balance at the interface. In this fashion the solution, X 
as a function of 	is derived. The constant value of the solid bed velocity.  

is calculated from the overall mass flow rate, MT,  and the geometry.  of the 

channel in the solids feed zone, this 

/C.V\I H o 	, 	 (3.2) 

The assumptions made in setting up this analysis are of two distinct types. 

Firstly there are those concerned with interpreting the melting pattern into 

a mechanism that can be analysed. Secondly-  are those concerned directly with 

the ensuing mathematical analysis. The former type of assumption is the most 

important and will, lee 'ascribed in more detail now 

For the mechanism to function as intended the solid bed must undergo a certain 

form of deformation. -111- , is, the decreosinc width of the solid bed and the 

continual movement of solid into the melting interface imply a contis 

re-arrangement of the mranules of the solid bed. It is an implicit assumption 

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

cause t'rvir-,7 mode of deformotiOr 
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Assuming the solid bed to be continuous and incompressible, the conservation 

of mass principle may be applied in differential form, instantaneously, as 

tf3c. 	 =(3c.3) 
ac, 	 6 

The assumption of constant velocity down-channel simplifies this to 

(3*4) 

Equation (3.4)„ together with the relevant boundary conditions, instantaneously 

describes the deformation pattern of the solid bed an assumed by Tadmor. 

The second critical assumption made by Tadmor in his interpretation of the 

melting pattern concerns the melt film flow. He assumes that the thickness 

is constant over the width of the bed, 

7"-  
r  

(3.5) 

Tadmor also makes the assumption that pressure gradients in the melt film may 

be ignored in the flow calculations, This assumption together with that nf 

constant film thickness lead to an inconsistency. In reality, due to the 

successive incremental entrainment of newly molten material. across the film, 

either the film thickness must increase as 	 increases, or the pressure muW6 

decrease as C increases, or a combination of the two mnst take place so that 

continuity is satisfied. However it can easily be shown, because of the relat..  

ively small film thicknes,  involved, that for the pressure gradient to have 

any significant effect on the flow rate it must be Of such a large magnitude 

as to be physically unrealistic in the present situation. Additionally the sign 

of this pressure gradient would need to be negative, whereas all the experimental 

results show that the pressure gradient in the melt film is positive* Therefore 

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 violated. As it is the integral mass balance that is used in the 

analysis the assumption may not lead to any significant inaccuracy in this respect 

Hoever this part of the analysis can be critised on the grounds that the 

entrainment of newly molten material in the filM is implicitly assumed to occur 

in the direction only. That is, at any down-channel position all the newly 

molten material entering the film is assumed to flow into the melt pool at that 

same down-channel position. Yet clearly the direction of entrainment is more 

reasonably that of 
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the relative velocity between the solid area end barrel. This is at an angle 

fo the channel wall, as illustrated in figure 2.4. 

Tie last criticism of Te.dmor's interpretation of the observed meltin:t paY.errs 

is that he cheeses to ignor he formPtion of ,eit films between the solid bed 

and the screw surfee. 

he comprisons between the 'heoroticel prodiptions or this early moded. with 

experiments performed by Wad dock (4) s''IO&L that the theory predicted too long 

a melting length. Also tha predicted molting rPte iaring approximately the 

first half of the melting process was too hip:h whilst in the later stages it 

was to low. 

The developement of this model was continued end reported along with new experi- 

ments by Tadmor. llIrwevani and Klein (6) 	They made two improvements to the 

model. The first and simplest of these was to take account of the effect of 

thermal convection in the melt film. This they did by adding an extra term 

into the energy balance at the !malting interface accounting for the heat 

required to raise the temperature of the newly molten material from its melting 

temperature to the moan temperature of the material flowing from the melt film 

into the malt pool. 

The second improvement was to introduce a Non-Newtonian flow and coupled energy 

analysis of the melt film. In this the power law constitutive Po-action with 

temperature dependence was used. The flow was still assumed to be steady, fully 

developed drag flow, between parallel plates. The solution to this flow problem 

was simplified by assuming en initial temperature profile, corresponding to the 

Newtonian case. An iterPtion procedure was then adopted to calculate 'the 

correct values of the modified coefficients of the eouation for the temperature 

profile corresponding to the Non-Newtonian case. 

With these two modifications incorporated into the analysis considerably better 

predictions were obtained, although the basic interpretation of the melting 

pattern had not been changed. In this publication (6) another deficiency of 

the model is 'apparent. To make the comparison between theory and experiment 

the start of melting in each should be at the same point along the screw. It 

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



the barrel temperature ha.d attained the melting temperature of the plastic 

and that this 'delay wes variable. BecPuse of this it vas necessary-  to maasure 

it from the experiment and to use this an the start point for the thoore-isal 

comparison. Some att-,e4tis made to establish an emrical correlation fe,ctor 

to enniqc this 'delay' to he predicted. It is t1 101: 	by the author that this 

.'delny' is partly at least due to the parLicular interpretation of the melting 

pattern which forms the basis of this model. Justification for this sug-gestion 

will be given later. 

Chung (7) reports a further detnil improvement to the same basic medel. Instead 

of assuming for the purposes of analysing the temperaLure distribu'ion in the 

solid bed that the bed hi-s infinite depth he assumes that the solid is finite 

and bounded by two parallel plates, and that it is insulated at the screw. surface. 

Chung goes on to define four constants in the eountion describing the termroarature 

distribution where only two are strictly necossary, and states that one can 

assume the screw surface temperature to be constant throughout lhe melting proCes 

and to be eoual to the initial temperature of the solid feed. To evaluate 

theme constants four boundary conditions are needed. He specifies the two 

boundary tem-oorntures and one derivative. Fur the mirth condition he annlies 

an overnil energy balance to the melting process; thus the fourth constant 

in the temperature profile is calculated so that the enemy balance is automat-

bully satisfied. It would seem that the difference between this formula II 

and that of Tmdmor is marginal especially as Chung does not allow temperatures 

to develope down-chf2nnel. 

More significant developements of the model were described by Tadmorand Plain 

(8), Here the model, is refined to take account of the effect of a finite flight 

clearance and curvature of the actual screw channel. The effect of flight 

clearance on the integral mass balance for the melt film is allowed for by 

assuming n linear velobity profile through the clearance and criciriritine the • 

flow rate on that -basis. The effect of channel curvature is corrected for by 

utilising a series of derived correction factors (15), 

in addition the scope of the mplting analysis is enlarged to include thc,  

px.eclicon U 	 in the melting zone. Ths. is done hy computing the melt 
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pool flow rate, which is easily done from a knowledge of the solid bed flow rate, 

and applying thin in a deep channel melt flow arrlysis or the melt pool, Le.,noe 

the required pps -nre gradlut is calonlated. 7,'s procedure is eniargd on 

some-:Yhfrt in a later section. In this tniication 	the phenomenon of solid. 

bed breakup is noted and il;$3 effect on prassure generation allowed for by compnt- 

Inc the pressure gracl -Tent Nom a full_ chanel 	a,nrlysiL: after the 

position of ned no 1<3p, iie po int of bed break-up is pre,.-romably an estimate 

brsed on experience and in not predicted ny the teory. It Loom fore must c,use 

some potential i ncccc racy in the pressure predictions. 

Hinrichs end Lilleleht (11) describe modifications to the Tadmor model to Pocount 

for flight sic - rance flow and channel curvature using a cylindrical coordinate 

system to simplify these corrections. It would seem that the improvements 

outlined here (11) formed the basis of those,  described by Tadmor and Klein (15) 

and mentioned oe,-Tier. 

All the above mentioned theoretical analysis were based on the original model 

put forward by TE:iMOT (A) and therefore if the assumptions made in formulating 

that model from the observe melting patterns are wrong the subsequent mathemat-

ical refinements may not make any significant improvement to the overall 

accuracy of the simulation of the real melting process. Donovan (10,12) was 

the first reported worker to re-examine the basic interpretation of the 	 Ling  

patterns. His significant contribution is in the realization. that the solid 

bed orm cocci crate in a screw compression section, This conclusion was arrived 

at in the light of experimental results dPscribed previously, and inspection 

of some of the simulations published by Pedmor et al (5). However Deno-qv 

does not make the down-channel solid bed velocity a fully dependent variable 

of the problem. He makes the basic assumption that the solid bed velocity is 

emlal to the average melt pool velocity in the do7m-channel direction. This 

assumption together with the inclusion in the mathematical formulation of the 

problem,of e mass balance across the whole channel enables the solid bed velocity 

to be computed. It appears that Donovan found that usinp this formulation of 

the problem did not always give very accurate predictions. Therefore the basic 

assumptions that the mean melt pool and solid bed velocities are equal was 
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relaxed and a el.i3 ?ea f4oceler - ti n Parameter (\,""AV) a,rir, p6 such thet with 

5-5P . 1  n 	.oLi3 bed acceleration_ netn's and with 313A1).,0 ac5e1 ere •ti on 

maxim, being the same as that using the assuitp .bion described above. Clearly-

this technique is not altogether satisfactor in that one does not really know 

whet value of lt2to spply :in a particular ors; t However the comptitea res,Ats 

when comrdrea with experimental roe 	s, show the the value of nAP in •,est 

agree:Tient varies between experiments, 	 his of Co'; rse, tends to ro-affirm 

the idea that, the solid bed accelerates. 

DonoWin makes another contribution to the theoretical analysis by consider&bly 

refinins: the thermal anal;:sis of the solid bed. Fe considers the solid bed to 

have finite depth and defines the two boundary tomperaturerl as the rocuired 

1.oanda.ey conditions 	fle also includes in the analysis the ef'-'oct of convection 

in the 	direction, thus alic,!=ing for '-radual heating up of the solid :ea 

as it moves down-channel. The specification of the problem is comPleted by 

defining ah initial temperature profile. Further Donovan assuTes he Iclt,1t film 

is linear]y tapered across the channel from the flight clearance in the a ha 

of the solid bed. However for the enemy and momentum analysis of the film 

he reverts for mathematical convenience to the constant film thickness assumption, 

only using the tapered film to calculate the down-channel solid bed flow rr,te 

and the down-channel melt film flow rate. It is possible that the linear vari-

ation of film thickness leads to as large errors as the constant thicknss 

assumption in teF;e down-channel flow rate calculations especiadly if the real 

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

bed width. 

In the melt film energy and momentum analysis Donovan makes the same assumptions 

as Tadmor et al (5) but his meth'd of solution of the coupled problem is different 

Donovan uses the exact solution by Martin (33) which has the advantage of simpli 

fying -t:ce. mathematical -and nimericall complexity of the overall analysis. 

In pater publication (12) 'Donovan extends his analysis 
	

include pressure 

predictions in the melting zone. Yds method would seem to be essentially 

similar to that of 1.11DAmor and Klein(9,15). Correction factors were employed 

to account for Non-ewtonisn ef'ects in the melt pool flow whilst maintaining 
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the simple form of a Newtonian flow onalysic-  That is, the drag and pressure 

induce components of the flow are separated so that the pressure gradient ean 

be the more caaily col.culated. Again aN with id mor and Klein, after the 

occur-rev:leo of bed break-an the pressure 7radient is calcuiated fi:em A ME'ilt 

flow analysis of the ,.-Incic-h,,nnel, the prooloo of the pieces of solid. red 

being 
	

It sheul d te noted th;-t the predicted pressure profiles were a 

function of the S-BAP. The pesults shc'wed t`eat t,he velue of PilAf which gave 

the best ar'roament with the experiment al molting profile did not give the best 

acxecmcnt with the €:xperimontal pressure profile. Althouffn the discrepancy 

was not npacceptablve,it was consistent. However the published results with 

but one ex,;eptign, wore for compression. reljef screws with short end ropid 

tapers. These may have been used so that bed break-ilp could reasonotly have 

been predicted to occur at the end of the taper. But such a screw design is 

probably the hardest to S,uccessfully simulate ecause of the rapid variation 

of screw geometry in the down-channel direction and also because visco-elaz,tic 

effects may become signiurt. 

One general observation that can be made about the results presented by Donovan 

is that in a number of cases his model was not able to successfully pre6ict 

the correct shape of the meltin,7 profile, as measured from his experiments, 

no matter what value of SBAT wee used, 

Vermeulen, Scargo and Beck (13) developed a model that was different Pros: that 

of Tadmor and Donovan. The significant difference was that the thickness of the 

melt film was allowed to very across the solid bed in the 	direetic, thus 

satisfying continuity everywhere in the film. However the other assumptions 

in this model are such that any improvement in accuracy resulting from a 

detailed melt film analysis wPs probably lost. These other assumptions 

correspond to those made by Tadmo-r in his earliest formulation (4). The melt 

is assumed to be re7tonim and t'ne solid bcd velocity 'o be constant. One 

extra assumption made by hermeulen et al was that dissipation in the melt 

film could be neglected. All experimental and other theoretical results have 

shown that this is far from true end that viscous dissip,ation can be more 

significant than conducted heat from the barrel. The justification for making 
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this assumption is obscure, even on purely mathematical grounds, in that for 

Newonion Moid it is possible to get en analytical solution describing the 

developement of the film thickness in the x direction including the dissipation 

term in the energy equation. 

The basic model or Vermoulen et al (13) has been considerably improved by Ingen 

Nousg and corissen (14). They first of all included the dissipation term in 

the melt film temperature analysis for the Newtonian case end obtained an analy,- 

tical solution. They then further extended the model to include Non-Newtonian 

power law temperature dependent viscosity in the melt film. 

This last piece of analysis makes use of Martin's work(33) on analytical solutions 

for Non-Newtonian sheer flow. In this analysis as applied to the melt film 

flow, although the thickness of the melt film is varying at each point in the 

fiim,the velocities and temperatures aro assumed to be locally ful7y developed 

and the 'lubrication. approximation' is applied. 

No comparison between the prerlictions of this model and experiment,11 work have 

been published and therefore the effect or the inclusion of the melt film 

thickness developetent in this model is hard to judge. 

,Thqse then are the various models that hove been published in the literature 

to date, end it is apparent thnt most Of the effort hes gone into refining 

the mathematical analysis of the details of the models rather than questioning 

the basic assumptions. 

The basic assumptions are essentially interpretations of the observed pattern 

into a mechanism of flow that is compatible with the observations and the laws 

of physics. These assumptions fall into three categories; concerning the mode 

of deformation of the solid bed; concerning the regions where melting takes 

place, and concerning the flow paths of the newly molten material. These three 

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

up to the nature of the basic assumptions made in the present model. 
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3....31_2:4,scpsei)n e. the  lInsio A Jr2ptions mnde in tie_aresept 

The solid bed deformation will be discussed first. The experimental results 

presented in the present work and by other people clearly show that the solid 

bed does change shape cltxcing the melting process. Further this change of shape 

cannot wholely be accounted for by the continual removal.. of molten metorisl 

from its bound ones The reduction in height of the solid bed they be accounted 

for in this manner but tbe usual reduction in the width cennot be, especially 

as, on occasions the width. may increase for a short while. The manner in which 

this width change is accomplished is critical to the discussion. In the case 

where, at en intermediate stage in the melting process, the solid bed width 

increases the cause must be the screw taper. in that case the reduction in 

height of the solid bed due to the melting is less than the reduction in channel 

depth due to the screw taper and therefore the metal surfaces cause the bed 

to deform end increase its width. However in the moreTormal case where the 

channel taper is less extreme the bed is observed to deform in the opposite 

way, its width reducing. In this case the forces producing the deformation 

arc an integral part of the melting process. The sources of the important 

stresses can be identified as the melt pool pressure, the viscous shear stress 

on top of the solid bed end the shear stresses on the bottom and the side of 

the solid bed, either coulomb or viscous depending on the preeence of the melt 

film. 

It is possible to identify teTo extreme modes of deformation of the solid bed, 

the first corresponds to thstesSumed by Tadmor, that is, no acceleration of the 

solid bed. Equation (3.4), previously statedr,exp-cersesthis condition in terms 

of the continuity equation, and is re-stated here for convenience 

C) 	 (3.4) 

This equation is saying that the reduction in the width of the solid bed is 

manifest as an increase in. height of the bed. Of course, due to melting occurr 

ing on at least the top surface ot the solid bed, in the 	plane, this 

increase in height is masked in the actual case. 

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

of the continuity eauntion 
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0 	 ( 3.6) 
This equation corresponds to the case where the reduction in solid bed width 

is totally accounted for by acceleration of the solid bed end that reduction 

of the height in the actual melting process ie due entirely to the removal of 

molten material. If this case were en accurate picture of the deformation 

of the solid bed then one would expect to observe an ever incressin melt film 

thickness, in the absence of any channel taper. This does not appear to be the 

case, the results of Tndmor et al (5) are useful in this respect. 

The present experimental results together with those of Donovan (10) and the 

theoretics] results of Donoven(10) indicate that solid bed acceleration does 

take Place. 

The conclusion must be that the deformation of the solid bed is the general 

case somewhere between the two extremes, described by the above two eoustions, 

and that in terms of the continuity the representation of the deformation, 

instantaneously is 

tj- 	0 
	

(3.3) 

Thus the solid bed should be allowed complete freedom in the formulation of the 

problem to accelerate. The theoretical work of Donovrul (10) was a step in this 

direction but the indications are that the assumption he made was too restrictive 

and that the solid bed velocity down-channel should bel'ully dependent variable 

of the problem. 

The melt film flow path will now he considered, referring specifically to the 

upper melt film adjacent to the barrel. An elemental volume of newly molten 

material at the interface will be dragged in the direction of the relative 

velocity vector between the barrel and the solid bed. At some point down-channel 

this element of materi-1 will discharge off the edge of the solid bed into the 

melt pool. The effect on flow rate and velocity profile, in the melt film, of 

pressure gradient is neeaigible because the thickness of the film is small 

as has been mentioned in the last section. The critical point here is that there 

is a delay between the formation of an element of molten materiel and the dis-

charge of it in the melt. pool. The implicit assumption of all the melting 

modeasreportedtodateisatarlYsection74.the total flow rate into 
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the melt pool necessarily eoualP the total melting rate at the same section. 

