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ABSTRACT 

The present work describes an experimental and theoretical 

investigation into a novel method of extruding polymers in which the 

melting and mixing (plasticating) functions can be controlled largely 

independently of output rate, thus providing the process with extra 

versatility. 

A machine based on a prototype model consisting essentially of a 

pair of rams used for pumping polymer through an annular plasticating 

cell formed by a rotating mandrel inside a barrel was constructed, and 

various aspects of its performance were studied experimentally. 

The operations involved in the process, namely the feeding of the 

solid polymer, the melting of the feedstock and the flow and mixing of 

the resulting melt were analysed theoretically. The outcome of this was 

a computer model for predicting the performance of the machine. 

Satisfactory correlation of theoretical results with experimental ones 

was obtained and the model was used for studying the effects of varying 

operating conditions, material properties and extruder channel geometry 

on the process. Likely output rates from scaled-up versions of the 

present extruder were also determined using the theoretical model. 

In general, the results obtained have confirmed the versatility and 

flexibility of the method and its commercial success is envisaged in 

certain types of applications. 
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NOTATION 

MDst of the symbols used are defined as they arise. Some of the 

more frequent and important ones are listed here for convenience. 

b 
	

temperature coefficient of viscosity at constant shear rate 

melt specific heat at constant pressure 

cs 	specific heat of solid polymer 

dW* 	*melting rate 

D
c 	internal diameter of feed cylinder 

Ep 	
rate of storage of pressure energy 

ET 	rate of storage of thermal energy 

H 	:**local thickness 

H
o 	:'*initial melt film thickness 

k 	ratio of lateral to axial pressure 

km 	: thermal conductivity of polymer melt 

ks 	: thermal conductivity of solid polymer 

L
s 	: length of compacted solid material in feed cylinder 

:**mass flow rate 

M 	mass output rate of extruder 

n : power-law index 

p: pressure in the material 

Pbb, etc. 

Po  

Pr, e 

PT 

Pz 

Pv,0 

axial pressure at section bb, etc. 

pressure.  exerted by feed ram 

normal stresses in cylindrical coordinate system 

pressure transmitted through material 

pressure in the flow direction 

normal stresses in spherical coordinate system 



Pz 
	 pressure gradient 

Q : volumetric output rate of extruder 

R 
	

radius of feed cylinder 

R. 	: shaft radius 

R0, , R' 	: outside radius of annulus 

T 	:**temperature 

T
b 	: barrel temperature 

TB 	: block temperature 

T
m 	melting point of polymer 

T 
	

datum temperature for viscosity determinations 

Tr 
	:'*boundary temperature 

T 	room temperature room 

Tshaft 	shaft temperature 

T' 	:**initial temperature profile 

T 	:**bulk mean temperature 

U
r 	:'*relative velocity 

melt velocity due to motion of plug 

vx 	velocity component in melt flow 

vz 
	:'*velocity component in melt flow 

✓ velocity of shaft 

Vp 	velocity of plug 

✓ velocity of solid bed in z-direction sz 

W 	shaft power 

WT 	total power consumption 

zL 	melting zone length 

angle between feed cylinders and barrel axis 

Y 	: datum shear rate for evaluation of vi:7.cosities 

• 

• 



-12 - 

polymer/metal angle of friction 

internal angle of friction 

pressure drop in melting zone 

annular gap 

1 	: 

 

variable in stress distribution 

: latent heat of fusion 

:" pparent viscosity of polymer melt 

Pf 	: polymer/metal coefficient of friction 

Pi 	: internal coefficient of friction 

Po 	
: datum viscosity 

: variable in stress distribution 

nP 	:'*dimensionless pressure gradient 

TcQ 	
:'*dimensionless volumetric flow rate 

PB 	: bulk density of granular polymer 

P m 	density of melt 

Ps 	density of solid polymer 

: 
+
parameter with units of stress 

cn,t 	normal stresses in nt coordinate system 

normal stresses in rectangular coordinate system 
x,y,z 

c1,2,3 	principal stresses 

:'*shear stress in melt film 

T
nt 	

shear stress in nt coordinate system 

Tx etc. 	shear stresses in rectangular coordinate system y, 	' 

wsub 	inclination of line of discontinuity denoted by sub 

0 	: 
+
angle between x-axis and direction of a

l  

4) 	 integration constant 

5 : 

b. : 