At first sight this may seem a question of detail yet the consecluences of 

making this assumption con be significant, in the first place it partly explains 

the Ideley' in melting that T&3mor comments upon.,  

This 'deley'mey be explained ts follows. Yelting will beein on top of the solid 

bed from the point where the barrel temperature exceeds the plestio's melting 

tempereture. Initially the molten material will, fill the gaps between the 

individual granules on the top of the solid bed. Until this has happened no 

continuous film will exist on top of the bed. Once this continuous film has 

been formed its thickness will begin to develop in the direction of entrainment 

as described earlier. It is likely that the thickness of the film is initially 

less than the flight clearance. Therefore there will be a delay between the 

formation of the continuous film and its thickness equaling the flight clearance. 

Once the film thickness exceeds the flight clearance the flight will act as e 

wiper and the melt pool will begin to devel.N.,. The flow into the melt pool 

will initially grow rapidly as the film. thickness at the edge of the solid bed 

will continue to increase. This increase occurs because the material flowing ) e 
( 

into the melt pool became molten at an earlier stage. Once the film thicknea 

has become developed and the melt pool formed, the film thickness should 

gradually decrease as the width of thr,  solid bed decreases and hence,  the 

developement leng,h is reduced. The presence of the melt film all around the 

solid bed can however potentially affect the validity of this last poliit. 

Althoagn Vermeulen e al (13) end ineen. 7.1ousz and r'rorissen (1A) allowed for the 

developement of the film thickness they still assumed that the flow into the 

melt pool was equal to the melting rate at the section whereas 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 temperature 

or in the solid bed velocity that may exist between the relevant down-chennel 

sections over which the melting rate should he calculated. 

The general conclusion from the foregoing is that at a section 	the flow 
dr° 

rate into the melt pool should no be explicitly equated with the melting rate 
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at that section. This may be avoided by performing an integral mass balance 

for the melt film over an increment 	and allowing the film thickness 

to develop as a function of DC 	and 

It is now appropriate to consider the importance of other regions within the 

channel where melting takes place. In other words, it has to be decided if 

significant melting takes place on the other three sides of the solid bed. 

One may readily discount the side of solid bed adjacent to the melt pool for 

two reasons. Firstly the height of the solid bed, is small in relation to its 

width for a good part of the melting process. Also the temperature gradient 

in the melt pool adjacent to the solid bed is likely 4 o be small in comparison 

with those in the melt films. Similarly tha side of the solid bed adjacent 

to the flight can be disregarded in terms of significant melting as its height 

is very small, although the temperature gradient may be fairly high, The 

bottom of the solid bed in contact with the screw root is a different matter. 

There have been no published theoretical mod old which include a melt film in 

this area. though Shapiro (34) is reported to be working on such a model, Clearly 

with an uncooled screw a point will exist along the screw at which the screw 

temperature will rise above the melting temperature of the plastic. From this 

point solid plastic in contct 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 screw. Little information 

is available concerning heat transfer coefficients between plastic and metal. 

The work of Tharmalinghem (49) although not directly applicable to the present 

situation sugests that perfect thermal contact is likely to exist under the 

sort of pressures involved here. Certainly unless the material and conditions 

are such that slip occurs on the screw surface a thin film of melt is likely 

to form. 

Martin (35) performed some relatively simple calculations to investigate the 

thermal coupling effect of the flow of a_viscous material within the metal 

boundaries. This is the only reported work of this kind on what is a etif'icult 

problm and yet uui 	en to 	 TAle ahLn f 
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an analysis are to calculate the magnitude of heat flow from the plastic to 

the screw and when such a hoot flux exists, and secondly the ocourence end 

magnitude of the reverse process of heat transfer from the screw to tne piostic. 

The restate of :::iartinis work Iedd him to.s,ggest that the mngnitude ot the 

neat flux back out of the screw is insiaificent wen compared to the other 

heat fluxes in the total extruder system. This conclusion, if valid, need not 

necessarily prevent a significant amount of melting at the screw root. As 

long as enougn heat flows bac1 along the screw to raise the screw temperature 

above the plasic's melting region, and thus to form an initial thin film, then 

potentially the dissipation in this film will continue to provide the thermal 

energy to melt material off the bottom of the solid bed. 

With regard to this last point, the effect of solid bed acceleration should 

be noted. The viscous dissipation in a melt film will he approximately directly 

proportional to the square of the relative velocity between the two solid 

boundaries, everything else being constant. Therefore, as the solid bed acceler-

ates, dissipation in the top film adjacent to the barrel will decrease, but this 

decrease will to some extent be compensated for by an increase in dissipation 

in the lower film, if the Tower film is present. 

A last point in favour of including, the lower molt film in the melting model 

concerns directly the acceleration of the solid bed. It has been shown 

experimentally in the present work that the presence of this melt film is critisl 

both to the acceleration of the solid bed and to the pressure generation in the 

melting zone. Clearly, therefore, the magnitude of the viscous stress on the 

bottom of the solid bed should be evaluated in the melting model to allow 

accurate computation of the solid bed acceleration end 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 as it will be called, 

should be included. in the melting model. Ideally the model should allow both 

conditions, that is, the presence of this film or its absence, according to the 

screw temperature. 

The potential inclusion of such a melt film in the model necessitates that the 
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thermal analysis of the solid bed should be for a finite solid bed and should 

specify temperature boundary conditions at each boundary. It should also compute 

the developeoent or temperature within the solid bed 83 a function of 

It is now useful to consider the flow path of this lower molt film. Clearly, 

the existence of a continuous film of melt around the solid bed will allow re-

circulating flow to occur. Hcy:evet the driving force for shy flow in the melt 

films between the solid bed and the screw mast be pressure. 'decenee these films 

will, for the most part, he thin this cross-channel re-circulation will be 

negligible. Thus the newly molten material in the lower film will essentially 

be entrained in the m. direction and potentially this film could become 'thick' 

unlike the top film, due to the absence of a mechanism for removing molten 

material from it. If this film does become "hick' then th,  flow path of 

material in it will be different, in that the effect of pxeseure gr-dients 

both across and down the channel will be important. However it is not within 

the scope of the present work to include such pressure red lent effects on the 

flow in the melt films. 

A summaryof the conclusions to the foregoing discussion is useful to define 

the melting model which forms the basis of the analysis to follow. 

The solid bed will be allowed to accelerate, its down-channel velocity, 

is a dependent. v-riable of the problem. The assumption that the flow of the 

solid. bed is plug like.  will be made, 

V S , ( 
	

(3,7) 

This does not violate ecuataou 0.3) 

The melA fiim OA 	Oottoffl of the solid bed will form an integral part of the 

model, that is, a dependent variable. The thickness of this film, S 

a function of 	only. 

The ridth. of the solid .bed, 

assumed to be a function of 

X, 	
\ 

is the third dependent varieb]e and is also 

only, 

(3,9) 

Ideally the upper melt film should be allowed to,develope as a function of 

and -4 	However such a formulation leads to excessive mathematical complexity 
a 



149 

in one part of the overall analysis. Indeed, the overall formulation of the 

problem and the solution to it is faoilitated by assuming that the thickness 

of the upper melt film, O f  , is a function. of -0,- 	only, 

47. 	 (3.10) 

This assumption, is introduced essentially for mathematical convenience, aithouoTh 

the experimental results indicate that over much of the width of the solid bed 

the percentage variation of the film thickness is small. Thus it is thought 

to beAreasonably permissible assumption in terw„s tA the eltect it has on ,ne 

accuracy of the model. In addition it enables toe proolem to oe formulated 

in a way that exciudes Tate criLicioms levelled at tne assumptions of Pwlmor 

Vermoulen at al. 

The lest dependent, variaole to the proolem Is the prossore, or more specifically.  

the pressure i:cradiehL. Cross-cnannel pressure gradients will be neo'lected, 

therefore 
/ 

(3,11) 

Thus the problem is defined in terms in five dependent variables, all functions 

of the one independent variable 	. Clearly five independent equations 

are needed to solve the problem. These are obtained by application of the 

laws of conserva t ion of mass and momentum as follows. 

1. Differential mess balance in the upper melt film over an increment A '2 , 

2. Differential mass balance in the lower molt film over an increment ,n7. 

3. Differential mass balance in the soul bed over an increment 

i. Integral mass balance for the whole channel. 

5. Differential force balance on the solid bed over an increment 	a 

This produces a set of five simultaneous ordinary differential equations which 

are essentially of the first order. 

Tho next section deals with the detailed derivation of these equations and the 

subsidusry equations required which are derived from various applications of 

the laws of conservation of energy and momentum. 
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1.14 The, Derivat on of the 1Tethamatical Ecuations 

Describiyig, the E1 ti g Model 

The melting model that is the subject of the present analysis is illustrated 

in figure 3.2. It may be described as follows, 

Melting begins by the formntion of a melt film over the solid bed. When he 

thickness of this film becomes greater than the flight clearance the 

action of the trailing flight begins and the melt pool starts to form between 

the solid bed and the trailing flight. To occom"odate this melt pool the solid 

bed deforms. The deformation mtnifests itself generally in three ways; its 

width changes; its height changes, though. its effect is masked by the contirnons 

melting of material at the melt film interfaces; and it: accelerates, At some 

later point melt films may appenr between the solid bed and the screw surface, 

The film between the side of the solid bed and the flight is treated as if it 

were an extension of the film between the solid bed and screw root. All the 

melt film thicknesses are explicit functions of 	only. The continuity 

of the situation is maintained by equating the transfer of material between these 

three regions; the solid bed; the melt films; and the melt pool. 

It was stated at the end of the last section that the required five equations 

are obtained by application of the laws of conservation of mass and momentum . 

_ However if this is done without having performed certain supplementary analysis 

then tho,3e five equatio a 	contain a number of 'secondary' variaoies ana 

will nence not be in a form from whien the r-nuirec solution th.b. be obtained. 

la otheA: .yords these 'secondary' variables must be eliminated from the main 

five equations. This is none by performing the relevant supplementary analysis 

which enables 'hese seconddry veriables to be expressed as functions of the five 

primary veriables. In the exposition of the analysis that follows this supple-

mentary analysis is presented prior to the derivation of the main effuationl 

so that the results of- it are available to eliminate the secondary variables 

from the main equations and leave them in a soluble form. 

The supplementary analysis consists of four parts. These are; a momentum and 

energy analysis of the melt films; an energy analysis of the solid bed; a momentum 

analysis of the melt pool; and an energy analysis at the melting interfaces 
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between solid bed and melt fri. 	5,":5 stIchPs dia,i;rammatically were the 

results of t:hese supplementary analysis are used in the derivation of the main 

eouations. 

Throu7hout the following analysis it is assumed that the melting process is 

steady, that the solid bed is a homogeneous isotropic continuum, that the plastic 

has constant physical and thermal properties in each phase and that it has an 

identifiable melting temperature, 	. Geometrically the screw channel is treated 

as having been unwound and hence is described by a Cartesian co-ordinate systerlo 

The effect of decreasing channel depth is taken account of by assuming the channel 

to be locally parallel, that is, the lubrication anproximation is applied. 
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Seeplementery Analvsle. 

A: Melt film momentum and Energy analysis 

For a Newtonian constant viscosity fluid the man a flow rates in the upper melt 

film in the ::(1 and P , directions respectively per unit length, assuming that 

pressure gradients have negligible effect on the velocity profiles, would be 

M I \e/4  )(L 	tn( 	rit 	t (3.12) 

ana 9 	 ( (r (3.13) 

where 	\Arecis the component or berrel velocity in the DC direction 

\I- is the component of barrel velocity in the 	direction 

is the component of the solid bed 	_ velocity.  in the ak direction  

is the density of the molten plastic 

the subscript (I) denoting the upper melt film 

The non-Newtonian flow analysis used in the present work is based on the anelyt-

ioel solution developed by Martin (33) and extended by Fenner(39). The detailed 

enlysis is given in Appendix B. It is essentially formulated in non-dimeneional 

terms and the problem it solves is posed e as fencer's, referring to Fieure 3.4. 

The flow is that of fully-  developed pure drag flow between parallel plates of 

a power law fluid. Because this analysis is essentially analytical the assumption 

of fully developed flow must be mode. Were that assumption to be relaxed than 

a different numerical solution procedure would hove to be adopted. This would 

add. great complication to the problem of finding a solution technique for the 

overall analysis. Th'iih then is one reason for making the assumption of fully 

developed flow, Additionally, previous theoretical analyses have used this 

assumption and it does not seem to have introduced any large errors. With the 

proviso that at a later stage this assumption could be dropped if it is found 

to be necessary it will be retained in the present work. 

The requirements of the analysisare the boundary temperature gradients, the 

shear stres which by the nature of the problem is constant across the flow 

region, and the flow rate. The moving upper boundary in figure 3.4 is the 

barrel or screw surface according to which melt film the analysis applies, and 

the solid bed is the lower boundery. The temperature of these boundaries can 
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Sketch of the flow domain used in the melt film analysis 

dict  

I 55 

Figure 3 

The coordinate smtem for the solid bed energy analysis 
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velocity of this boundary is given as 

I-  / Vgj 	 , 
( I  v trx,  
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in principle be readily specified. The coordinate direction normal to the 

boundaries is c.  , whose origin is taken at the solid bed surface. The 

Hdistance between the plates in this direction is r) 	Tbe flow occurs in the 

direction k , with. velocity- 	Which is the ilv,ctiou of the resultant 

velocity of the upper surface relative to the lower, 
	The constitutive 

equation for the fluid in this analysis is taken to he 

7 21  ."1/.„ 	
c., 

u 	ii  " — 1 

. ,...—....4   
i 

1 	Q 	Ci li, 
' 	4 

t 
were t.1 	is the viscosity ( 

(3.'4 ) 

is the temperature 

4 is the datum viscosity as measured at shear rate YT., , which is 
usually taken as 1 sec 	; and temperature sj.). 

is the coefficient of temperature sensitivity of viscosity 

71 is the power law index 

(,r and 	are material properties. The most general form of this 

constitutive equation, known as the 'power law' model, and its derivation are 

discussed in detail in Martin(28) and Fenner(29). 

When the melt film analysis is applied to the upper melt film, the distance 

between the boundaries is 6 / 9  the upper boundary temperature, 	and the 

(3.15) 

Thus the results of the analysis is a non-dimensional flow rate, 	, and . 

a non-dimensional shear stress, 	in this t coordinate direction. These 

11'1 ouaiities are then resolved into <. and ylirections using the following 

relationships. 

SLn 

CO iS (3.17) 
similarly for tzwand 

where 
zzr t J (3,18) 

   

The corresponding components of the dimensional mass flow rates per unit length, 

ri , may be derived from the definition of Q ,which is 



,.g - 
fn 4  •■ r 	 0 E 

H d4- 
For the ur,,er melt film these are 

11. 

Comparison of the above two corations with. equation (3.12) and (3.13) show 

that they are identical if Qct  =C)-S as would be apacteL Tha resi.1.11:a 

of the on linear analysis are presented in the form shown above as it explicitly 

identifies the film thickness, 6, 	. This is important for the developement of: 

the complete analysis. 

When the non/linear analysis is applied to the lower melt film the distance 

between the boundaries is Szt the temperature of the moving boundary is the 

screw temperature, IR and its velocity is \j.s, , Thus here the :1 and 

directions are identical, In this case the mass flow rate in the direction 

per unit length is given as 

, • (3e22) 

where the subscript (2) denotes the lower melt film. 

For completeness the relevant expressions for shear stress are now given 

where, in general, 

%eft. 

% 
- 	co 5 A 	 (3.23) 

• 
(3.24) 

•••101,  

the moan shear stress, 	, is given by 
n-I 

V. • 14_ 	ein 	(3.25) 

Fl 
As has bean said, later analysis requires a knowledge of the temperature 

gradients in the melt films. These are 

c41 (c1Y1)y,r.o 	tr 

S 	
\ 
) y; 	kr. s 

( 8  d 	0
r12:* 

)y 	(r. 

(3.26) 

(3.27) 

(3.28) 



(3.29) 

is the non dimensional temperature gradient 

,k  `*4/..„ • 
where 

T7  a 
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z 

These then are the relationships derived from the momentum and energy analysis 

of the melt films which are used in the subsequent analysis. 

B: The energy annlysis of the solid bed 

There ore two aspects of this analysis thnt are of importance in the overall 

melting onelysis. These are the temperature gradients in the solid bed in 

the -7 direction at the melt film interfaces and the developement of the temperr,tur( 

of the bulk of the solid, bed as it travels in thdirection, do7Inchonnel. 

The coordinate system adopted in this analysis is shown in figure 3.5. Ii;7 is 

assumed that the temperature profile is independent of'Do, to be consistent with 

the assumption that the melt film thicknesses are independent of it is a 

reasonable approximation during only approximately the first half of the melting 

process. In addition it is assumed that heat conduction is only important in 

the 	direction. 

The effect on the temperature profile in the solid bed of the reducing height 

of the solid bed due to the tapering of the channel and the developement of the 

melt films will be accounted for by a similarity approach, 	the contin- 

uously reducing height of the solid bed is approximated by a finite series of 

perellel sections,eech successive one being less high then the previous, that is 

the solid bed is taken to be locally parallel. The temperature profile,  at the 

start or eech such section is scaled clown from the profile at the end of the 

previous section according to the ratio of the heights of the two sections. 

Simplifjring the energy ecuotion in the lioht of the above assumption gives: 

15  

(3.30) 

where 	is the thermal diffuoivity of the solid material. 

V5v is the velocity of the solid bed in the U direction. ‘.1 

is in general a function of V.  and . but, in line with the previous 4 

assumption. 	is a function of 	only. 



17 \).31/ 

v: co tf, 0 ) 	(3.3) 
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The relevant boundary and initial conditions are 

I r 	, 

at 1 0 

at 	0 

all t4 

all 

at for " 	if t R 

r rhero 	is the 

e 

at (-1 rl 	for 	if 	- nr 
aa 

initial bulk mean temperature of the solid bed 

is the local height of the solid b,d, defined in general 

lj 

and it should be noted that r4, may be a function of 
dr 

The following non dimensional variables are defined 

—r  

32) 

(3.33) 1J i 	I 
N, .3 ,,,, 

J 1 N.e  

	

zi4 	"•1!  ',-„.r 
Using these definitions equation (3.30) becomes 

	

 '. 	-,1 '. , --., 
-'7  

.., 
• 's / ;,-.› 	

— - 	t 	j  

	

v  , , 4,  	, 1 

0 
, 	,, 	 ,,, (3.)4) 

Vc% 

And the boundary and initial conditions become 

	

;/-' 	, 

	

/z, 1 	at 2 -r- 0  9 all Yr; 

	

. 	. 	)4 
at X =7- 	,ell 2:. 

 
at 	; ,::i ;' 

NI 
, for / if 	

A 

141-; 	

(3.35) 

`'   

et / 5 ,": f 	for 2 	if 	P„ 6,  
,. , 

It is now required to specify the velocity Vski  . This is done by assuming 

that it is a linear function of Ys , thus 

V (yr) .1 	., 	\is  (I) — \/s (0) 
„*: 

5,1(  The values of V 	c1 V ,. s., (o)can be calculated from the melting analysis 

at each interface which is described, in detail later. Using the results of 

that analysis gives 

V (.7 

G a 5 

where OJ t  ts the mass of the material melting at the upper interface per unit 

area per unit time. 

For the lower surface of the solid bed 



V.5 k.„/ / • It 
t1/4.L 

(3.39) 

for 	L K. (1+1)/2. 

for L ( :01 
for (1 - 1 ) 	C i+)/z  

A Y 
_ \?1,s (z-+Is.) 
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/ S 
L''4°4 	4111 115 	(3,7) 

where 4.0zis bvte mama of material melting at the lower interface per unit area 

per unit time. 

and ZN7,,. is the step leup-th in 	direction used in the numerical formulation 

of the problem. 

The first term on the RIT8 of equation (3.38) represents the velocity of the 

lower interface relative to the upper whilst the second term represents the 

velocity of the solid relative to the lower interface, 

In the actual solution the values of \// o)and 	 )are calculated from a 

knowledge of the relevant variables at the preceeding two steps. This is 

therefore an approximation but is justified in that it is a third order one 

when considered in the context of the overall melting analysis. 

Equation(3,34) is solved using a numerical finite difference technique. -, cue 

of the importance in the calculations of the temperature gradients at the 

boundary, and since these, at least initially, will be relatively high, it was 

thought desirable to construct a variable finite difference grid, such that 

the grid spacing was smallest in the regions where he temperature was varying 

most rapidly. The geometry of the grid for a simple five point mesh is shown 

in figure 3.6. 
The grid spaongs0-..= 15 CL) lir, the )/5, direction are defined as follows 

where I  is the number of grid points in the Y  direction, which in this case 

is necessarily en odd number, and 	is the ratio of adjacent grid spacings 

and is constant. The above form of variable grid geometry was chosen because 

the details of it can be easily calculated in the computer program of the 

solution itself, and readily fit into the format of the finite difference 

numerical technioue. it is also fairly flexible in that by specifying- j, and 

the grid is automatically defined and yet variation of these two vales 

can produce a wide range of grid patterns. For more general usage it has the 
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The finite difference grid used in the =.:;;Aid bed energy analysis 
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The melt pool geowtry 
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(3e41) 

lb r2 

limitation that the grid spacings are always closest at the boundaries. In 

the present case I was taken as kf and 	as VS. With this grid no problems 

were encountered in obtaining solutions. 

For such a grid the finite difference approximation of the second derivative 

of temperature with respect to 1; is 

R 

(3.40) 

 

0 1L./.4_. is  Loj  
The deriv-tion of this equation is given in detail in ok ( 37). T3ecause 

of the convection terms in the present formulation, to avoid stability 

problems en upward finite difference approximation to the first derivative 

of temperature with respect to >5  is used. 

The temperature derivative in the direction of developement is expressed as 

    

a 

 

r A "7 
; 	414., 

 

LZ (3.42) 

    

    

Using  the above finite difference approximations, equation 

in the solution domain defined by 

y5 

 

= 	(t) 
4-- 	

• LZ, 

is, if a fully implicit type of representation is used, 

(3.34) at a point 

(3.43) 

  

\ 

 

AY, (L) 	,) 	A >is  a) 

 

0;--1) — 	 t*HIPIW. 

e:NYs2- 6.). S_J , 	41/4 
-I) 	k— o) 

z. 
Equation (3.44) can be written more simply as 

0,(L 	1 	-i-  

The complete system of ecuations is define' i by 

This system can be written in matrix form fA 

(3,46) 

(3.44) 

(3.45) 

The matrix of the :coefficients, 	, is a tri-diagonal matrix and is 



1 ;.,5 .W 1,  

(3.47) 

(3..48) —13 	— • at 	 ‘' 5 

3 a  ) 0 
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diagonally dominant for 
	

40 , which in this particular problem is 

generally true. Therefore the obvious method of solution of the system (1-:fined 

by equation (3.46) is by as simpliried GEISGiON. Elimination Algorithm applicaHe  

to tri-diagonal systems. Such an algcrithm. is well known and is discussed in 

end most texts on numerical techniques, to which the reader is 

referred for further information. 

Thus the temperature profile in the solid bed is obtained step by step downchanna 

This downchannel stepping is done in time with the stepping of the overall 

analysis as will he explained in the next section. The dimensional thermal 

gradients that are calculated by this numerical analysis procedure for use in 

the derivation of the main equations are stated as follows. 

where, it should be remembered, the dimensionless derivatives are numerically 

evaluated. 

C: Ijomentum analysis for the melt pool 

The melt pool analysis is required to calculate the melt pool mass flow rate 

in the 1, direction per unit length, Mr,e  , as a function of the pressure gradient, 

and the melt pool geometry. For the purposes of this calculation 

the fluid is assumed. to be incompressible and of constant viscosity. The flow 

is taken to be laminar, steady, isothermal and fully developed. Gravity forces 

are neglected and no slip boundary conditions are assumed. 

The constant viscosity assumption is essentially made for simplicity in the 

analysis at this stage in the developement of the melting model. It can, however 

introduce significant errors into the solution as is shown in the results 

of the present analysis which are presented later and is not therefore necessarill7 

a valid assumption. Figure 3.7 shows the geometry of the situation, it is 

basically a rectangular flow domain with two moving boundaries. Were the solid. 

bed velocity, V , to be zero then the problem would correspond to that of 
the flow of molten polymer in a screw channel. The solution to that problem 

with the assumptions stated earlier was the first presented by Rowell and 
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Finlayson (36) and has been given more recently by Todmor and Klein (1 5) . 

The solution is of the form 

(3.49) 

where the dimensionless flow rate,717Q  is defined as 

37, 	 H c 
	

( 3.50) 

where Ht s defined by equation, (2.3) and the dimensionless pressure gradient 9 

is defined as 

p 
	

(3.51) 

where ( t„, is the constcnt viscosity 

and 	in equation (3.49) are known no 'Newtonian Shape Factors' as they are 

functions of the channel geometry only. They are defined by the following 

1,g;t: 	
r 

The first term on the RHS of equation (3.49), that containing 

(3.52) 

(3.53) 

represents 

the contribution o the total flow rate due to pure drag. The second term, 

containing F 9  represents that part of the total flow :de to pressure. It 

is because the fluid is of constant viscosity, that is, linear, that these 

two terms are entirely separate. 

It should be noted that when the ratio ilc iVV is equal to zero both shape factors 

equal unity and the flow rate is that of flow between infinite parallel plates 

As Ylc 	increases the values of the shape factors decrease representing 

the effect of the stationary sides of the flow channel. 

Because of the independence of the drag and pressureinduced components of the 

flow rate it is possible to take into account the effect of a second moving 

boundary quite simply. This second moving boundary in the present case is the 

solid bed. The additional drag flow created by the movement of the solid can 

be added in as a separate drag flow term. Thus the equation (3.49) becomes 



zt —"I • 
.o".. 

• , a 
(3.55) L , 

for the melt pool solution 

.4; w A 	 , 
w - 	1=--k / ' 	(3.54) 

Dimensionalizing this gives 

I 11 t;ls, 	t‘i 

The division b:vX is done for copatibility with the melt film flow rates. 

And (3.56) 

is calculated at the mean temperatu-re of the melt leaving the upper melt 

film and at a mean shear rate which is defined as 

im 

I 	7,,'''.,  1 
" 1  

—1-  f 	• — ;:- 	1 
f  , ,:e 	.: ti. 	• ,• t.:',•': 	— 

(3.57) 

The mean temperature is calculated from the melt film analysis previously 

outlined 	peens of the following definition 

r. T (51, u 
• - 	 (3.59) 

C 

D: Energy conservation at the melting interfaces 

Consider the upper film first, let )bethe mass of material meitina: per unit 

time. An energy balance over unit area of the interface yields 

475 
! t 

where  kejs the  thermal conductivity of the molten material 

5 

wherek;is the thermal conductivity of the solid material 

whereAt is the effective latent heat of fusion for the upper interface and 

is defined as 

(3060) 

where A is the latent heat of fusion of the material 

(rnis the specific heat of the molten material 

I-, is the mean temperature of the molten material entering the melt pool from 

ted the melt film and as has been said previously iscelcula 	from the melt film  

LU (3.59) 
1'4 

analysis applied to the upper film by means of equation (3.58) 

The second term on the HJS of equation (3.60) is included as thermal convection 
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in the (A direction in the melt film is ignored in the melt film analysis. 

The inclusion. of this term partly accounts for the omiSsion. However it is 

an approximation in that it makes the implicit assumption that all the heat 

required to raise the temperature of an element of molten material from its 

melting temperature to the mean film temperature is supplied to it at the 

melting interface whereas it will more realistically be supplied continuously 

as the element moves into the film away from the interface, prior to being 

discharged into the melt pool. 

The effect of omitting the thermal convection in the Lt and 	directions in the 
j 

melt film analysis has been investigated by Sundetrom and Young (38). They 

performed an analysis of the melt film developement for a power law temperature 

dependent fluid end got good agreement with experiments when thermal convection 

effects were included in the analysis, but if they were neglected they obtelned 

errors in the predicted melting rate of between 114e0 and 15%. However they 

did no computations on the size of error obtained if the latent heat of 

fusion is modified in the way defined by equation (3.60) and the analysis without 

thermal convection used. Also the experiments they performed were not typical 

of extrusion conditions 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 convection in the film 

should be approximated in some fashion. 

The previously derived results of equations (3.26) and(3.47) are substituted 

into equation (3.59) to give 

kcT (3.61 ) (A), A l  

-0 Y;- 
where both non dimensional temperature gradients 

and \vis 

For the lower melt film, if 

ye= c 

are implicit functions of 

the mass melting rate per unit time, then 

0)4  (3.62) 



ci s. 	. 
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, 	.e. 

(  ,,,, !ie f) z i  

(3.64) 
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where 	 /\ t 
	 (3.63) 

Substituting into equation (3.62) from equations (3.28) and (3.48) gives 

In both equations (3.61) and (3.64) the signs of the temperature 'gradients are 

included in the equations and thus only the magnitudes are required to be 

inserted from the previously described analyses. In the analysis of the upper 

melt film, the lower melt film and the solid bed the origin of the U, coordinate 

and its positive direction were chosen for 'local' mathematical convenience, 

differently in each case. The inconsistency resulting from combining the 

results of two analyses in one equation, as is done above, is removed if the 

signs are explicitly stated in the equation. This can besatisfactorily done 

in the present case as heat transfer always occurs from the melt film to the 

solid bed, 

That is 

0 	always 	for 	= I, 

Finally, it is assumed that the mass melting rate per unit area for the melt 

film between the solid bed and the screw flight is equal to 

That concludes the presentation of the supplementary analyses. The derivation 

of the main equations now follows. 
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Pjure 3 8 

An element of the upper melt film 

FimMad 

An element of the lower melt film 
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Derivation of 1,T '11 Ennatlons 

1: Conservation of mass in the uper molt film. 

The element of melt film considerod is shown in figure 

balance can be stated. as 
,.., 

[ 

Change of melt film 	',',eltin rote over — Net flow rate out of the 1, 

flow rote 	 .- in .ldirection.1  
! 	' 	interface 	j 	film in zc'direction 

_ 	 . 

348. In words tho mass 

• 

Mathematically this is 

d fvv.. x 	— Y (3.65) 

where H7„,,is the mass flow rate over the flight in the ',JC direction per unit 

length and is calculated as if the flow were pure drag flow of a constant 

viscosity fluid, thus 

%/17-A (3.66) 

,' being the flight clearance 

Substituting into eouation (3.65) from couations (3.20) (3.21), (3.61) and 

(3.66) gives 

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 3( direction is neglected, In words the balance is stated as 

Change of melt film flowl 
	

Ueltin,-- rate over 

rate in -A, direction 
	

thP interface 

Mathematically, 

U1 f (3.6P) 

Substituting into this equation from eouations (3.22) and (3.64) gives 

3: Conservation of mass applied to the solid bed. 

The element of solid bed considered is shown in figure 3.10. 
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Eli-PIL3 10 
An element of the 8o1id bed 
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The verbal, expression of the mass balance is 

- 	 r 
Change of solid bed flow 	Melting rate over I 	Melting rate overt 

! 	i 
rate in - ,direction L. 

1 the upper interfpce 	the lower Pnd sid,e: 
interfaces 

t.... 
	j 

Mathematically 

11 0. 	— 
	 x II 	(3.70) 

Substituting into the above equation from equations (3.32), (3.61) and (3.64) 

4: Equilibrium of forces on the solid bed. 

There are two different cases to consider 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 

first. The case of viscous stress arising when there is a lower melt film 

is considered later. 

It is assumed that in both cases that the pressure in the solid bed is not a 

function of :pc or 	and that the viscous shear stress :exerted on the side 

the solid bed by the melt pool can be neglected. 

In both cases the verbal expression of the force balance is, 

Change in pressure force1  

L
over an increment L]'), 

	

M 	 i 

	

Shear force on top ofi 	Sar_ forces on bottom, = 1 	i , . .hn 
and  side 	1 ! 

lbed in 1 direction 	lof bed in -z direction 

	

-. 	..  

Mathematically for coulomb friction on the bottom and side of the solid bed 

this is 

1)  El 4 	JA 	
El 

where /s is the coefficient of coulomb friction between metal and plastic. 

Substituting from equations (3.23) end (3.32) into the above equation gives 



1J Y 5  f 

Again substituting into the above 

( 3 .7 ) 
equation from equations (3.23), (3.24) and 

( 

defined by equations 

M -"r" =  

(3.21): (3.22): (3.55) and (3.77) wives 

Is 

Q 	6riN 

(3.78) 

as 

(3.7.5) 
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where it should be noted that't,and't,iare implicit functions c and 

and cos 	is an implicit function of \fçe  

For the second case with viscous forces on the side and bottom of the solid 

bed, the force balance mathematically, is 

(3.32) gives 

kt. 	co ,„; -S L  

0  a, ) 

whereL and 1:,,, are implicit funotd.oneof ,c;2-  and.,  Vs 4 .- 	---.1 

(3.75) 

5: Con8ervation of mass for the whole channel. 

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 must equal the throughput 

rate, iT  , thus 

PA T  7= X (111-1 -i-, 19;r 	t 	fo 
	(3.76) 

where Ni f,is the solid bed flow rate in the 

given by 
/ 

 
4 
6 '  7 	T t 1 

Substituting into equation (3.76) for the various component flow rates as 

The partial derivative of pressure is written as an ordinary derivative as 

the asfmmption that pressure is a function of ' only, is invoked. 

Itid:Apparent from this equation that the present analysis requires an 

/independent equation relating CIP_CIIto the primary variables of the problem. 

direction per unit length, 

(3.77) 
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This enuation is, of course, obtained from the force balance on the solid bed 

as previous outlined. It is assumed that the pressure gradient so derived for 

the solid bed may be applied to the melt pool. 

The melting analysis developed by Donovan (12) and Tadmor and Klein (8,15) 

used the melt pool momentum analysis to calculate the pressure gradient. They 

were able to do this because a knowledge of the pressure was not required in 

the melting analysis proper and thus could be calculated separately at each 

section using the results of the melting analysis at that section. The 

independence of the melting analysis from the pressure gradient Was a conseouence 

of having made sufficient assumptions concerning the solid bed velocity as to 

render it a dependent variable, thus leaving only the solid bed width and 

the melt film thickness as independent variables. They hence needed only two 

main equations which were derived from mass balances on the solid hod and 

melt film, neither of which contain the pressure gradient. Thus, having at 

each section calculated the local solid bed width, the geometry of the melt 

pool was defined, In addition the local melt pool flow rate could be calculated 

from an equation similar in form to the equation (3,76) and hence the pressure 

gradient could be calculated. 

Such a technique is not possible in the present analysis because the solid bed 

velocity is an independent variable and the additional equation recuired is 

supplied by a mass balance over the whole channel. This equation contains the 

pressure gradient and in turn this renuires that an additional independent 

equation relating the pressure gradient to the other variables be derived. The 

resulting set of five equations are simultaneous and as such must be solved for 

Cle five variables simultaneously. 

This then essentially completes the derivation of the equations describing the 

present melting model. The formulation results in six enuation§ though only 

four or five are used-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). In the presence of the lower melt there are five main 

equations; (3.67), (3.69). (3.71), (3.75) and(3.78). The solution of these 
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equationn is dealt with in the next section. 

The mathem0:icrl description of the model is not complete without the relevant 

boundary end initial conditions. The five general initial conditions are 

(o) 

where j 

X ( (:7  )- :74  W 	 (3 *79) 

( 0 

V ()- t 	
ff 

 r'fs  \Pi - H4, ‘) +.0 

may be taken as zero or any finite positive value. These are 

essentially the mathematical initial conditions and it is necessary to nodify 

these slightly to fit in with the numerical nature of the solution technieue. 

These modifications are aiscussed in the next section. 

Adaitionaly the following bounAuy OsrAitions need to b specified: 

The barrel temperature, 	, as a function of 

The screw temperature,TR , as a function of 

The barrel velocity relative to the screw, Vt,- 

The melting temperature of the materiel, Inl 

Again further discussion of these conditions is given in the next section. 
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.125:  The  Solution of the Govern in Equabions of Ule 

Before describing  the solution scheme it is necessary to make certain changes 

to the format of the main equations;  the indicated differentiations era carried 

out and the equations re-arranged. 