APL : 

AR,,AR' : 

• 
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" also subscripted by 1 referring to melt film adjacent to barrel 

and by 2 referring to melt film adjacent to shaft 

•• same as above but also subscripted by s referring to the solid polymer 

also subscripted by a number to denote value of variable in a region 

by a letter to denote value of variable at a point 

and by two letters to denote value of variable along a line 

Because of the large number of variables involved, some symbols 

may have more than one meaning. Confusion should not arise from this 

however, since they are defined and used locally only. 
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CHAPTER 1 

INTRODUCTION 

1.1 The Role of Extrusion in the Polymer Processing Industry  

The polymer processing industry uses a variety of machines in the 

operations which transform a raw material into the finished product. 

For example, the basic polymer is first produced from relatively simple 

chemicals in a reactor by the process called polymerisation. 	From the 

chemical reactor, the material is fed into a homogeniser where it is 

thoroughly mixed, the purpose of which is to create a product with 

properties as uniform as possible. The most commonly used homogenisers 

are large screw extruders, the design of which is a highly specialised 

subject [1]. 

The material leaving the homogeniser is usually solidified in a 

convenient form, e.g. powder, granules, beads, etc., and stored for 

future use. The virgin polymer is often not of immediate practical use 

and many additives such as colour pigments, fillers, lubricants, etc., 

are compounded with the basic polymer to give what is generally known as 

a "plastic", at an intermediate stage before final product shaping 

occurs. At this stage therefore, the polymer has to be remelted and 

thoroughly mixed once more. For this operation, again screw devices are 

the most popular ones and they are found in, besides plasticating 

extruders for continuous extrusion, many plasticating units for injection 

and blow moulding machines. 

Screw plasticating units and plasticating extruders are very 

similar both in their physical appearance and in operation. 	They only 

differ in that pressure generation in plasticating units is not a prime 

requirement whilst in the extruder, the ability to maintain a uniform 
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pressure is essential for continuous product extrusion. They both share 

the common requirements of producing the right amount of molten material 

with a deformation and thermal history as uniform as possible. In the 

extruder this process must be continuous and for moulding purposes it may 

be intermittent. 

It is in the extrusion and injection moulding section of the 

industry that competition is keenest and therefore it is not surprising 

to find the very wide variety of machines available in the market. 

Although the number of injection moulding machines in operation by far 

exceeds that of plasticating extruders, extrusion is equally important in 

terms of the tonnage of material that is processed annually. 	Included 

in this are the extrudates for other processes like vacuum forming, film 

blowing and coating applications. 

There are other processes like casting and calendering which have 

not been mentioned so far. These are only a very small activity 

compared with extrusion. Thus, considering that many plasticating units 

function like extruders, there is no doubt that extrusion is a very 

important operation in the polymer processing industry either in the 

production of raw materials as in the homogenisation of newly polymerised 

materials, or as an intermediate operation like that found in 

plasticating units for moulding machines, or as a product finishing 

process such as in the continuous extrusion of profiles. 

1.2 The Single Screw Extruder and its Principles of Operation  

It should now be clear that during its processing history, a polymer 

is likely to pass at least once through an extruder. 	It is also a fact 

that this extruder is likely to be one of the single screw type, though 

twin and multiple screw extruders are becoming more widely used. 	In 

a 
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view of this high popularity of single screw extruders, it may be 

possible to conclude that they must be extremely satisfactory in operation. 

This, however, is not necessarily so and there are signs that they may 

not cope with future demands. 

In searching for higher productivity, processors have demanded 

advanced equipment from the machinery manufacturers in order to achieve 

higher output rates, better mixing and more uniform extrusion pressures. 

As an example, screw extruders are being built larger and larger both in 

diameter and length to diameter ratio. 	Associated with these 

developments, technical problems like heat transfer to and from the 

polymer and the inability to remove fast enough the entrapped air and 

volatiles in the material as it melts are created. The latter problem was 

solved by the use of twin stage screws, but this only makes the extruder 

less versatile and therefore limits its applications. 