C 4 (  
Cz=,-  

Thus , equation (3.67) becomes 

Cu 	- 
• (3.60) 

(3.81) 

(3.n2) 

(3.8;) 

[ 
where 

C ! ! 

I R. 
,F,,,, 

NA 

 

L 
I ( PA, I xi L 

ti 	 - 	 ts 
4 s 

0 	 1 y's  t0 

C z <4 I\CZ;b (:‘ 

(1.1 

where, 

— 

	

srl 	 Z' — 

k ;Ts TO 
~IP 	 

es X2, 

And enuation (3.69) becomes 
3 

C  37- 	
V 	C: 

where, 

"S, 

T5%1 
<WO 

m404 5 
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(30F19) 

(3.90) 
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(3.92) 

(3,93) 

(3.94) 

rts 	 t 

In a similar fnshion equation (3.71) can be written as 

(3,84) 
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The basis of the solution scheme is to solve the above three equations (3.0) 

(3.85) end (3.91) with the solid bed acceleration locally constrrnt. Thus 

putting, 

1:\ 	
constant 
	

E 
	

(3.96) 
enables the three equations to be written as r t. 

C2-2' 
c: c 

FE. c 	$ 
2,  et 4,  

E. c 
(3,97) 

or, in matrix form 

(3.9) 

 

Assuming  the matrices [ I and 	are locally constant enables the solution 

of (3.98) for the derivatives of the three main variables, 

the 'V field, to be written as 
 

{C 

I 

 

X S that is 

(3.99) 
where the functional dependence of the R.H.S. of this equation on the primary 

or main variables and on the secondary variablesof the problem can be 

shown in the following  fashion. 
—1 

—C] [DI) I) 	\ 
.s -s. 	kk• 

A 

where 
cAsff,(Ys,0 	

.; 

	

0,0,7 	Crrp 

denotes the matrix function. 

16:15 	d (Q.:„  

Vat) 1CkY5 Yt zi  (‘... 
(3.100) 

2. 

A direct method is used to solve the system of equations defined by equation 

(3.98). . However, because there are only three equations the necessary 

manipulation of the coefficients to give three equations of the form sho7n in 

equation (3.99) was carried out by hand and written into the overall solution 

scheme explicitly. 

The general solution procedure may be summarised as foil ows. 

At every step in the 	direction initial values of the variables are predicted 

A value for solid bed acceleration is prescribed. Hence the coefficients of 
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(I J and. i, 
r  can be evaluated. The system defined by equation (3,93) ie 

then solved. 

Using the new [1 
r I

j field the values of the variables are corrected end the 

rr---,0 
terms of 	and 	; re-evaluated. This inner iterative cycle is repeated 

until a suitehle convergence criterion is satisfied. Using these iellues of 

the variables the total down-channel flow rate is calculated by use of 

equation (3.78). This value is compared with the given flow rate. If the 

discrepancy is outside the prescribed. limits then the solid bed acceleration, 

that is , 	, is altered and the Whole process repeated. This is the outer,  

iteration. When the flow rate is correct to within reesoneble limits the 

solution proceeds to the next down-channel step. 

The different steps of the solution procedure are now dealt with in greater 

detail. Figure 3.11 shows e amplified flow chart of the calculation procedure. 

The calculation procedure at each step in the 	direction begins wifla 

prediction of the new values of the variablet,  . 	• 
	N./ 

, 
\ S 	, end 

e 	A simple Euler predictor method is used defined by the following 

equation for a typical variable 

+ 	 (30101) 

which gives the initial value at 

IR 	 (3.102) 

where K is the total number of down-channel steps. 

Thus making use of eouation (3.101) and the previously calculated values for 

the variables and derivatives, initial values of the variables are derived, 

which are approximations to the true mathematical solution. It should be 

pointed out that at the first step, that is kg: , the previous derivatives are 

assumed to be zero and the previous values of the variables are their initial 

values. 

These initial approximations are used as input information in the melt film 

analysis. In this manner the non-dimensional flow rates, mean film temperatures, 

shear stresses and temperature gradients in the melt films are calculated. 

Though these at this stage are only initial approximations to the true solution 
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Flow chart of tho solution procedure 
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being derived from approximate data. Similarly the initial values for the 

non-dimensional temperature gradients in the solid bed are calculated from these 

initial approximate values of the variables. 

In this fashion all the information that is needed to be able to compute -C:e 

r - 	, 
coefficients of the matrices1(,_ and ;of equation (3,93)  is generated. The 

: 

value ofEthat is initially choosen is the final value at the previous step. 

Thus the stystem defined by enuation (3.98) is solved and first approximations 

to the derivatives of 6 , 	e  and 	with respect to 	for the present step are 

calculated. These derivatives are used to 'correct' the initial values of 

variables 	 and > using the simple Euler type corrector formula 

\ , 
i.. - 

.2. 	 , . 	 (3.103) c,k. 	,, • 	 . 	p 
ea; 

where 71 here denotes the iteration number of the A: step. 

At this stage the value of Vs- and its derivative with respect to ". 	are not 

adjusted and knowledge of the pressure and pressure gradients are not required. 

Using the correct values of the variables the melt film analysis, but not the 

solid bed analysis, is invoked again and corrected values of the relevant none 

dimensional quantities are calculated. Hence the terns of the matrices LU 
- n 

andiPPare re-calculated and a new solution of equation (3.93) is obtained, This 

new solution is then used to re-correct the variables using equation (3.103) 

again. This 'inner' iteration cycle is repeated until suitable convergence 

of the values of the variables is obtained. The thermal analysis of the solid 

bed is not invoked in each cycle of this inner iteration because the information 

it provides only has a second order effect in the overall solution, and also, 

this emilsion is not found 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. 

What the inner iteration procedure does is to evaluate the values of the variables 

St  , Sz  and X which satisfy the local boundary conditions of the problem and 

the particular value of C.:,that has been defined. What is now required is to 

assertain if this value of E 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 (3.78). Before 
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doing this, however, certain preliminary calculations have to be performed, 

Using the calculated values of the variables 60962.and4 , and \iss and 	the 

pressure gradient in the solid bed is calculated from equation (3.73) if as is 

e 
zero or from equation (3.75) if .-32.  is non zero. Having calculated the new value •: 

of the pressure srodient the new value of the pressure is calculated using 

equation (3.103),except that no local iteration is performed. In other words 

the pressure is updated once per outer iteration only, just as is the temperature 

field in the solid bed, In addition, the melt pool analysis is invoked and 

appropriate values of the Newtonian Shape Factors and mean viscosity evaluated. 

With this information available the total down-channel flow rate is calculated 

according 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 altered, and the corresponding value of Vs-i, calculated. 

The existing values of the other variables are used as new preliminary values 

for the 'inner' iteration cycle which is now invoked for this new value of E. 

Before going into the 'inner' iteration cycle, however, the solid bed temperature 

analysis is invoked to provide new values for the temperature gradients at 

the boundaries of the solid bed. In this fashion a new set of values of the 

variables are calculated corresponding to the new value of E. 	Again the 

calculation of the 'outer' iteration is performed and the total down-channel 

flow rate calculated. If it is still in error then P7  is altered again. The 

outer iteration continues until this flow rate error is reduced to within any 

desired level. When this has occurred the solution proceeds to the next down-

channel step. 

The occurrence of updating the primary variables can be summarised as follows. 

1 	are updated at every cycle of the 'inner' iteration. 

are updated at every cycle of the 'outer' iteration. 

For the secondary variables of the problem. 
X 	 sA' 

• 

Z1- 
•'? 	 rl, 0 4 /,, 

are updated at every cycle of the inner' iteration 

(‘, Ys  
are updated at every cycle of the 'outer' iteration 

d 
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For completeness the channel height, Hc 9  the screw temperature , IR , and 

the independent variaole '!3, may oe considered to he updated once every down -

channel step. 

Due to the complexity of the analysis and the need to employ numerical methods 

to obtain the solution, a computor program was written to perform the caloolatiom 

That then is the basic scheme of the solution. Certain secondary prob3ems 

in formulating the solution were encountered. These concerned the specification 

of the initial cud boundary conditions of the problem, which was complicated 

in some respects by the numerical iterative form of the solution teohnioue. 

Thus it was not found possible to use as an initial condition, , equal to 

zero. Instead this starting value was approximated to by setting 5_) equal 

to a small value, typically 0.05 millemetre, that was an order of magnitude 

below the thickness of the developed film. The effect of varying this starting 

value on the overall solution was negligible but care had to be taken with this 

varcte to ensure the initial steps of the solution were stable. 

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 the point at which the 

screw temperature reaches the melting temperature of the plastic. Upto this 

point the thickness of this film is effectively zero, However, it is not 

possible to obtain a finite solution by simply putting )2. er;upl to zero. It 

requires a modified formulation to avoid the appearance of zero's in the 

denominators of the various eouations. These modifications are built into the 

computor program. At the point of formation of the lower melt film an initial 

value must be taken that is non zero, again because of the numerical formulation. 

However the choice of this value is much more critical than that for the upper 

film. This Is because the equation that calculates the pressure gradient 

across the solid bed changes with the appearance of the lower film. If an 

unsuitable initial value of lower film thickness is taken then this can lead 

to a serious 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 about 

half a 'turn' of the screw to do so. Therefore the effect of the appearance of 

the lower melt film in reality is more gradual than in the theory, though it is 
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thought possible that there is in practice a physical instability caused by 

the appearance of the lower melt film linked with the occurrence of solid bed 

break-up. This is discussed again in a later section, it is because this 

graduai appearance of the lower melt film cannot be handled. in the present 

theory that eXtra care has to be token at the point of appearance of this film 

in the theory. To minimise the unstable influence of the appearance of the 

lower melt film the initial value of it is calculated on the basis that the 

pressure gradient remains constant around the region of the film formation. 

Experimental evidence suggests this to be reasonable. Thus, if at step R 

in the 	direction, the screw temperature is just below melting temperature 

then there is no lower melt film, and the pressure gradient is calculated (3.73). 

If, then, at, step +1 the screw temperature is greater than or equal to the 

melting temperature then it is required to calculate an initial value of 

This is done by re-erlei.ting eauation (3.75) eaplicitly for 	
* 'sing the 

value of the pressure gradient calculated at step 	, a vrque for lez,is 

obtained. In general the value of 	so calculated is larger than it could 

reasonably be in that its maximum developement lengthis.only'one down-ch6nnel 

step length; t 
	

Because of this, this calculated initial value of 

compared with a value obtained from a simple, approximate, analytical solution 

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 solutioa., 

say opi  , is less than 0, as calculated from the continuity of pressure 

gradient 'principle then it is assumed that 62  is still zero at step 

and the solution proceeds on this basis. At step j +2 the procedure i8 

repeated. In the calculation of SA the boundary temperature, that is, the 

screw temperature, is generally greater at each successive step as is the 

potential developement length for the lower melt film. This means that at each 

successive step the value of SA will be greatea and therefore nearer to 

as calculated frdit the pressure gradient eeuation, as this is only marginally 

influenced by the increasin screw temperature, If S is still less than S-.4 

then S, is once again set equal to zero. /ventuelly 	will be greater than 

or equal to the initial value of 	. When this happens the solution proceeds 
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with S2  as a working variable. 

This procedure proved to be very stable in use but had one drawback. In 

some cases it was found that at the first step at which g.. was taken to be 

non zero a discontinuity in the flow rate of unnelted materiel vms observed. 
. - 

This was due to the sudden appeerence of the lower melt file, and the molten 

material in it. If this discontinuity Was unacceptably large then en alternative 

procedure was adopted to calculate the initial value of 	. The initial value 

was set at some suitable small thickness and then to avoid an instability in 

the solution due to a large pressure gradient discontinuity it was assumed that 

the solid bed velocity remained constant for the following three steps. The 

solution to the analysis corresponding to the assumption of zero solid bed 

acceleration, that is E = 0, is easily obtained. Only one 'outer' iteration 

has to he performed at each step, and thus the solution of the 'inner' iteration 

cycle is the solution to the constant solid bed velocity model. By doing this, 

the value of the pressure gradient became redundant information as far as the 

'inner' iterative solution for 0;  and )4, was concerned. This second 

scheme was not in fact as stable as the first but did remove the discontinuity 

in the calculating melting rates, this being the only ,justification for its 

use in that there are no experimental grounds for holding the solid bed velocity 

constant, even locally. 

The initial temperature 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 an initial period corresponding to the solids 

conveying zone during which the solid materiel recieves an amount of'pre-heating; 

The nature of the present thermal analysis of the solid bed allows the effect 

of this 'pre-heating' to be calculated, Doing this means that the computor 

program begins to operate at the start of the screw 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 taken at the point at which the barrel temperature becomes equal to the 

melting ,temperature and thus allowing the program to automatically calculate 

the so called 'melting,. delay', It is comparatively straight forward to provide 

a barrel temperature profile as input data for the program. 
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The initial value of solid velocity is calculated by eruation (3.79). If 

the channel begins to taper during the 'pre-heating' stae'e then the solid bed 

velocity is up dated at each step in the following manner 

I's V4 
	

(3.104) 

The value of solid bed velocity which is used in the first step of the main 

melting calculation is calcul. ted so that the effect of the initial upper melt 

film is accounted for, thus 

1.1 	PA 	tvt Pi 	t 	 ( t  
\ 

	

t 	 (3.105) 
. 	4 i a , 	3 

where M r ,  is given by equation (3.21) 

It now remains to discuss the screw and barrel temperature boundary conditions. 

In the present application of this analysis the barrel temperature was taken 

to be independent of ' .̀2 in line with the experimental barrel temperetures 

which were constant during the melting region. This meant that the barrel 

temperature was unrealistically high at the very beginning of the channel, that 

is, during the pre-heating of the solid bed. However the effect of this is 

marginal in terms of the overall analysis. Yore important 	perhaps is the 

'act , that the point of beginning of melting was not automatically specified. 

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 formula for the screw temperature, thUs 

1 	pi up ((I ) (3.106) 

where, 

(3.107) 

where 	. , is the 	coordinate at which the screw temperature equals the a 
melting temperature." 

Thus the screw temperature, as defined by (3.106), is equal to ambient 

temperature, )0  at -0 , and is asymptotic to the barrel temperature as 

increases. 

To compute the coefficient 3 requires a knowledge of 	, the value of which 
era,-  

thus becomes an additional boundary condition. The choice of 	is discussed 
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in the next section. 

The following section presents the results of the theoretical simulations 

of the experiments which were described in chapter 2. The 	theoretical and 

experimental results arc then compared and discussed. 
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3.6 : Experimental rand 	eoretical Correlntions. 

3.6.1: Introduction 

Chapter 2 of the present work described the experimentation that has been 

performed and discussed the results of those experiments. One aim of the 

experiments Was to obtain insight into the mechanisms that function within 

the extruder in the melting region so that a mathematical model of the melting 

behaviour could be the more accurately formulated. The previous sections of 

this chapter dealt with the ensuing formulation of the model and with the 

mathematical techniques used in obtaining solutions to the mathematical 

system. 

Having performed such a theoretical melting analysis it is then necessary to 

check the results of the analysis. Because of the nature of the mathematical 

formulation it is not possible to perform simple checks on the system. By 

this it'is meant that it is never possible to obtain an analytical solution 

to the problem with which the numerical solution can be compared. In addition 

the Problem is such that no matter what simplifying mathematical assumptions 

are made, it neverthe less remains a complex one. The reason for this is that 

the formulation of the problem begins by making fundamental assumptions as 

to the physical behaviour of the overall system, and only after this has been 

done are the mathematical assumptions made. Thus even. if the mathematical 

analysis is totally comprehensive there is no certainty of accurately analysing 

the overall system unless the basic physical interpretation is totally 

comprehensive and correct, that is, no real significant effect is icnored. 

Clearly one does not, expect, at this stage, the physical interpretation of 

what is observed to happen in the melting region to be totally comprehensive 

and correct, rather that it is adequate and amenable to mathematical analysis. 

Given the present basic assumptions that are made to define the present 

melting model it has not been found possible to solve the problem in any 

other way than that discussed in the previous chapter, no matter what simplifying 

assumptions are made. Also there is no great value in using the results of 

other melting analyses as a check on the accuracy of the.present analysis 

since all other reported analyses make different basic interpreations of 
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the real melting process. 

The general conclusion that is made is that the best way to perform useful 

• checks on the accuracy of the solution is by comparison with experiments. Of 

course, the present set of experiments were performed with this function in 

mind. It is the purpose of this section to present the results of, the 

comparisons between the present theoretical results and the present experimental 

results, and to discuss them. 
- - 

Clearly to perform theoretical simulations of real experiments it is necessary 

to have a certain amount of data. An outline of the data that is required 

is given in the following sub-section. 

3.6.2: The Data Requirements of the Melting Analysis 

The input data required by the computer program used to generate the theoretical 

solutions falls into three categories; geometric data which defines the extrader; 

the material properties; and the particular operating conditions. 

The geometric data required is listed in Table 3.1, together with the actual 

values for the two ocrews used in the present experimental work. All quantities 

are in S.I. units. 

The feed and taper section lengths are the mean helical lengths of the channel 

in these sections and as such are calculated from mean values of channel depth 

and helix angle using the various geometric relationships quoted in chapter 2.1. 

It is also necessary to oPecify the down-channel step length to be used in 

the program. This is normally done by allowing a total of 300 steps and sub-

dividing the total helical length of the screw by this number. It was found 

by experience of running the program that 300 steps was about the optimum 

number. Any fewer number tended to increase the likelyhood of instability 

in the program to an unacceptably high level, whilst any greater number simply 

increased computation time without giving any real advantages in Terms of 

accuracy or stability. 

Afairlycomprehensive knowledge of the material properties is needed by the 

program. .The relevant properties are listed in Table 3.2 together with the 

values used in the theoretical program for each experimental material and the 

source of the information. 
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Table 3.1 

The Geometric Data required by the computer program for each screw 

used in the experiTents, 

Screw A 	Screw 

Channel width, \64 , in. 	0..02994 	0.02994 

Feed section channel depth, Ho  , in. 	.008127 	0.005715 

Coefficient of channel taper, 5 , n /m. 	.005516 	0.002821 

Flight clearance, e , m. 	.00016 	.00016  

Helix angle, 0 . 	 17.65 	17.65 

Screw diameter, E) , m. 	.03827 	.03827 

Feed zone length 	m. 	 .508 	.5454 

Taper zone length 	m. 	 1.105 	1.126 



Property 	 Material  

LDPE1 IIDPE1 PP1 4esticised laner  Melinex' 11,1ffid 
H 

Density of solid, es  , kg/m3 

Density of melt, em  , kg/m3 

Specific heat of solid, C s  , J/kg'C 

Specific heat of melt, C, , J/kgCC 

Ltitent heat of fusion, A 	, J/kg 

Melting Point, T 	,°C 

Thermal conductivity of melt, Km, J/m*Cs 

Thermal conductivity of solid, 	J/e0s 

Datum viscosity, 70  , Ns/m2 

Power law index 	71 

Temperature sensitivity of viscosity, kr , C 

Datum temperature of viscosity, TO 	, 'C 

Source of Information 

882.5 

775.0 
3087 

2537 

53,980 

111 

.24 

.308 

30,765 

0.337 

.0137 

140 
RAPEA 
4-I.C, 

990 
856 

2329 

2691 

219,300 

134 

.224 

.41 

99172 

.422 

.008 

170 

EAPEA 
4- I.C. 

875 
760 

2325 

2800 

54O0 

160 

.11 

.215 

5,864 

.364 

.0123 

220 

RAPRA 
4-I.C. 

; 
	

0_I 

..1490 

1 	. 346 

1260 

, 	1550 

-8000 

120 

.18 

.17 

34,986 

.267 

.0159 

150 

I.C.I. 
+IX. 

882.5 

775.0 

2240 

1900 

53,600 

110 

.24 

.308 

7,887 

.44 

.0124 

140 
I.C.I. 
+I.C. 

(-.) 
I-,. 

w --?, 
H 0 
t-i tz21 
Hi 
..,  ,,,1  
0 
F.. 
1-3 H o , „-.1 

I.C.I 

1387 

1340 
810 

1075 

32,000 

120 

,161 

.165 

409000 

.315 

.015 

150 

I.C.I. 
+LC. 

Material Properties required by the Computor Program for each Ex.oarimental Material. 



190 

The thermal properties that are functions of temperature, e.g. specific heat, 

and for which data was available showing this variation with temperature, were 

averaged in each phase over the relevant temperature ranges. For the solid 

phase this temperature range was from the initial feed temperature of the 

material, i.e. 10 , to the melting temperature, im . For the fluid phase 

the range was fromrel  to the barrel set temperature, 

The materials were assumed to have a distinct melting point, corresponding 

• to a discontinuity in the enthalpy — temperature curve. in the case of 

thermoplastic materials this is an assumption and therefore the actual data 

measured for the material was used as a basis for producing an idealised set 

of data. Thus the real enthalpy — temperature curve was replaced by a 

stylised scheme, shown in figure 3.12, which has the following features; 

constant specific heat for the solid phase; constant specific heat for the 

fluid phase; a distinct melting point; a 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 data. The mean specific heats calculated from the data over 

the previously defined temperature ranges. The latent heat of fusion was 

calculated by first calculating the actual enthalpy change from the initial 

temperature of the material, TO  , to the barrel set temperature, 	, and 

the equating this with the enthalpy change as calculated over the same 

temperature range from the mean specific heats and the latent heat; the latent 

heat being the only unknown Quantity in the equation. 

The viscosity measurements for each material were performed on an matron 

testing machine fitted. with a capillary rheometer attatchment; the usual two 

capillary technioue to eliminate end errors wes employed (44). The measurements 

were made, in general, over a shear rate range of 2.914 to 2914
-1 

and usually 

at three different appropriate temperatures. The results were fed ieto a 

computer progrem which calculated the parameters characterising the materials 

viscosity variation acc ording to the Ipower law s  constitutive eouation; that 

is, the power law index 11 , the temperature sensitivity 6,, and the datum 

viscosity 77.‘  at shear rate YD  =1 sec ,  and at temperature ir). which 

was chosen according to the particular range of measurement. The program 
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FiglIMaasla 

The iaealised relationship between enthalpy and temperature 
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calculated sets of values of these three parameters, each set corresponding 

to one decade of shear retes. The values corresponding to the most appropriate 

range of she-;r rates were then used in the melting program. 

The operating conditions that need to be specified in the program are listed. 

in Table 3.3 with tne values used for eacft simulation. 

The initial pressure was always taken as zero. Although this is riot necessarily 

realistic due to pressure generation in the feed section, it can be justified 

in that the initial Predicted pressmre rise was usually found to be large 

such that the program adjusted the zero initial pressure rapidly to one 

compatible with the other variables of the analysis. Also it would be difficult 

to know what alternative initial value of pres,lure to specify unless an 

analysis of the solid feed sebtion of the extruder were to be coupled with 

the melting analysis. This point is returned to later. 

As was stpted in tne previous section for the present application of the 

analysis, the barrel temperature was assumed to be constant over the entire 

length of the screw. This therefore meant that the point along the channel, at 

eThich melting-started needed to be specified. This start point was in fact 

defined on the basis of the experimentally observed start point. Similarly 

the point along the channel at which the screw temperature becomes equal to 

the melting point was defined by inspection of the experimental samples for 

evidence of melting on the screw root. 

Thus with the data outlined above the computer program was used to perform 

simulations of the experiments, the results of which. are now given. 

3.6.3: Presentation of the Results 

The main basis of the comparison bet-leen the theory and the experiments is 

the melting rate which is represented as a solid bed profile. 

xperimentplly these were measured by projecting the photograph prints of 

the experimental cross-sections, that are shown in the Plates, and tracing 

round the enlarged images onto plain paper. A planimeter was then used to 

measure the ares of solid and melt from these tracings. The ratio of the area 

of solid to the total cross-sectional area of the specimen was then plotted 



194 

against the helical down-channel distance to form the experimental solid bed. 

profile. Although this is nominally the area ratio it was compared with the 

solid bed width ratio predicted b the theory. This was done because of the 

difficulty of measuring accurately the cross-sectional area of the melt films 

from the specimens. This meant that the measured 
	

in fact, more of 

an indication of the ratio of mean solid bed width to channel width. 

Figure 3.13 shows the different profiles one gets by plotting the different 

ratios for two experiments. Three theoretically predicted ratios are shown in 

each case. Curves A, B, and C represent the solid bed. to channel width ratio 

variation, the solid bed to channel area ratio variation and the solid bed 

to total down-channel flow rate variation respectively. This last ratio gives 

an exact indication of the predicted melting rate, but of course, it is not 

possible to use it in a meaningful comparison with the experimental results, 

This is because of the impossibility of measuring the true experimental melting 

rate, due to the different unknown down-channel velocities in the melt flow 

and solid flow regions. 

In this figure and others the positions of the beginning -and end of the tapered 

section of screw are marked on the 	axis by T's, and the point at which the 

screw temperature reaches the melting point of the plastic is marked by an M. 

In figure 3.13 it is clear that the theoretical area ratio, curve B, gives 

virtually as good a prediction as the width ratio, curve A. This proved to be 

the case in a lot of the experimental comparisons. Indeed in some cases this 

area ratio gave a significantly better prediction. Hoa7ever as has been said 

the experimental measurements correspond to width ratios and therefore must 

be comp-red with the theoretical width ratios. It is likely that the reason 

for the sometimes better agreement of the predicted area ratio is a co-incidental 

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 area 

of the melt films. With the present screw geometry, in particular the small 

channel depth, the effect of the areas of the melt films is quite large. 

Results of simulations performed with larger screw sizes which are presented in 

the next chapter confirm this. For all the other experimental comparisons 
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Fif1=-1.2.1a 

The theoretical melting profile expressed in three ways for two of the 

present experiments together with the experimentta profile 

T 	S, ni eir C.5 
(a) Experiment 28, for low density polyethylene powder 

(b) Experiment 17, for high density polyethylene 
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presented in the present work only the theoretical 7idth ratio is plotted. 

The solid bed profiles for plasticised PVC, experiments 1 to 4, are shown in 

figures 3.14 and 3.17 to 3.19. Figure 3.14 else shows the variation of the 

other four main variables from the theoretical analysis. The general egreement 

is good though the theory consistently predicts too large a solid bed width 

during the later etas-es of melting, without there being a large error in the 

predicted completion of melting. Figure 3.14 also shows theoretical predictions 

calculated making the restrictive assumptions of constant solid bed velocity 

and no lower melt film. The predictions are derived from the present theory 

with the solid bed acceleration set equal to zero, that is E: =0, throughout. 

The results are not necessarily identical to results obtained from the one 

Ta.dmor derived (4,15) as the present formulation of the analysis is dif7erent. 

It can be seen from the figure that the constant solid bed velocity solution 

does not give as good a fit as the more general analysis. The effect of naving 

no lower melt film is a secondary one for two reasons. Firstly, in general, the 

melting rate at the lower interface is an order of magnitude less than that 

at the upper. Secondly with the constant solid bed velocity assumption the 

effect of the lower melt film on the pressure gradient is of no consequence 

since the pressure gradient 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 3.15 and 3,20 to 3.23. Again figure 3.15 also shows the variation 

of the other main variables of the theory. The general agreement between 

theory and experiments is good. with the screw cooling experiment, no.8, 

depicted in figure 3.23, the theory predicts too high a solid bed width ratio 

though the end of melting is in excellent agreement with the experimental 

findings. Figures 3.20 and 3.21, also show constant solid bed velocity 

solutions and again these are less accurate than the more general solution. In 

the case of the screw cooling experiment, figure 3.23, the solid bed width 

predictions assuming constant solid bed velocity are more accurate but the 

predicted finish of melting is much less accurate. 
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12.11 

The theoretical variations of the melt film thickness, solid bed velocity, 

pressure and solid bed width ratio with channel position in the 	direction 

for experiment 3 with plasticised PVC, The experimental pressure and 

melting profiles are also shown, N(80)! Q(367); D(5/32) 
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The theoretical variations of the melt film thickness, solid bed velocity, 

pressure and solid bed width ratio with channel position in the direotion 

for experiment 9 with low density polyethylene. The experimental pressure 

and melting profiles are also shown. N(40); Q(83); D(1/16). 
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The theoretical variations of the melt film thickness, solid bed velocity, 

pressure and solid bed width ratio with channel position in the :a. direction 

for experiment 27 with low density polyethylene powder. The experimental 

pressure and melting profiles are also shown, N(80); Q(22I); D(5/32) 
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Figure 3,17 
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The experimental and theoretical solid bed profiles for experiment 1 

with plasticised PVC, N(80); Q(360); D(3/32) 
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Fir;ure 3,18  
The experimental and theoretical solid bed profiles for experirent 2 with Plasticised PVC. N(40); Q(200); D(3/32) 
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Figure_3412 

The experimental and theoretical solid bed profiles for experiment 4 with plasticised PVC. N(40); 0.(201); Q(1/16) 



Figure .20 

The experimental and theoretical solid bed profiles for experiment 5 with low density polyethylene granules. 

Y(80); Q(191); D(3/32) 



Eimmai.21  
The experimental and theoretical solid bed profiles for experiment 6 with low density polyethylene granules. 
N(40); Q(97); D(3/32) 
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The experimental and theoretical solid bed profiles for experiment 7 with low density polyethylene granules. 
'N(80); Q(215); D(5/32) 



The experimental and theoretical solid bed profiles for experiment 8 with low density polyethylene granules. 

N(80); Q(140); D(3/32) 
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The theoretical and experimental solid bed width profiles for polypropylene 

are shown in figures 3.24 to 3.2. The level of agreement here is not as 

good as for plasticised PVC end low density polyethylene. It would seem that 

although the shape of the theoretical curves is similar to the experimental 

ones the predicted end of melting is consistently well after the observed end. 

It is possible that this error may be due to inaccurate data. This point is 

discussed in the next chapter in the light of further theoretical simulations 

on the effect on the predictions of varying the input data. 

Figures 3,13(b) and 3,29 to 3,32 show the results for high density polyethylene. 

The degree of agreement is generally good. Again, as with the low density 

polyethylene results of figure 3.23 for the screw cooling experiment, the 

theoretical predictions for the screw cooling experiment of figure 3,031 stow 

too high a solid bed width ratio, yet accurately predict the finish of melting. 

Figures 3.29 to 3.31 include theoretical results for the constant solid bed 

velocity case, showing less satisfactory agreement than the general analysis, 

except for the screw cooled case of experiment 18. 

The results for Melinex are shown in figures 3.33 end 3.34. It .is immediately 

apparent that although agreement with the experimental results is good during 

the initial stages of melting, the theory is unable to maize reasonable 

predictions much after the appearance of the lower melt film. The theory is 

predicting a rapid reduction in solid bed width which then remains fairly 

constant but small, and hence giving a low melting rate. In practice the 

solid bed breaks so that the broken pieces of the bed are still comparatively 

wide and melting continues at a similar rate, It —ould seem that the Newtonian 

nature of molten Melinex is responsible for the theoretical prediction of 

a rapid solid bed width reduction end corresponding high solid bed acceleration. 

. as soon as the lower melt film forms. This point is discussed in the next 

chapter. The constant solid bed velocity solution shown in figure 3.33 

shows poor agreement in terms of the shape of the profile but predicts 

the end of melting perhaps more realistically than the general model, 

Figures 3.13(a), 3.16, 3.35 and 3.36 show the solid bed width profiles for 

the low density polyethylene powder experiments. Figure 3.16 also shows the 
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The experimental and theoretical solid bed profiles for experiment 10 with polypropylene. N(40); Q(80); D(1/16) 
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The experimental and theoretical solid bed profiles for experiment 11 with polypropylene. N(80); Q(179); D(3/32) 



Figure 3.26  

The experimental and theoretical solid bed profiles for experiment 12 with polypropylene. N(40); Q(93); D(3/32) 



Fi=r1_12.1 
The experimental and theoretical solid bed profiles for experiment 13 with polypropylene. N(80); Q(189); D(5/32) 
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The experimental and theoretical solid bed profiles for experiment 14 with polypropylene. N(80); q(145); D(5/32) 

Screw cooling used 
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The experimental and theoretical solid bed profiles for experiment 15 with high density polyethylene. N(80); 

Q(187); D(3/32) 
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The experimental and theoretical solid bed profiles for experiment 16 with high density polyethylene, N(40); 

Q(94); D(3/32) 



The experimental and theoretical solid bed profiles for experiment 18 with high density polyethylene N(80); 
Q(137); D(3/32)•  Screw cooling used. 
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The experimental and theoretical solid bed profiles for experiment 19 with high density polyethylene. 

N(40); Q(81); D(1/16) 



9 

T 
6 	.7 fte' 	 i4Z V-1„1 

111 	4; :a 

,A,Artt:Rt..1, 

Figure 3.33  

The experimental and theoretical solid bed profiles for experiment 23 with Melinex, N(80); Q(319); D(3/32) 
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The experimental and theoretical solid bed profiles for experiment 24 with Melinex. N(40); Q(164); D(3/32) 
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variation of the other four variables of the problem. Much the same comments 

apply to these results as were applied to the other results; monerally good 

agreement and generally better agreement with the full analysis than the 

constant solid bed velocity analysis. 

Figure 3.37 shows the results for experiment 30 with rigid PVC; again the 

fit is good. The results for experiment 29 with rigid PVC were n6t obtained 

due to instabilities in the melt film analysis csused by the very high visoositY 

of the material coupled with its high temperature sensitivity. However, it is 

thought that this problem cnn be overcome by applying better starting conditions 

in the Newton Raphson iterative technique, that is used to obtain the solution 

to the melt film analysis, see Appendix B, 

Results are not shown for the polystyrene experiments because insufficient 

data was available to run the prosram. however in the light of the other 

results this omission is riot thought to be too serious. 

That concludes the presentation of the melting profile comparisons. Before 

discussing the implications of them it is advantageous to present some comparisons 

between the experimental pressure profiles and the theoretical predictions. 

The theoretical and experimental pressure profiles for plasticised PVC in 

experiment 3 are shown in figure 3.14. It is obvious that agreement is poor. 

This may be partly due to an inaccurate specification of the point of formation 

of the lower melt film, coupled with the fact that at this point, in the case 

of PVC, the constant solid bed velocity change over condition was used as 

opposed to the continuity of pressure gradient condition. This meant that 

some discontinuity in the pressure gradient occurred and. it could have been 

sufficient to cause the inaccurate pressure predictions. 

Figures 3.15 and 3.38 show the pressure curves for two low density polyethylene 

experiments. There is much better agreement here than for the PVC, noting 

that the continuity of pressure gradient condition was used at the formation of 

the lower melt film. It can be seen, however, that during the later stages 

of melting the theoretical pressure is rising increasingly higher than the 

actual pressure. The.seme comments apply to the presSft,e results in figure 

3.39 for polypropylene and to these of figures 3.40 and 3.41 for high density 

polyethylene. 
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The experimental and theoretical solid bed profiles for experiment 25 with low density polyethylene powder. 

N(80); Q(203); D(3/32) 
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Figure 3.36  

The experimental and theoretical solid 'Del profiles for experiment 26 with low density polyethylene powder 

N(40); q(115); D(3/32) 
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The experimental and theoretical solid bed profiles for experiment 30 

with rigid PVC powder. N(40); Q(185); D(3/32) 
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The experimental and theoretical pressure profiles for experiment 5 

with low density polyethylene granules. N(80); Q(191); D(3/32) 
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Fit;Taat.3.2 
The experimental and theoretical pressure profiles for experiment 11 
with polypropylene. N(80); Q(179); D(3/32) 
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Firure  3.  
The experimental and theoretical pressure profiles for experiment 16 

with high density polyethylene, N(40); Q,(94); D(3/32) 
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The experimental and theoretical pressure profiles for experiment 15 

with high density polyethylene. N(80); Q(187); D(3/32) 
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Figure 3t42  

The experimental and theoretical pressure profiles for experiment 8 with low 

density polyethylene granules° N(80); Q(140); D(3/32). Screw cooling used. 
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The experimental and theoretical pressure profiles for experiment 18 
with high density polyethylene. N(80); Q(137); D(3/32). Screw cooling 

used. 

o 
rtes 

Figure 3tli 
The theoretical solid bed velocity profile, experiment 1 for plasticised 
PVC, N(80); Q(360); D(3/32) 
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The pressure results for two of the experiments with screw cooling are shown 

in figures 3.42 and 3.43. for low and high density polyethylene respectively. 