Although the design of screw extruders has been considerably 

improved recently by adopting a more scientific approach [2,3,4,5], and 

some of the less well understood processes occurring inside the screw 

extruder such as melting [5,6] and conveying of solids [5,7,8] have been 

more closely examined, there are still many problems which remain 

unsolved. Some of these are inherent in the screw extrusion process 

and are therefore unavoidable no matter how improved the design 

technique may be. For example, an increase in the degree of mixing is 

inevitably associated with an increase in the melt temperature. 	Clever 

design can reduce this effect but cannot eliminate it [1]. 

A brief consideration of the metering section of a single screw 

extruder will help to appreciate some of the problems met in the design 

and operation of this type of processing machinery. 	The mechanism by 

which the polymer melt is conveyed along the screw channel results 

• 
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mainly from the viscous dragging action that the barrel exerts on the 

material by virtue of the rotation of the screw inside the barrel. 

Since the melt is subjected to shear forces, a pressure gradient must 

prevail for equilibrium of forces to exist. 	In general, a positive 

pressure gradient is set up along the flow direction. This mechanism 

is in effect responsible for the pressure generation ability of the 

• single screw extruder. The effect of a positive pressure gradient is to 

cause a back flow of the melt, the net flow rate being given by the 

combined drag and pressure flows. 

From this simple description it is easy to see that the output rate 

of a single screw extruder is dependent mainly on the downstream velocity 

component of the barrel relative to the screw. In general, the output 

rate is approximately proportional to the screw's rotational speed. 	The 

pressure that can be generated by a screw processing a given material is 

dependent on the magnitude of the viscous shear forces and these in turn 

depend on the velocity gradients. Thus, for a given material and screw, 

the pressure generated again depends mainly on the speed of the screw. 

The polymer melt temperature in the screw channel is 

dependent on the amount of heat generated by viscous dissipation and the 

heat exchange that takes place between the metal boundaries and the 

melt. Contribution from this latter source is usually small because of 

• 
	the low thermal conductivity of polymers whilst viscous dissipation may 

be considerable in the usually shallow channels in the metering section. 

The heat dissipated depends to a large extent on the shear rates, for a 

given material, and therefore it can be said that the mean temperature 

of the melt will also depend to a large extent on the speed of the 

screw. 

Mixing in a screw extruder occurs by a process of shearing. 	The 

• 
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transverse component of the velocity of the barrel relative to the shaft 

creates a recirculating flow in the plane normal to the downstream flow 

direction and this contributes a large proportion to the overall amount ' 

of mixing imparted to the material. 	Increase in screw speed leads to 

higher shear rates but since the material remains for a shorter period in the 

extruder the bulk mean mixing remains approximately constant. 

6 

	

	
It may therefore be deduced from above that one of the major 

disadvantages of the single screw extruder is that many important 

parameters such as output rate, extrusion pressure and mean melt 

temperature are closely interrelated and cannot be controlled 

independently of each other since they all depend to a certain degree on 

one single variable - the screw speed. Mixing in general depends on the 

screw design. 

In fact, the single screw extruder is a rather inflexible machine in 

that it lacks controls. 	Apart from barrel and occasionally screw 

temperature controls, both of which are not very effective in large 

machines, and the back pressure usually regulated by a die restrictor 

valve, the only easily controllable variable remaining is the screw 

speed. 

This drawback should become clear by considering a practical 

example: a processor operating a particular screw extruder may wish to 

increase its output rate to remain competitive. This is achieved by 

increasing the screw speed. He may then find that the melt temperature 

becomes excessive to the point that thermal degradation occurs and hence 

obtain an unacceptable product. Screw and barrel cooling may improve 

the situation, but because of the poor thermal conductivity of the 

material this is not very effective. 	Conversely, he may find that on 

processing a new material, thermal and shear degradation occurs and 

0 
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therefore the screw speed must be reduced, resulting in loss of 

production capacity and hence lower profit margins. 

1.3 The Need for Improved and Novel Design of Processing Machinery  

The example given above is typical of the problems that may occur in 

practice. Advanced screw design can in part solve some of these 

• 	problems, but then the extruder may become too specialised and it is 

possible to find that its usefulness is limited to a specific family of 

polymers if not a particular grade of the polymer only. The versatility 

of the machine is therefore reduced. 