Here the present analysis does not successfully predict the change in sign 

of the pressure gradient that is experimentally observed. 

It would appear then that the present analysis ,g,i'Ves generally good predictions 

of the melting profile but not of the pressure profile. Clearly'if this is 

so, then. the effect of the pressure gradient on the melting rate is a secondary 

one, though its effect on the solid bed acceleration and hence shape of the 

solid bed width profile may be more significant. This effect is discussed 

later. 

There are several reasons why the analysis does not give accurate pressure 

predictions. Firstly, during the early stages of melting before the formation 

of the lower melt film, the pressure gradient is highly 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 variation 	
I 

of the coefficient with temperature is even less well documented. It is 

therefore difficult to know with any degree of certainty if a reasonably 

correct value is being used. Secondly the effect of the lower melt film, 

when it is present, on the pressure gradient calculation 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 higher than the actual one. Inspection of the enuation 

' (3.75) shows tat one possible explanation for this is that the shear stress 

on the lower surface of the solid bed, 	xj , is too small. The most obvious 

reason for this would be that the thickness of the lower film was too great. 

Observatio- of the experimental cross-sectional specimens in the Plates bind 

inspection of the theoretical results shows that in general tne predicted 

thickness of the lower melt film is larger than the actual thickness. The 

theoretical variation of the lower film thickness may be seen in figures 3.14 

to 3.16 and compared with the corresponding experimental cross-sections shown 

in PlateS 2(a), 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 pressure gradient is due to an inaccuracy 

in the lower film thickness. 

There is an obvious explanation for such an inaccuracy in the lower film 

thickness. Essentially the thickness will depend on the melting rate at 

the lower interface, in that all the material meltiag at that interface is 

retained in the lower melt film. The melting rate at the interface depends 

on the heat flux into the interface which has two main sourees;visdous 

dissipation in the film; and heat conducted from the screw into the film. Now 

the thermal 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 insignificant in comparison with other heat fluxes in the extruder system. 

This may be interpreted as meaning the heat flux from the screw to the lower 

melt film will be an order of magnitude less than that from the barrel 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. From 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 but 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 solid bed on the melt pool flow 
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rate and the effect of the pressure gradient on the melt pool flow rate. In 

general the higher is the acceleration, the greater is the rate of reduction 

of the solid bed width. This, of course, means that the higher the acceleration 

is the wider is the melt pool, though the flow area of the melt pool also 

depends on the channel taper. Concentrating on one cross-section of the channel 

such that the channel depth is fixed, enables the effect of the change in 

solid bed width on the down-channel flow rate to be studied. Basically, once 

the melting rate is calculated the new solid's flow rate is determined and 

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 and increasing solid bed velocity 

will produce an increasing flow rate in the melt pool, since the width of 

the solid bed does not significantly affect the pressure gradient. 

From the foregoing it can be seen that as the true solid bed width is often 

less than the predicted solid bed width, and as the melt pool 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 melt 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 too high! In other words the 

implication is that if the predictions of solid bed width were more accurate 

the pressure predictions would be less accurate. 

This inconsistency is thought to be due to the error introduced into the melt 

pool flow rate calculation by the assumption that the fluid has a constant 

viscosity. Comparison between non-dimensional pressure gradient,:ap, and 

non-dimensional flow rate, eftiy, for Newtonian and non-Newtonian fluids are 

given in several publications, see for example Fenner(29). Such comparisons 

show that for a givenTCqthe more non-Newtonian the fluid is, the lower is the 

corresponding 	Or for a given value of DT? the more non-Newtonian the 

fluid .ist  the lower is the flow rate:YER. Thus in the present case for the 

given pressure gradient and melt pool geometry the melt pool flow rate as 



calculated is unrealistically high. Therefore the width of the melt pool is 

calculated to be smaller than it realistically is. In other words if the melt 

pool analysis were for a non-Newtonian fluid the general predictions of 

bed width would be lower, and therefore, potentially more accurate, since the 

melt pool would need to be wider to accomodate the required flow rate. In 

this way more accurate predictions of solid bed width should result without 

causing less accurate 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 as well. Such a reduction in pressure gradient would tend to oppose the 

reduction in solid bed width caused by the introduction of a non-Newtonian 

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 velocity. 

Figures 3.14/3.44 and 3.45 show the results for three plasticised PVC experiments. 

It is easy to see from figure 3.14 that the acceleration of the solid bed 

whilst it is of significant size is moderate and uniform. In experiments 1 

and 4 the acceleration of the solid bed increased rapidly but not until 

approximately 80,4 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 for low density polyethylene 

granules. Here it can be seen that the solid bed has a region of high acceler-% 

ation. The beginning of which corresponds approximately to the observed bed 

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 rate of increase of the 

lower melt film thickness. 

Figure 3.16 shows similar results for low density polyethylene powder. Notice 

again how the start of the region'of high acceleration corresponds to the 

position of solid bed break-up. 

Figures 3.46 and 3.47 show the solid bed velocity variation for the two Melinex 
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EiT2Mt_iLi 
The theoretical solid bed velocity profile, experiment 4, for plasticised 

PVC. N(40); Q(201); D(1/16) 

EIE112—/s116. 
The theoretical solid bed velocity profile, experiment 23, for 

Melinex, N(80); Q(319); D(3/32) 
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Figure  3„4,1 

The theoretical solid bed velocity profile, experiment 24,  for 

Melinex. N(40); Q(164); D(3/32) 
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Figure 3.48  

The theoretical solid bed velocity profile, experiment 11 for 

polypropylene. N(80); Q(179); D(3/32) 
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experiments. Here the initial point of high acceleration corresponds to 

the point of bed break and also the point or: formation of the lower melt 

film. For the other meterials the point of formation of the lower melt film 

proceeded the experimental bed break-up point and the theoretical hish 

acceleration region by up to several 'turns' of the screw, depending on conditions. 

Figure 3.4 shows results for polypropylene simulating experiment 11. Again the 

point of bed break-up corresponds to the beginning of the region of high 

acceleration. Figure 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 drawn from the foregoing 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 high solid bed acceleration, the beginning of which occurs whilst there 

is still a significant amount of unmoiten material. If experimentally there 

is no bed break-up and no screw cooling then the theory predicts no high 

acceleration before most of the material has become molten. If, experimentally, 

there is screw cooling and therefore no bed break-up then the theory predicts 

no region of high acceleration at all. 

These are conclusions based on essentially qualitative comparisons. The final 

solid bed velocities, in the cases where high accelerations occur, are predicted 

to be anything up to an order of magnitude larger than the initial solid bed 

velocities. The experimental indications suggest that the actual velocity 

change is probably much less than this. The results tabulated in Table 2.4 

suggest that a tripling of the velocity is as much as is likely to happen. It 

is thought possible that the magnitude and extent of the solid bed acceleration 

in the theoretical predictions is greater that it realistically is, partly 

because of the incorrect and high pressure gradient. Of course, in practice 

the solid bed breaks because it cannot withstand the stresses on it that tend 

to produce rapid accelerations, so that the bed does not actually undergo 

rapid acceleration. The theory does not take account of any break in the solid 
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Figurea2 

The theoretical solid bed velocity profile, experiment 14, for polypropylene 

N(80); Q(143); D(5/32), Screw 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 chapter after the presentation of some 

more relevant theoretical results. 

3.6.4: Conclusions 

It has been shown in this section that the present melting analysis described 

in the earlier sections of this chapter can make adequate 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 used to predict the occurrence of solid bed break-up in 

practice. In its present form the model does not give particularly good 

predictions of pressure. 

It is thought 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 between 

the lower melt film and the screw surface. The second is to replace the 

Newtonian melt pool flow analysis by a 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 simulating extrusion trials from several 

different points of view. 
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L.a.p.t retical Simulations and Conclusions 

4.1 : Introduction 

Having developed a theoretical analysis of the melting region in single screw 

extruders and shown that the results obtained from it are, for the most part, 

in good agreement with experimental results, it is now proposed to present 

some results obtained from the analysis for a. variety of simulated extrusion 

trials. 

It was stated in the introduction to the present work that there are three 

main uses to which a theoretical analysis can be put; to aid in extruder 

design; to aid in developing plastics having better processing performance; 

and to optimise extruder operating conditions in particular applications. There 

is not scope in the present work to cokprehensively and completely demonstrate.-  

the use of the analysis in each of these three areas. Rather than concentrate 

on one particular application it was thought better to present as wide a, 

range of results as possible to indicate areas where more extensive and detailed 

use of the analysis could yield practically useful results and hence reduce 

the need for potentially costly experimentation. 

In the field of extruder design results are given which show the effect of 

varying the overall 'compression ratio' of the screw, that is, the ratio of 

the channel cross-sectional area in the feed zone to that 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 is illustrated. with regard 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 flow properties of the material. 

In the area of optimising operating conditions the effect of varying degrees of 

screw cooling is investigated and the effect of flight clearance on the melting 

performance demonstrated. 

In the concluding section to this chapter various aspects of the theoretical 

results presented in this and the preceding chapte.r. are used to discuss the 
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phenomenon of solid bed break-up, Lastly the manner in which the present 

melting analysis may be combined with analyses of the other parts of the 

extrusion process is indicated, 

4.2 : Theoretical Simulations concerning Extruder Design. 

Figures 4.1 and 4.2 show the e7fect on the solid bed width profile and down- 

channel solid bed velocity, respectively, of varying the screw 'compression ratio 

the taper length remaining constant. The properties of the material used in 

all the extruder design simulations are given in Table 4.1. The geometric 

data and operating conditions for the compression ratio simulations are given 

in 'able 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 

so the acceleration of the solid bed begins earlier, has a higher maximum 

value 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) diameter screw which is used as the. basis of the 

simulation. In the figures the helical positions of the start and finish 

of the tapered zone are indicated on the IL 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 that withIsay, a two turn compression section 

that similar trends would be observed. A study of the full computer output 

showed that varying the compression ratio 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 program 

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 are too high. 

Figures 4.3 ands444 show the effect on the solid bed width profile and down- 

channel solid bed velocity profile respectively, of varying the length of the 
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Theoretical predictions of the effect of varying the screw compression ratio on the solid bed profile 
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Theoretical predictions of the effect of varying the screw compression ratio on the solid bed velocity profile 
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Table 4.1 

The properties of the meteria) (low density polyethylene) used in 

the extruder design simulations. 

Property 	 Value 

Density of solid, es  , kg/m3  
7 

Density of melt, ern  , kg/m' 

Specific heat of solid, (:5  , J/kg°C 

Specific heat of melt, C: PTI J/kg°C 

Latent heat of fusion, X 	J/kg 

Nelting point, 
	0

0 

Thermal conductivity of melt, k y„.1 	J/m
o
Cs 

Thermal conductivity of solid, k s 	J/m°Cs 

Datum viscosity, „, 	Ns/m
2 

Power law index, 11 

Temperature sensitivity of viscosity, r 	
o
C
-1 

Datum temperature of viscosity, 
	oC  

880 

750 

3000 

2100 

50000 

110 

0.346 

0.3075 

6895 

0.5 

0.01 

140 



Compression Ratio Variation 

1 	2 	3 4 

Taper length Variation 

1 	2_ 3 

Channel width, 	,m .0541 .0541 .0541 .0541 .0541 .0541 .0541 

Feed section channel depth, ,m .0105 .0105 .0105 .0105 .0105 .0105 .0105 

Coefficient of channel taper, , m/m 	0.0 .0035 .005215 .00613 .00921 .004605 .0023025 

Flight clearance, 	,. m .0001 .0001 .0001 .0101 .0001 .0001 .0001 

Helix angle 17.65 17.65 17.65 17.65 17.65 17.65 17.65 

Screw diameter, 	01 -.0635 .0635 .0635 .0635 .0635 .0635 .0635 

Feed zone length, m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Taper zone length, m 1.5 1.5 1.5 1.5 .8525 1.705 2.5575 

Screw Speed, 	, r.p.m. 80 80 80 80 80 80  80 

Flow rate, 	, kg/s .0189 .0189 .0189 .0189 .0189 .0189 .0189 

Barrel temperature, 	, 	C 150 150 150 150 150 150 150 

Initial temperature, 	, 	C 20 20 20 20 20 20 20 

Screw melt point .75 .75 .75 .75 .427 .852 1.278 

Table 4.2 

The Geometric Data and Operating conditions used in the Compression Ratio and Screw Taper Simulations 
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compression section assuming a constant ratio of 4 :1. The details of the 

different screw geometries are given in Table 4.2. 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 he noted that the point of formation of the lower melt 

film was taken to be half way along the tapered section so that the results of 

figures 4.1 and 4.2 are not strictly comparable with those of figures 4.5 

and 4.4 even though the other data is similar. The point of formation of the 

lower melt film is indicated by an Id in the figures. 

Notwithstanding the foregoing comments it is interesting to compare the results 

for the 10 turn taper section in figure 4.4 with 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 design whilst the slightly 

shorter taper length would not. It would seem that for this particular flow 

rate, materiel, and geometry a 10 turn compression zone with a 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 interpretat-

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 occur without some degree of channel taper. Thus what 

may 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 at 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 taken from a paper entitled 
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'Some Melt Flow and Mechanical Design. Aspects of Large 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 making  predictions 

of the performance of essentially large diameter extruders from a knowledge 

of the performance of smaller machines. 

It was suggested (40) that an ideal method of scaleup, from the melt flow 

point of view would involve holding  two critical non-dimensional quantities 

constant. These two quantities are the Peclet number, 	where 

Pe 	P vt,,Hc crr, 	 (4.1) 
and a viscous heating  parameter, ;,T 9  where 

.7C H 	I — exp 	tt /ST ) 	 (402) 

where (r. is the normal temperature sensitivity of viscosity in the power law 

constitutive equation;  and 

AT = 	He 2 L 	 - (4.3) 
The Peclet number expresses the ratio between thermal convection effects in 

the melt flow. It is normally high in polymer melt flows, 103  - 105  typically, 

indicating  the importance of thermal convection. 

The non-dimensional group :11:H s a measure of the effect of the temperature 

variation through the melt caused by the conduction of heat generated by 

viscous dissipation. If the value of 31:4is zero then this indicates that 

any temperature rise :to dissipation has negligible effect on the viscosity. If 

the value of I H  approaches unity tie practical effect i6 that the material 

is likely to overheat if it reaches the fully developed state. 

It is shown (40) that it is not practical to hold both Rz  and 	(constant 

during  scale-up because 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  section cnannel depth, 	, is defined a6 

H HA 

where A  =6 inch ; 	= 0.05.DA  

and the screw speed is defined as 

(4.4) 
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N= NA J 
b 
	 (4.5) 

wnere N A = 60 r.p.m. and is the speed of tne o incn size macnine. 

using tnese relationships and the results for output rates quoted in (40), 

three different size screw geometres were formulated based on 2,6, and 10 

inch diameter extruders (50.8, 152.4 and 254 millemetre respectively). To 

enable complete specification of the geometry for the melting region it was 

assumed that the overall 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 1 	The material properties are given in Table 4.1. 

Using this scale up law it was shown (40) that both PQ anditHrise substantially 

as the diameter rises. An alternative procedure was SUggested. This involved 

using the same variation of channel depth, equation (4,4), but to maintain 

71: H constant. Results were presented for:It :1 = 0.99. It was shown that this 

method gave a much more nearly constant Peclet number. Using the results 

presented in (40) for this alternative scale-up law three more screw geometries 

were formulated, these are detailed together with the operating conditions in 

Table 4.3 under scale-up tBI. 

The results of the melting analysis for scale-up 'A' are given. in figure 4.5, 

those for scale-up 1 B' are given in figure 4.6. The results are presented in 

non-dimensional form to 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 plotted as the ratio of bed 

velocity to down-channel barrel velocity. Both these variables are plotted 

against the axial screw position in'turns i. 

It can be seen 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,:soale-up 'B'is slightly the better. However, inspection of the solid 

bed velocity profile shows that as screw diameter is increased so the solid 

bed acceleration increases. Again scale-up 'B' is slightly the better in 

this respect, in that the variation of solid bed acceleration with screw 

diameter is less than that given by the predictions of scale-up 'A'. However 



Scale-up B 

2 3 

.1307 .2179 

.0229 .0295 

.002214 .00168 

1°1:750,21645 	

.0001 

17,65 

.254 

0.0 	0.0 

6.876 	11.71 

86 	46 

.193 	.3354 

150 	150 

20 	20 

3.438 	5.855 

Channel width,‘Aitm 

Feed section channel depth, Ho ,m 

Coefficient of channel taper, B ,m/m 
Flight clearance, 	,m 

Helix angle, e 
Screw diameter, D , in 

Feed zone length, m 

Taper zone length,m 

Screw.Speed, NI 	, r.p.m. 

flow rate, P117 , kg/s 

Barrel temperaturerry , 	C 

Initial temperaturelTo 	, 	C 

Screw melt point, m 

Scale-up A 

1 

.0436 

.0132 

.004135 

.0n01 

17.65 

.0508 

0.0 

2.127 

104 

.0148 

150 

20 

1.0635 

2 

.1307 

.0229 

.002214 

.0001 

17.65 

0.0 

6.876 

60 

.141  

150 

20 

3.438  

3 

.2179 

.0295 	' 

.00168 

.0001 

17,65 

.254 

0.0 

11.71 

46  

.3854 

150 

20 

5.855 

1 

.0436 

.0132 

.004135 

.0001 

17.65 

.0508 

0.0 

2.127 

320 

.0377 

150 

20 

1.0635 

Table 4.3  

The Geometric Data and Operating Conditions used in the Scale-Up Simulations 
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neither can be considered adequate in this respect. The implication is that 

using either of these scale-up rules tPdesigna 10inch;254 millemetre) diameter 

screw, based on the results of trials on a 2 inch (50.8 millemetre) diameter 

screw is likely to give no trouble with melting capacity but that surging 

is likely to be more pronounced. Of course, this is not always an important 

consideration especially 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 analysis. 