The example also illustrates clearly how important it is to be able 

to control plasticating functions independently from the output rate. 

For this reason alone it is worth investigating new processes. 	Apart 

from the necessity of meeting present day requirements, it is also 

essential to consider possible future demands. 

There is an increasing need to exploit more fully the properties of 

plastics, and to use them more efficiently. 	In this context, processing 

machinery must be able to produce the plastic component efficiently and 

without deteriorating its final properties, i.e. better control over 

processing must be provided. 

Shortage of raw materials means that suitable waste polymer must be 

recycled and machinery capable of reprocessing these will be required. 

New generations of polymers will tend to have superior properties 

which may pose processing problems to existing machinery. 	New equipment 

must be developed so that they are capable of processing these materials 

economically and in large quantities. 

In conclusion, there is a clear need for progress and advancement in 

the field of plastics processing machinery. 	The scope for novel and 

r 
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improved design of extruders is enormous. Not only refinements of 

existing extruder designs is necessary, but also new processing principles 

should be investigated towards the evolution of a more univers1 

processing machine. This can therefore be regarded as one of the major 

aims of the present work. 

The following section reviews some of the more interesting 

developments on processing machinery. 

1.4 Some Recent Developments in Processing Machinery  

In recent years, some interesting devices for melting solid polymers 

and pumping the melts have been reported [9,10]. 	The principles of 

operation of some of these machines were entirely different from that of 

single screw extruders, whilst others still retained a conventional screw 

or a modified screw to provide additional functions. 	Examples of the 

latter type include the melting plate screw extruder [11] and the 

Maillefer screw extruder [12]. 

In the melting plate extruder, the melting process has been 

completely removed from the screw. 	Instead, a rotating hot plate under 

the screw is used to melt the material by conduction. The rotation of 

the plate being slow enough to allow the material to be completely melted 

before it is scraped from the plate and picked up by the screw flights. 

The screw extruder then merely performs the mixing and pumping functions 

in a way very similar to that of melt fed homogenisers. 

The Maillefer extruder uses a double channelled screw, one channel 

diverging and the other one converging. 	The purpose of this was to 

separate the newly melted polymer from the compacted solid polymer and 

hence to improve the overall melting capacity of the extruder. 	Thus, 

the melt is collected over the screw flights in the divgrging channel 

• 
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whilst the solid polymer moves in the converging channel. The 

remainder of the screw channel is similar to that in the metering section 

of a conventional screw extruder and most of the mixing and pvmping 

action is generated in this section. 

The other type of devices can be classed as screwless extruders. 

Amongst these are the elastic melt extruder [13] and the hydrodynamic 

extruder [14]. Both extruders derive their pumping capacity from the 

shearing of the material between a rotating plate and a stationary 

plate. The principles of pressure generation are, however, different 

in that the elastic melt extruder exploits the elastic properties of 

polymer melts whilst the hydrodynamic extruder exploits the viscous 

properties of polymer melts. In both extruders, melting occurs by heat 

conduction from the hot plates to the polymer and by viscous dissipation. 

Also, the degree of mixing and extrusion pressure are highly 

interdependent and controlled by the speed of the rotating plate and the 

gap between the plates. The elastic melt extruder also suffered the 

disadvantage in that pumping capacity was poor. To boost the pumping 

capacity of this extruder, a device combining the elastic melt extruder 

with a conventional metering screw in tandem was built and patented [15]. 

More recently the elastic melt extruder was improved by using a scroll 

to boost feeding and pumping [16]. 

An interesting plasticating unit was developed by Borg-Warner [17] 

for use in injection moulding machines, replacing the common screw 

plasticating units. 	It consists essentially of an annular shear cell 

formed by a cone rotating inside a cylinder. 	The solid feedstock is 

initially delivered by a screw and is then forced by a ram into the 

converging annular gap where the material is melted and mixed by the 

shearing action between the cone and the cylinder. 	The polymer melt is 

0 
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then forced by the ram into a reservoir through a valve. The reservoir 

can hold a predetermined amount of material which is injected 

subsequently into the mould by a piston, with the inlet valve '10 the 

reservoir closed. Many advantages have been claimed by the makers of 

the unit [18]. 	It is a very efficient melting and mixing device, but it 

is not suitable for continuous output applications such as extrusion of 

• 	 continuous sections. 

Another method of melting polymeric materials is by adiabatic 

compression. The IKV in Aachen has developed an ultra-high pressure 

plasticating unit [19] which exploits this principle. 	In this device a 

very high pressure ram is used to force solid material through very 

narrow slits. As the material flows through the nips, the enthalpy 

increase caused by the compression is sufficient to melt the polymer. 

A special advantage of this method is that the heating effect is produced 

almost instantaneously and in the material itself. 	By adequate design, 

such as avoiding long flow paths and selecting moderate nip sizes, it is 

possible to reach exceptionally short residence times. This is of 

particular importance for readily decomposable materials and materials 

incorporating blowing agents for obvious reasons. For many practical 

purposes, however, the material emerging from these plasticating units 

would have to be fed into conventional metering screw extruders for 

additional mixing and to provide a continuous flow of material where 

necessary. 	Machines with multiple high pressure plasticating units, to 

even out output pulsations, supplying a common mixer have also been 

suggested. 

The plasticating unit of the Teledynamic injection moulding machine 

[20] also uses high pressure compression for melting. 	In this machine 

material is melted by intermittent hammering of the solid feedstock in a 

• 
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compression chamber. The material is forced into an injection cylinder 

as it melts, and then into the mould. Very little mixing is imparted to 

the material in this device. 

At the Imperial College an extruder using rollers [21] has been 

developed. This is very similar to the common twin-roller mills used 

for rubber processing. 	But unlike a rubber mill, it is capable of 

developing adequate pressure to force the material through a die. 

Melting of the polymer occurs by heat conducted from the rollers and also 

by viscous dissipation in the thin melt films that separate the solid 

feedstock from the surface of the rollers. It has been used successfully 

for reprocessing scrap material, but pressure generation was poor for 

certain applications. 

Westover [22] described a continuous flow ram type extruder which 

exploits the positive pumping action of rams. Two opposing rams are used to 

feed the material into the central section of a common cylinder. As the 

material moves along the cylinder, it is melted by heat conducted from 

the hot metal walls of the cylinders. A shuttle valve in the middle of 

the cylinder in effect creates two independent feed cylinders. The 

molten material from each cylinder is discharged through this common 

shuttle valve into two independent reservoirs. 	It is then extruded from 

these reservoirs by a second pair of rams through the same shuttle valve 

and finally through the die. The shuttle valve has no external 

connections and is actuated automatically by the feed rams pressure 

transmitted through the polymer melts. The use of two pairs of rams 

(4 in all) and the ingenious shuttle valve maintains a continuous flow 

of material thJough the die. An ultra-high molecular weight linear 

polyethylene which presented serious processing problems in screw 

machines because of its resistance to internal shear and its lack of 

w 
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resistance to slip at the metal-polymer interface was successfully 

processed with this extruder, thus demonstrating the advantages of a 

positive displacement pumping system. Melting by heat conduction, 

however, would have been a limitation to commercial applications for 

this extruder. 

1.5 Objective of the Present Project  

From the limited number of processing machinery presented above, it 

appears that many of these developments were carried out with the 

objective of improving a particular aspect of a more complex process. 

In particular, two distinct functions have been considered, namely 

plasticating and pumping. A machine in which both of these functions 

could be performed efficiently and independently of each other was 

thought to be worth investigating. 

The present work is concerned with a screwless plasticating 

extruder. As a plasticating extruder, the main functions that it is 

required to perform adequately are to melt the solid polymer feedstock, 

to mix it and finally to pump the melt through a die, preferably giving 

a continuous output. 

The principal aim of the project was to design and develop an 

extruder in which the plasticating functions, i.e. melting and mixing, 

could be controlled to a large extent independently of the output rate, 

thus overcoming one of the major disadvantages of single screw extruders. 

Though it was easy to criticise the single screw extruder for its 

lack of versatility due to its lack of independent control for each 

function, so far there is no alternative machine as simple as a screw 

extruder which can match its performance. 	It is certainly not intended 

for the present extruder to be a replacement for screw extruders, rather 

• 
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to be used where its extra versatility and flexibility over screw 

extruders prove it worthwhile, such as for plastication and homogenisation 

of difficult to process materials like high viscosity material--; of the 

future or even present day scrap polymeric materials. 