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 tae material. The basic daterfor this simulation is taken from 

experiment 15 of the present work. It can be seen how an increase in the latent 

heat tends to flatten out the solid bed width profile although the effect is 

not particularly marked. 

Figure 4.8 shows the effect of varying the thermal conductivity of the material, 

again based on data from experiment 15. The effect here is most marked. Not 

unexpectedly the greater the conductivity the higher is the melting rate. The 

sensitivity 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 caused by inaccurate values for the thermal 

conductivity. 

Further interesting results are obtained by investigating the effect of 

varying the parameters of the power law constitutive equation. Figure 4.9 
shows the effect of varying the datum viscosity, }&, based on the data for 

experiment 11, on the solid bed width profile. Clearly the increase in viscous 

dissipation increases the melting rate;  nnd also the higher viscosity material; 
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Theoretical predictions showing the effect of varying the ratio of latent heat of fusion to specific heat 

on the solid bed profile 
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Theoretical predictions showing the effect of varying the thermal conductivity on the solid bed profile 



2.0 000 iP,MAOS •-0101a. 0.a.■ 

io A 	 l* Z'A 	1.17 	4 1.6 	iq 11,  
4  B 	

eq 

tf S 

Figure 4t2... 

Theoretical predictions showing the effect of varying the base viscosity on the solid bed profile 



253 

of necessity, generates higher pressures. 

Figure 4.10 shows the effect of varying the coefficient of temperature 

sensitivity of viscosity, Ir 9 on the solid bed width profile. Increasing the 

temperature sensitivity is effectively increasing the mean level of viscosity 

since much of the melt in the melt firEs is et a temperature le- ver W-11;,1 Lhe 

datum temperature of the viscosity measurement. Thus the melting rate is 

increased as the temperature sensitivity is increased. The primary effect of 

varying both the datum value of viscosity and its temperature sensitivity is 

to alter the melting rate, the effect on solid bed acceleration is secondary, 

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, again 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 

sensitivity remain constant and as long as the datum shear rate is below the 

shear rates that occur in the analysis. Thus one expects an increase in melting 

rate as the power law index decreases towards the Newtonian value of zero. This 

is in fact the case up to the point of Pormation of the lower melt film, es can 

be seen in the figure. There after, however, a more complex situation arises. 

The results show that the more Newtonian the fluid is the earlier does 

significant solid bed acceleration occur and the higher is the maximum solid 

bed velocity. This behaviour will affect the melting rate since the melting 

rate is directly proportional to the solid bed width, Thus for the extreme 

Newtonian case the dissipation 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 index. Of course this is, in a senee, co-incidental because of the 

particular data used in this simulation. The significance 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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Theoretical predictions showing the effect of varying the power law index on the solid bed profile 
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In practice the melting profiles predicted for nearly Newtonian 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 

continuous as the theory assumes it to do, rather it periodically breaks and 

one sees a series of separate pieces with regions of channel cothpletely full 

of molten material between regions of solid and melt. The present steady 

state theory cannot predict such behaviour and therefore the predictions of 

the melting profile for such materials 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 the effect of flight 

clearance on melting performance published by Tadmor and Klein (15),  the present 

results show much less 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 data from experiment 7, shows the effect of 

varying the point of formation of the lower melt film on the melting behaviour, 

thus simulating varying degrees of screw cooling. The detailed results for 

these simulations show that the presence of the loser melt film is important 

as regards the overall melting rate, in other words, there is a significant 

energy input to the material from the dissipation in the lower film and from 

the screw. It has already been commented that the heat flux from the scree 

may be over-estimated in the present model but the dissipation is certainly 

a 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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Theoretical predictions showing the effect of varying the flight clearance on the solid bed profile 
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results also indicate another effect of the lower melt film, that is, its 

effect on the onset of significant solid bed acceleration. It would seem that 

the earlier the lower melt film forms, the earlier does significant solid bed 

acceleration occur. 

This concludes the presentation of the results of the theoretical simulations 

of extrusion trials. The next section presents a concluding discussion 

of the various experimental and theoretical results, with special regard to 

the phenomenon of solid bed break-up. 

4.5 : Concluding Discussion. 

It is now appropriate to discuss the correlation between theory and experiments 

concerning solid bed break-up. The experiments showed that a lower melt film was 

necessary 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 solid bed was predicted. Additionally the theoretical pred 

ictions for PVC showed no significant solid bed acceleration 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 experiments. Further, theoretically, 

the more Newtonian the plastic, which generally means the more crystalline the 

plastic, the earlier after the formation of the lower melt film did significant 

acceleration take place. In a general way this agrees with the experimental 

results which tended to suggest that the more crystalline the polymer the 

more severe was the surging due to bed break-up, although this is difficult 

to quantify, especially as theTelinex' results were inconclusive due to feed 

section surging which completely masked the pressure variations due to solid bed 

break-up. In the absence of any means of measuring screw temperatures in 

the experiments it was not possible to compare the point of bed break-up 

with the point of formation of the lower melt film in the experiments and 

hence it was not possible to confirm the theoretical predictions. 

It mu be tememimozed that in the present theory no constitutive equation 

for the.solid bed has been specified, merely its deformation; and therefore one 

cannot necessarily expect to be able to predict the point of actual bed break-

up. If-trends of the present theoretical predictions concerning tne- 
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point of formation of the lower melt file and the onset of significant 

solid 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 bed is not necessarily the overriding factor in any criterion of 

solid bed fracture. 

It is useful to look at the ratio of the shear stresses acting on the solid 

bed in 1, direction. Restricting attention to the upper and lower surfaces 

only, the ratio of these stresses for the Newtonian constant viscosity case, 

making usual assumptions about the melt film flow behaviour, is 

In the theory the initial value of g.is computed on the basis that the 

pressure gradient is locally constant, and of course tne pressere gradient 

is calculeted essentially from the differentebetween the above two shear 

stresses. Normally the initial value of S so calculated is of the same order 

of magnitude as SI  though usually smaller. Because all the material melting 

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 

eS4/Sv. In the absence of any solid bed acceleration this means that the 

shear stress ratio in equation (4.6) will increase and as a consequence the 

pressure gradient will increase. In theoretical terms such an increase in 

pressure gradient in the absence of solid bed acceleration would so restrict 

the melt pool flow rate that the overall continuity of the down channel 

flow rate would be impossible to maintain. However, acceleration of the solid 

bed allows 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 equation (4.6). 

This then is the mechanism that operates in the theoretical model as applied to a 

Newtonian 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, ,PC23,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 film 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 material 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-Newtonian 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 distance after 

the formation of the lower melt film, As the lower melt film developes 

several significant effects take place, all of which tend to increase the shear 

stress 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 place which on the one hand tends to 

reduce the acceleration of the solid bed, see equation (4.6) and on the other 

hand 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 or the solid bed begins. 

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 

adjusted and the acceleration levels out. This feedback cycle may be described 

as follows. It can be followed more easily by reference to figures 3.15 and 
3.16. 

Acceleration of the solid bed causes a reduction in the solid bed width. A 

reduction in the solid bed width tends to reduce the thickness of the upper 
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melt film at a subsequent 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. Hence if the dominant 

factor in determining the upper melt film thickness is the solidbed 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 is an accurate representation of the actual 

melting mechanism can it be applied as an explanation of solid bed -' break-up. 

Present experimental evidence does not conclusively demonstrate that it is 

accurate, and as it does not allow for the passibility of bed break-up'it is 

necessarily inaccurate to some extent. Yet the results do suggest that up 

to and including the fracture of the solid bed the model is reasonably accurate. 

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. Further, this 

state that brings about significant solid bed acceleration, because of the assum-a 

ptions.of the model is independent of the properties of the solid bed, in 

that it is only the properties of the fluid that affect the stresses on the 

solid bed. 

Turning to the real situation it has been stated that the size of the granules 

did not noticeably affect the occurrence of bed break-up. This observation 

goes a little way to support the theoretical conclusion that solid properties 

are not necessarily of paramount importance in controlling solid bed break-up. 

If one were 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 compression and zero strength in tension. In other words the criterion 

for fracture of the solid bed would be that fracture occurs when any principal 

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 break-up is to undertake a detailed stress analysis of the solid bed. 

This is outside the scope of the present work, but it is hoped that the 

foregoing may be of use to other workers in formulating such an analysis. 

To re-cap then the theoretical explanation of the occurrence of significant 

solid bed acceleration is that a certain critical stress state is reached 

that consists of a high shear stress gradient across the solid bed in the 

direction and a high pressure gradient in the melt pool and potentially 
2r 	- 

a high'melt pressure. This stress state is brought about by a combination of 

factors but is essentially due to conditions in the lower melt film being 

such that the shear stress on the bottom of the solid bed in the 	direction 
4r 

becomes smaller and smaller compared to that on the top of solid 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 interrelationships 

between the different variables of the problem. This instability causes a 

short period of high solid bed acceleration. It should be noted that this 

instability, due to the previously described positive feedback mechanism 

is not a mathematical instability but a physical one in the postulated 

melting model. 

Qualitatively the trends and predictions of the analysis 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 theoretical model becomes synonymous with the region in 

which the solid bed fractures in the real case. This region of high acceleration 

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 explanation 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 avoid solid bed break-up is to prevent the formation of the lower melt 

film by the use of screw cooling. Of course, the stabilizing effect of screw 

cooling has long been appreciated and used, Though this is, in principle, a 

simple method it is by no means ideal in that it would seem to 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 

region. In the light of the previous discussion it would seem that this loss 

is inevitable if the shear stress on the lower surface of the solid bed is 

due to 4r,y 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. 

Essentially what is needed to fulfill this requirement is a thin film of low 

temperature that does not get thicker nor hotter as it develop 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 temperature control system for the screw which 

would attempt to maintain the screw temperature in the melting region, some 

few 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 sensitive 

extra control of the extruders performance. 

An alternative method perhaps could involve a screw design having a reducing 

channel depth and increasing channel width, that is fa-taperedvariable pitch screw, 
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The idea behind this being that the solid bed width should remain virtually 

constant and that the increasing amount of molten material 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. Thus the unstable feedback mechanism is less likely to function 

since the upper melt film is less likely to reduce in thickness clue to a 

reduction in the solid bed width. As the overall melting rate is directly 

proportional to the solid bed width this form of screw design will not have 

such a high potential melting capacity as a conventional design would have, 

However, if surging caused by solid 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 adequate but that surging becomes more severe.- Therefore 

a reduction in the potential melting capacity of the machine by adopting 

such a form of screw design may not in fact reduce the actual output required 

of the mnchine. 

It now remains to discuss briefly how the present melting analysis may most 

effectively be combined with analyses of the other two regions of the extruder; 

the solids feed region and the melt flow region. 

Ideally a non-isothermal feed flow theory should precede the melting analysis. 

This could then provide the initial pressure for the melting analysis, the 

initial solid bed temperature distribution 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. Because of the way the 

present theory has been formulated such a non-isothermal feed flow analysis 

would automatically match up with the present analysis and would not require 

an intermediate analysis as the Tadmor melting analysis 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 analysis 
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of the melt pool flow is for Newtonian constant viscosity fluids. The 

information the present analysis provides is a mean melt pool temperature, 

melt pressure and the finish of melting. This is sufficient to initiate a 

melt flow analysis though it is a long way from being ideal. Perhaps the 

ideal 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 becomes zero 

the melt pool occupies the whole of the channel and the analysis would 

proceed as the melt flow analysis. 
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Plates Showirc' the Ezperimentall.y.  

Obtaine ross-Sectional ST)ecimes 

  



PLATE 1 

(a) Experiment 1: Plasticised Polyvinyl Chloride Granules 
N( 80 ) ; Q( 360) ; D( 3/32 ) 

(b) Experiment 2: Plasticised Pol)'Vinyl Chloride Granules 
N(40); Q(200); D(3/32) 



PLATE 2 

(a) Experiment 3: Plasticised Polyvinyl Chloride Granules 
N(80); Q(367); D(S/32) 

( b) Experiment 4 : Plas ticised Polyvinyl Chloride Granul e s 
N(40); 0( 201.); D(1./1.6) 



PLATE 3 

(a) Experiment 5: Low 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: Low Density Polyethylene Granul~s 
N( 80) ; Q( 215 ) ; D( 5/32 ) 

(b) Experiment 8: Low Den s ity Polyethylene Granules , 
with Screw Cooling 

N(80); 0(140 ); D(3/3 2 ) 



PLATE 5 

(a) Experiment 9: Low Density Polyethylene Granules 
N( 40) ; Q( 83) ; D( 1/16) 

Experiment 10: Polypropyle n e Granules 
N( 40) ; Q ( 80 ) ; D ( 1/16 ) 



(b) 

PLATE 6 

Experiment 11: 
N( 80); 

Experiment 12: 
N( 40) ; 

Polypropylene Granules 
Q(-179); D( 3/32) 

Polypropyl e n e Granul es 
Q(93); D(3/3 2 ) 



PLATE 7 

Experiment 13: 
N( 80) ; 

Polypropylene Granules 
Q( 189 ) ; D( 5/32 ) 

(b) Experiment 14: Polypropylene Granules, 
with Screw Cooling 

N{ 80) ; Q{ 143) ; D{ 5/32) 



PLATE 8 

(a) Experiment 15: High Dens ity PolY61thylene Granules 
N(80); Q(187); D(3/32) 

(b) Experiment 16: High Den s ity Polye thyl ene Granul es 
N( 40); QC 94); D( 3/32) 



PLATE 9 

(a) Experiment 17: High Density Polyethylene Granu l es 
N(SO); Q(206); D(S/32) 

(b) Experiment is: High Den s ity Polye thylene Gran:..lles , 
with Screw Cooling 

N(SO); Q(137);' D(3/32 ) 



PLATE 10 

(a) Experiment 19: High Dens ity Polyethylene Granul es 
N(40) ; Q(81); D(1/16) 

(b) Experiment 20 : Polys tyrene Granules 
N(80); Q( 266 ); D(S/32) 



PLATE 11 

(a) Experiment 2l: Polys tyrene Granules 
N(40); Q(110); D(3/32) 

(b) Experiment 22 : Polys tyrene Granules 
N(40); Q(128 ); D(1/16) 



PLATE 12 

(a) Experiment 23: PolyethylenE' Terephtha l a t e Granules 
N(80); Q(319); D(3/32) 

(b) Experiment 24: Polyethylene Terephthalate Granules 
N(40); 0(164); D(3/3 2) 

N.B. The above spe cimens are arranged in Rows not Columns 



PLATE 13 

(a) Experiment 25: Low Density Polyethylene Powder 
N(SO); Q(203); D(3/32) 

(b) Experiment 26 : Low Density Polyethyl en e Powder 
N(40); Q(115); D(3/32) 



PLATE 14 

(a) Experiment 27: Low Density Polyethylene Powder 
N(SO); Q(221); D(S/32) 

(b) Experiment 28: Low Dens ity Polyethylene Powder 
N( 40) ; Q( 78) ; D( 1/16) 



PLATE 1.5 

(a) Experiment 29: Rigid Polyvinyl Chloride Powder 
N(80); Q(419); D(3/32) 

(b) Experiment 30: Rigid Polyvinyl Chloride Powder 
N(40); Q(1.85); D(3/32) 
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Notation  

Note: Greek symbols, sub-scripts and super-scripts are listed after the main lis.  

of symbols. 

Symbol  

A 
amnUtlaa 	Unit t; 

coefficient of channel taper per unit axial 	m/m 

length . 

matrix of the coefficients of the variables, 

used in the energy analysis of the solid bed. 

general term of matrix EA] 
coefficient of channel taper per unit helical 	m/m 

length - 

matrix of the constants, used in the energy 

analysis of the solid bed. 

general term of matrix 

flight land width or, 	 rn 

coefficient of the temperature sensitivity of 

viscosity in the 'power law' constitutive equation.deg C-'
1  

Matrix of the coefficients of the variables in the 

governing equations of the melting model , 

general term of matrix C -1. 
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. 

screw diameter used as a datum in the scale-up 

simulations . 

matrix of the constants in the governing equations 

of the melting model. 

general term of matrix] 

local constant value of the solid bed acceleration. m/is2 

flight clearance, 

Newtonian drag flow shape factor 
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Fp 

H 

HA 

Hs  
I 

L 

J 

Newtonian pressure flow shape factor, 

pressure gradient, or 

Griffith number in Appendix B 

metering section channel depth,or 

distance between the parallel boundaries of the 

melt film analysis, see Appendix B. 

channel depth used as a datum in the scale-up 

simulations . 

channel depth. 

feed section channel depth , 

solid bed depth . 

number of nodal points of the finite difference 

grid used in the energy analysis of the solid bed 

in the ti direction . 

nodal point index in finite difference grid, in 

the Lt direction. 

coordinate direction, variously defined. 

number of grid points in the 1, direction . 

J/ms C 

J/ms °C 

m 

kg/ms 

nodal point index in finite difference grid,in 

the 'y direction , 

thermal conductivity of the molten material. 

thermal conductivity of the solid material . 

overall axial length of the screw. 

mean length of broken pieces of solid bed , 

maximum length of melt between pieces of solid 

bed , 

axial coordinate , 

mass flow rate per unit length 

mass flow rate per unit length in the 3 direction kg/ms 

mass flow rate per unit length in the 1, direction 

in the upper melt film. 	 kg/ms 

mass flow rate per unit length in the Xdirection 

in the upper melt film. 	 kg/ms 

L 
L S 

L M 



111113C.  