. Though in conception it should be a plasticating extruder, the 

principles of operation should also be applicable to homogenisers in 

4t) 	 which the material is fed in as hot melt. 	It is hoped that some of the 

advances made towards the evolution of a more universal processing 

machine may be of use to the polymer processing industry. 

1.6 Outline of the Thesis  

The major part of this thesis describes theoretical studies of the 

processes occurring in the extruder which led to the formulation of a 

mathematical model for the extrusion process. The main purposes for a 

theoretical model were threefold: 

1. To assess the effects on the process caused by varying 

operating conditions. 

2. To predict the performance of machines when processing 

materials characterised by different properties. 

and 3. To provide a valuable design aid which can be used to study 

the effects of varying the geometry and physical size of the 

extruder. 

The processes occurring in the extruder consisted mainly of feeding 

of solid polymer, melting and extrusion of the melt through the die. 

These were amenable to analysis individually and the overall model was 

derived by combining the separate models for each process. 

• 
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In chapter 2, the extruder and its operation are described. Also 

presented in this chapter are results obtained from a series of 

experimental tests carried out with the extruder. The main purpose for 

the experimental programme was to evaluate the performance of the 

existing extruder operating under various conditions with a number of 

different materials and to provide some means of assessing the validity 

of the theoretical models. 

Chapters 3 and 4 describe in detail the models for the feeding and 

melting zones respectively. For each zone, theoretical models with 

varying degrees of assumptions are derived and results for each model are 

presented and commented upon. 

In chapter 5 the complete model for the plasticating extruder is 

considered. Its validity is checked by comparing theoretical with 

experimental results. The results of computer simulations based on this 

model are also presented in this chapter, including results for scaling-

up based on the melting performance of the extruder. 

Finally, in chapter 6 some brief considerations on the economics of 

the process are presented, general conclusions are drawn and suggestions 

for further work are made. 

• 
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CHAPTER 2 

THE CONTINUOUS RAM EXTRUSION METHOD 

2.1 Introduction  

The plasticating extrusion process comprises the following four 

important operations: 

• 

1. Melting of the solid polymer feedstock. 

2. Mixing of the polymer melt. 

3. ' Pressurisation of the homogeneous melt. 

4. Extrusion through a die. 

Since the process is continuous, all four operations must occur 

simultaneously. Analysis of these operations individually led to the 

conception of the basic operating principles for the continuous ram 

extruder. Considering melting first, one of the simplest ways of melting 

the solid polymer is to supply heat by conduction. This method is, 

however, not very effective in view of the low thermal conductivity of 

polymers which would require long periods of time. Additional heat for 

melting can be generated by shear in polymer melt films adjacent to the 

solid material which is to be melted. Mixing is accomplished by shearing 

the melt and it is therefore evident that melting by heat derived from 

viscous dissipation and mixing by shear can be achieved simultaneously. 

This was the principle used in the highly efficient Borg-Warner 

plasticating unit and was also the principle adopted for the present 

extruder. 

Next, a pumping system which could be controlled independently of 

the melting and mixing function was required. 	The ram with its positive 

• 

• 
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displacement action was ideally suited for this purpose as the pressure 

that a ram can exert on any material is virtually unaffected by the 

nature of the medium being pumped. Ram extrusion is by no means a new 

process. In fact, the use of rams for extrusion and injection moulding 

purposes has only been discarded in favour of screw devices because of 

the prohibitive lengths of time necessary to completely melt the 

• material in a ram device. The other disadvantages are that the process 

is necessarily discontinuous and very little mixing can be imparted to 

the melt. On the other hand, the main advantage of the ram for 

extrusion purposes is its positive pumping action, and the facility to 

set extrusion pressures independently of other variables. When used in 

the present extruder, the only disadvantage that a ram had was that the 

output was discontinuous. By using more than one ram, however, a 

continuous output could be maintained and a very efficient pumping system 

would be obtained as exemplified by the Westover ram extruder. Combining 

this pumping system with the shear cell, a device in which plasticating 

function could be separately controlled from the pumping function was 

evolved. 

The final shape adopted for the experimental extruder consisted of a 

pair of rams feeding material into an annular plasticating cell formed by 

an externally heated barrel and a rotating mandrel inside the barrel. 

Two rams only were used for simplicity of construction. A prototype 

extruder was built to test the principles adopted. 	Details of this 

machine and some earlier experimental results and performance data 

obtained with this machine have been reported elsewhere [23]. 	A new and 

improved version was built following the original one. 

In this chapter, therefore, some of the descriptions have already 

been given previously [23]. 	Most of it, however, contains supplementary 
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and new information. 

2.2 Development of the Machine  

Originally, a very simple machine consisting of a pair of high 

pressure rams feeding solid polymer into a plasticating cell was 

constructed. The major components were attached to a large metal block 

in which three passages were machined, two feed passages and the other 

being the initial section of the plasticating cell - Figure 2.1. 	As an 

indication of the size, the internal barrel diameter was 44.5 mm. The 

very large block was necessary to guard against the risk of fatigue 

failure and to contain working pressures of up to 69 MN/m
2. Some 

flexibility and versatility was built into the machine at this 

preliminary stage such as the segmented barrel which could permit the 

variation of the length of the annular region coupled with the facility 

for changing plasticating shafts of different diameters without major 

disassembly in order to vary the size of the annular gap. The drive for 

the shaft was provided by an electric motor via a reduction gearbox with 

stepless changes and finally via a chain. The rams were driven by 

pressurised oil in an hydraulic system consisting of a motor, pumps, 

solenoid valves and hydraulic cylinders. 

Basically, the principle of operation was as follows: solid 

material was fed via hoppers mounted over apertures machined in the feed 

cylinders. 	It was pushed forward by the rams into the annular region 

where it was melted by heat conducted from the externally heated barrel 

and by heat generated by viscous dissipation due to shearing of the melt 

films formed. The same shearing action of the shaft mixed the polymer 

melt which was finally expelled through the die. 	The rams were cycled 

alternately in order to maintain a continuous flow of melt through the 

w 
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die. This was done either manually or automatically by microswitch 

operated solenoid valves in the hydraulic circuit. The microswitches 

were operated by arms attached to the rams. The cycling was arranged 

in such a way that there was always some pressure exerted on the 

material. This was achieved by retracting a ram to take a new charge of 

material before the other reached the end of its active stroke. This 

sometimes caused the material to flow from one feed cylinder to the 

other instead of into the barrel. To counteract this, two metal keys 

were inserted on top and bottom of the bore in the block (the initial 

section of the annular cell) with a small clearance with the shaft, thus 

in effect creating two separate feed chambers as shown in Figure 2.1. 

The controllable variables were, apart from the barrel temperature, 

the shaft speed, and the maximum pressure exerted by the oil in the rams 

by means of pressure relief valves. The former mainly controlling the 

plasticating rate and the latter the output rate. 

This machine gave a good output rate for its size compared with 

screw extruders, and proved that the method adopted allowed the 

plasticating rate to be controlled largely independently of output rate. 

From its operation, various observations were made for the construction 

of an improved version. Among these observations were: 

1. The large metal block heated up during a run and this caused 

the output rate to change. 

2. Polymer melt leaked through the seal at the journal bearing 

formed by the rear section of the main block and the shaft. 

3. Plasticating shaft power was a limiting factor for higher 

output rates. 

4. Extrudate uniformity was moderate at high output rates. 

• 

• 
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5. Effective pumping action was reduced when one of the rams 

retracted. 

An improved version of the extruder was then designed and built with 

a view to include the required modifications and other improvements in 

general. Figure 2.2 shows a diagram of the improved extruder. 

2.3 The Improved Ram Extruder 

2.3.1 The main block  

With the extruder described above, it was found that the main block 

temperature would increase during a run due to heat conducted from the 

barrel and to friction at the journal bearing between the shaft and the 

block. The consequence of this temperature rise was to affect 

significantly the output rate. 	Particularly at high pressures and 

speeds, the output rate increased considerably with the block temperature, 

for example, by as much as 1.6 kg/h per °C change in block temperature 

for a basically 16-20 kg/h machine processing low density polyethylene 

(LDPE). This effect was attributed to the fact that as the temperature 

of the block increased, the resistance to feeding decreased to the point 

that a lubricating melt film was formed and hence higher output rates 

were obtained [23]. 