16-  

N 

NA 

'Y1 

P 

Pe 

Q 

Q4,3 

mass flow rate per unit length in the 'direction 

in the lower melt film, 

mass flow rate per unit length in the -direction 

for the solid bed „ 

mass flow rate per unit length in the direction 

for the melt pool . 

mass flow rate per unit length in the ee direction 

through the flight clearance. 

extruder out put rate, i.e., total mass flow rate 

in the 5.  direction 

mass flow rate through extruder. 

mass flow rate per unit length, referring 

to Newtonian flow, 

mass flow rate per unit length in the De-  direction 

for Newtonian :flow in the upper melt film . 

mass flow rate per unit length in the 	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 j direction , 

non-dimensional flow rate in the 3 direction 

for the upper melt film 

non-dimensional flow rate in the j direction for 

the lower melt film , 

non-dimensional flow rate in the .:JC direction 

fpF the upper melt film- 

kg/ms 

kg/ms 

kg/ms 

kg/ms 

kg/s 

keg 

kg/ms 

kg/ms 

kg/ms 

r.p.m. 

r.p.m. 

N/m 

m3/s 
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4% 	non-dimensional flow rate in the 3r  direction for 

the upper melt film, 

r 	radial coordinate direction . 

T 	temperature . 	 deg C 

—c 	barrel temperature. 	 deg C 

TD 	datum temperature for viscosity measurements. 	deg C 

—rn, 	melting point temperature. 	deg C 

To 	initial temperature. 	 deg C 

FR 	screw temperature . 	 deg C 

is 	solid bed temperature . 	 deg C 

-1;r4 	 boundary temperature in melt film analysis . 	deg C 

i l 	upper melt film temperature . 	deg C 

12 	lower melt film temperature . 	deg C 
ati 

1 1 	 non-dimensional upper melt film temperature. 
_ew 
17 	non-dimensional lower melt film temperature. 

-tt 

75 	non-dimensional solid bed temperature, 

T 	mean periodicity of bed break-up. 	sec 

U 	maximum velocity of the solid bed after fracture. m/s 

V 	non-dimensional velocity. 

\he 	barrel velocity. 	 m/s 

Vtrx 	barrel velocity component in the X direction . 	m/s 

N43, 	barrel velocity component in the 'direction. 	m/s 

N./.1 	 boundary velocity in the melt film analysis. 	m/s 

\is 	solid bed velocity . 	 m/s 

V.s 	solid bed velocity component in the direction - m/s 

\./s. .., 	solid bed velocity component in the -direction . m/s 

V 	 solid bed velocity in the ldirection calculated 

from the solids flow equation . 	 m/s 

kr-3 	 velocity in the 3 direction , 	 m/s 

1 r... 	velocity component in the eie direction , 	mis 

V"5 	 velocity component in the 	direction . 	Ells 

...r 	velocity component in the 5_ direction . 	m/s 
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\PV 	channel width . 

	

Wrn 	width of the melt pool. 

W 	solid bed velocity in the direction et the 

point of fracture . 	d 	m/s 

solid bed width . 	 m. 

coordinate direction across the channel. 

Y non-dimensional coordinate direction. 

non-dimensional i. coordinate direction in the 

solid bed . 

	

Yt 	 non-dimensional t5 coordinate direction in the 

upper melt film . 

	

)4z 	non-dimensional ti coordinate direction in the 

lower melt film 

coordinate direction. 

coordinate direction in the solid bed . 

coordinate direction in the upper melt film 

	

LA7, 	coordinate direction in the lower melt film 

non-dimensional down-channel coordinate direction. 

down channel coordinate direction, 

Greek Symbols 

	

s 	thermal diffusivity of the solid . m 2/ /8 

M angle of the resultant velocity between the 

solid bed and the barrel,to the -- .. coordinate axis. 

datum shear rate for the viscosity measurements, sec 1  

mean shear rate 	 sec -1 

	

6 	melt film thickness 

EDI 	upper melt film thickness . 

E).2 	lower melt film thickness . 	it 

SAN 	analytically computed lower melt film thickness . 

direction step length in the numerical 

solution 
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Y.s 	non-dimensional Finite Difference grid spacing 

in theYsdirection for the solid bed energy analysis. 

7 	viscosity , 	 Ns/m2 
 

PZD 	
datum viscosity calculated at shear rate Wpand 

temperature F,E) 	 Ns/m2  

N 	Newtonian constant viscosity 	 Ns/m2  

Helix angle . 

latent heat of fusion. 	 J/kg 

adjusted latent of fusion for the upper melting 

interface , 	 J/kg 

adjusted latent of fusion for the lower melting 

interface 	 J/kg 

/1 	
coefficient of coulomb friction between plastic 

and metal , 

ratio of adjacent grid spacings, 41)s , in 

the Finite Difference grid used in the solid bed 

energy analysis 

7t.H 	non-dimensional viscous heating parameter. 

non-dimensional pressure gradient . 

non-dimensional flow rate . 

enl 	
density of molten material . 	 kg/m3  

es 	density of solid material 	 kg/m3  
shear stress. 	 N/m2  

-z3, 	shear stress in the 	direction on the lower 

surface of the solid bed . 	 N/m2  
rt, 3. 	shear stress in the Virection on the upper 

surface of the solid bed. 	 N/m2  

mean shear stress . 	 N/m2  

mean shear stress for the upper melt film. 	N/m 

7z. 	mean shear stress for the lower melt film, 	N/m2  

1■J 	non-dimensional shear stress in the j direction 

for the upper melt film , 



the barrel, 

the channel, 

a datum value. 

the screw flight clearance, 

a nodal point of the Finite 

grid. 

the 5 coordinate direction 

a nodal point of the Finite 

grid 

,the molten material. 

an initial value_ 

the screw 

the solid material_ 

the X. coordinate direction, 

the ‘,.1 coordinate direction_ 

the 	coordinate direction. 

the upper melt film. 

refers to 

refers to 

refers to 

refers to 

refers to 

Difference 

refers to 

refers to 

Difference  

refers to 

refers to 

refers to 

refers to 

refers to 

refers to 

refers to 

refers to 

non-dimensional shear stress in the Ocdirection 

for the upper melt film , 

non-dimensional shear stress in the 	direction 

for the upper melt film 

non-dimensional shear stress in the j direction 

for the lower melt film , 

general variable 

matrix of the general variables . 

mass melting rate per unit area 
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P 
L L 

 

NAT2  

kg/m2  

mass melting rate per unit area at the upper interface kg/m- 

z 	 mass melting rote per unit area at the lower interface kg/m2 

Subscripts  

Symbol  

A 
(.7 

C 

i) 

6 

J 

n-$ 

Deseription 

refers to the 'scale-up' simulation, 

refers to the lower melt film 



290 

Superscri 

Symbol 	aganiatiaa 

refers to the first derivative with respect to 

refers to mean value. 

4k 	denotes non-dimensional quantity 
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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 is developed here is a simplified approximation 

to the real situation. The simplified problem is defined as f011ows. 

Initially a semi-infinite solid at uniform temperature,-rolim  in contact 

with a boundary at temperature Ta b  , which is greater than the melting 

temperature of the solid d m 	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, 

,decreases exponentially as 	increases. It is assumed that the 

temperature profile in the molten layer is always linear. The situation is 

illustrated in figure Al. 

The symbols used in this appendix are defined as they are introduced. For 

the most part they are consistent with the main text but are not necessarily 

so. 

The position of the interface in 	co-ordinate direction whose zero is 
Jra 

taken at the fixed boundary, is given by Cin,  = S , where 	is a function 

of 

A heat balance at the melting interface at time 6 gives 

(Ai) 
ct fln  fro 

where CO is the mass of material melting per unit area per unit time at the 

interface 

kmis the thermal conductivity of the melt 

Tis the temperature of the melt 

..= 	 (-T,TQ  ) 
	

(A2) 

where N is the latent heat of fusion 

C is the specific heat of the solid 

The temperature gradient in the molten layer is given by 

(A3) 
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Also w 01 . 

where es is the solid density 

Substituting equations (A2), (A3) and (A4) into equation (AT) gives 

dr 	e, 	(.:, 
= 	(To- 	 (A5) 

The exponential decay of the boundary temperature-ri.is assumed to be of the 

following form 

--rfro exp (b _÷ -To 	eip  

(A4) 

(A6) 

where a 	( 
et- 	v-rfro- (A7) 

where t' is the time taken for the boundary temperature to drop from 1 r to i rn  

Substituting into equation (A5) for IL,. from equation (A6) gives 
Is 	K . ex/503k) (11,,„ 	+ 	"1-0 -Trr, ) 	(A8) 
cl L .  

where 	K = krA/es  a + c 5  (),--1)) 	(A9) 

performing the integration in equation (A8) yields 

— 	 (Tiro  — T6 ) exp(ESt) 

6 
+ Z ic (Tv° - ) 

as S  =0 at t =0 

(A10) 

(4  The results of this calculation arc best presented showing /_;) as a function 

of 1- 	that is, how the thickness of the molten layer that is generated 

in the time taken to cool the boundary down from its initial temperature 

to the melting temperature of the material, varies with this cooling down 

time. 

Thus equation (A10) becomes 

(PO =Z lc Criroro%) J3 + 	 (All) 
Substituting into equation (A11) for B from equation (A7) and for K from 

equation (A9) gives 



(Al2) 

(A13 ) 

which may be written as 

_To  
o 

÷To  _ T.„ 
%∎  -4-  C5 CL I, 

Al The solution domain 

T =1-6- 

T= -TrA 

ME LT 

SOL D 
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where, 

K 1 (A14) 

The results of this calculation are shown in figure 2.14 of the main text for 

a low density polyethylene experiment. 
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Appendix B:  

An analytical Solution for Non-Newtonian, Non-isothermal, drag flow between 

infinite parallel plates. 

The problem is, given a drag flow (zero pressure gradient) with constant 

shear stress, Pt" 	power law viscosity with exponential temperature dependence, 

find T , 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 application the upper boundary (see figure B.1) is the metal' 

surface, screw or barrelland the lower boundary is the solid bed whose 

surface temperature is the melting point, 	. The normal to the solid bed 

is the co-ordinate , and :1 is the direction of the resultant velocity 

of the upper surface relative to the lower, 	The gap between the 

surfaces is H , and VI (.1) is the velocity in the 3 direction. 

The boundary conditions are, 

velocity : L.rs(o) = 0 ; u-s(H) .= Vi 	
(BI) 

temperature 1-(o) =Try, ; 	H =7 t 4.1.) 

The simplified form of the power law constitutive equation with temperature 

dependence, applicable to the present problem is, 

1 1 4i—ri 1 na"! 	eN-P El 	r TO] 
11:1 a tl  

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 

(B2) 

A, 	= 	atri a if' 	 d 
In the present solution; 

 

(B3)  

S 	 n(Vi) 
dk,s I 

(B4)  

The following dimensionless variables are introduced 
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T 	1,-(1*-1";,) 

v= 	1-1 
V 	%.ri I V 

= 

	?,

s 

where, 
	

. \Li 	• V j ex p b, 	:1-i> ) 

Hence the non-Dimensional shear stress, 41 	is written as 

aYi r exp(--r*) 
And equation (B3) becomes 

PT*  := 

(77  H 2 	d y 2- 
where 	

71  7-= 	/ Fq 
Defining the 'Griffith Number', (i 	as 

= 	1-1 2 "E 

and substituting for this in equation (Be) gives 

1-71i4   
d Y 	 ct Y 

From equation (B7) 

/k 

(B5)  

(B6)  

(B7)  

(B8)  

(B9)  

( B1 ) 

cl 
dy  

n 	\ 
,expj*ini (B11) 

Hence equation (B10) becomes 

dye  

1+1M 

' n  , e-X p (7)4iri 

T *. 	I 41- ) 
k 

Hence, 	 /4-11 

/dr' = 2 	[e_Xp 	in) ey.p (T x./el 
dY 
where afgidy 	0 Q.E "rm.= -17;.' 

WIPP 
■ITPle 

(B12)  

(B13)  

Following the method of Martin, the following substitution is used 

co.0). 0 	Q.xp CT -r  
11 

2 

Thus equation (B13) becomes 

1T 
t+n 
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if  
The sign of 0 AY is arbitrary because the sign of 15 is arbitrary and 
one may choose the positive root, thus 

Isq.n 
Ci0 =  

ci Y 
wher,..... 	5 r. 	 .. rl 

A --.: eApt71  /2 n) 

Thus integrating  equation (B16) gives , 
3 ,52-6  A Y 	C (B18) 

Back substituting  into equation (B14) to regain the original variable gives, 

A expc...i h) 	cosh 	$ A, Y 

Substituting  from equation (B19) into equation (B11) gives, 

cky 	s AZ 
co5V (3 ntS , A y c) 

let 
FY = 	173  A Y 	C 

and  F r 
 EFy] y.1 

Therefore, 

= 	A 	ta"),, Fy 	Constcot 
B 

and since V(3)=0and V(0) -7. 1 

(B19)  

(B20)  

(B21)  

(B2')) 

(B23) 
I- n 

tanA F 	&GA, c) 
CS 

There are three unknowns 	'Pi and C. , and so far only equation (B23) 

relating  them. The other two equations are obtained from the boundary 

conditions. 

From (B1), 7(3) 
Therefore, T'41(0)= 0 

Hence from Equation (B19), 

/V" 	C 0:5 A 2-  C 
	

(B24) 

From Equation (B17) A is positive, thus 
(B25) 

Eliminating  A from Equations (B23) and (B25) gives 



, Equation (B33) becomes, 

1 
Stmt. 	(i 

For 'fl 

L 
z r  

7c1 
1 (B35) 

t-n 
B 	,c0511C . ( Lay F ri)N C 

-n-**  
11) 	(T 	Try, ) 	, say 

Applying this boundary condition to Equation (B19) gives 

, exp(—T, *hi) = 4.0.,s1.12* c: 

Let 	E = exP(-7'IL.") 
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(B26)  

(B27)  

(B28)  

(B29)  

(B30)  

where, now 	1-+n 
F 	 c(33)‘ C 	C 
Again from B1, 

Therefore, 

E. eo3i, 2  Co.51,1 	— 

 

(1331) 

   

Re-arranging Equation (B26) gives 

tanLo F 

  

bank C 	 (B32) 

 

i-n 
CO.5 C 	an  

Combining Equations (B31) and (B32) gives, after suitable manipulation 
1-n 

I.111) C 
	zn 	

I 	 -1- 	 - -  
I rt 

2 • 3 
	

rt 

This equation, given /.5 , finds C uniquely. 

From Equation (B31) 

,FE cosil L 	cosiN F 	 (1334) 

where F7  and C are given by Equations (B27) and (B33). 

Thus Equation (B34) can be written in terms of constants, boundary conditions 

and s/ only, However it cannot be analytically solved for 	but is amenable 

to the Newton Raphson.numerical method provided reasonable initial estimates 

°fig are available. Such estimates are available from the Newtonian solution, 

which is a special case of the above results. 



From Equation (B22) 
/-ft 

V  A 2711  
1ff, 

(5 $27", AN 

(B41)  

(B42)  

= 	v ay 
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and from Equation (B27) 

= F 
(B36) 

where, 

F t 	I 	 € coo C 
Co.5)1 C. 

(B37) 

  

Thus the Newtonian value of the shear stress is calculated from the above 

relationships and is used as the starting value for the Newton Raphson 

numerical solution for the required non-Newtonian shear stress. It remains 

now to derive expressions for the other relevant quantities. 

Firstly, the temperature gradient at the solid bed, i.e., at the stationary 

boundary, 

T Ya 	8-7  
d y 	o 

From Equatiow(B19) 

exp (-7:iri)( 
11.1) 

/ 
. Ann C 

(B38) 

Therefore, 

Yo AIMPOr 
4/2/•■• 

141 
2../1 

a • /5 	5 L nh 
(B39) 

  

A 
Using Equation (B25), 

= Z. n 
140 
zn 
. S (B40) 

Secondly, the  the volumetric flow rate Q , defined as 

Hence, 

A 
CS 

(C0C F 
kcos 

(B43) 

Lastly the mean convected temperature ;  MPfin=A AO 
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 \I 	Y 	\Cr Ay 
So v d (B44) 

9101•8 
Oriegff 
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From Equations (B42) and (B19) 
)-01 

T = 	S zo 
5 

r  

l+n 
( 3 • S 'A  A IV -+ 

i+n 
4asb:' 	 Q (B45) 

A numerical technique is employed to evaluate the integral. 

Finally the dimensional quantities corresponding to the non-dimensional 

ones calculated in the analysis are as follows 

(B46) 

(B47)  

(B48)  

(B49)  

B1 The flow domain 

T=1;.. 

T, 
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Appendix C: 

A simple analytical calculation of the initial developement of a melt film. 

The situation is illustrated in Figure Cl. The assumption is made that the 

fluid is Newtoninn constant viscosity, and that the fluid flow is thermally 

fully developed so that the non-dimensional temperature profile is not a 

function of the thickness 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 between two parallel 

plates at different velocities and temperatures may be derived as 

T - Trn 	 (i 	) 4_ 
"TN- T, 	k (TR 

where the boundary conditions are given as 

Temperature : —1=-1-rn at t„,1 = 0 
J2L 

T Tts at 	= 6.z 

Velocity 	trc) at 1 0 

—\/ t 	6 sy - t LA2 2 

(C2) 

Assuming the solid bed to be at a uniform temperaturelTo lthen an energy 

balance at the melting interface gives 

W X2 = krn(4:r 
	

(C3) 

_From Equation (01) we have 

dye !i 0 	S Z 

-4 )7N \Isl. 

2 62. k 
(c4) 

Combining Equations (C3) and (C4) gives 

w X = 	rv% .QTR -7.-n) t frlet 	 (c5) 

Now, CA) , may be written as 

(k) 
	5 A" 
	

(C6) 

Substituting into Equation (C5) for 0.3 gives 



0U).4 

01/4 t 	es X, gz (c7) 
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as at 0 

eall...........40..ate.W.laids.aaam...r...r 
. 	. 	. 	*. . 	 ., 

.., 	 ' 
'. \ \ \ 

Integrating this equation, assuming that only 	is a function of t gives 

V s3-1, 
(c8) 

Cl The solution domain 

SOLI D BED 

scgEw 