For simplicity, the main block had no means of temperature control, 

thus grossly overlooking the above effect. Clearly, adequate means of 

temperature control are required for steady state operation. 

Alternatively, the block could be allowed to heat up to its equilibrium 

temperature, but this precluded the possibility of operating at an 

optimum preselected temperature. 	It was therefore suggested that a 

modified block should be used with a temperature control system which 

• 
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would permit both heating and cooling. A fluid medium flowing through 

passages in the block was a suitable method, although this presented some 

structural problems as pressures in the block were to be of the order of 

45 MN/m
2. 	The original block was designed to withstand higher pressures, 

but because of the other improvements described below it was possible to 

operate at lower pressures yet to maintain high output rates with the new 

design. This was beneficial because the fabricated block of the 

improved extruder was structurally weaker than the solid block used in 

the prototype machine. 

The final block is a fabricated unit consisting of a thick main tube 

to which two smaller feed tubes are welded symmetrically with their axes 

at 30
o 

angles to the barrel axis - Figure 2.2. 	This construction 

permitted the use of jackets welded around the tubes through which 

temperature controlling fluid media could flow. The angle between the 

feed passages and the barrel axis was 45°  in the original extruder in 

order to reduce the overall physical size of the block and to leave 

enough room for the feed cylinders to clear the bearing housing. 	In the 

new extruder it was possible to reduce the angle to 30°. This brought 

additional advantages in that the flow passages became more streamlined 

and hence offerred less resistance to the rams and also the lateral 

forces exerted by the incoming material on the shaft was smaller and hence 

reducing any sideways bending of the shaft and giving a longer life to 

the shaft. 

The main tube provides support for the plasticating shaft in the 

form of a journal bearing and also forms the initial length of the barrel 

extension. 	Brass collars are fitted to the shaft in this region to act 

as bearing surfaces. From experience with the prototype extruder, at 

high extrusion temperatures it was possible for melt films to form in 

• 
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this region and under pressure this could leak towards the bearing 

housing. The rear of the block has large machined slots so that any 

leakage that may occur flows to the atmosphere rather than forcing into 

the bearing housing. 	Also a port leading straight from the journal 

bearing surface to the atmosphere is available through which further melt 

leakage can be bled off. This port can be plugged if necessary. 	To 

further reduce the leakage of melt through the shaft seal, this region is 

water cooled by circulating water at room temperature through a jacket 

welded around the main tube at the rear of the block. The external 

surface of the main tube encased by the water cooling jacket is grooved 

in order to aid heat dissipation. 	This has an additional benefit in 

that it prevents heat from being conducted into the bearing housing which 

is also water cooled. This not only increases the life of the bearings 

but also that of the actual journal bearing and shaft seal which tend to 

wear out fairly quickly. 

Thick steel flanges are welded onto the ends of the tubes and these 

are used for attaching the shaft bearing housing and the barrel to the 

main tube and the feed cylinders to the other two tubes. The casing of 

the main block is then completed by two side plates joining the feed 

cylinders flanges to the barrel flange thus adding considerable strength 

and rigidity to the construction in order to withstand the high pressures. 

The top and bottom of the block are covered by steel plates bolted onto 

the flanges, further strengthening the block. 

Steel keys are also used in this extruder to create two separate 

feed chambers. 	The keys are brass tipped to reduce wear of the shaft 

due to any possible contact. 	The feed tubes are vented for removal of 

air and volatiles. 

• 
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2.3.2 Main block temperature control system  

Heating oil is used as the block temperature control medium and 

flows inside the jackets welded around the rear of the feed tubes and 

the front section of the block. Two separate but interconnected oil 

circuits are used, one for the front section and another for the feed 

tubes. The two jackets at the rear of the feed tubes are connected in 

• 
	 series. The block is thus divided effectively into two zones for 

temperature control purposes. This permits setting different 

temperatures along the feed passages in the block. 

In each oil circuit an electric motor drives an oil pump sending oil 

through an electrical resistance heater, an oil cooler and then through 

the jackets. The temperature of the oil is controlled by thermostatic 

switches which cut out the electrical heaters when the oil temperatures 

reach a preset value. The actual temperature of the block, measured by 

thermocouples embedded in the feed tubes is regulated by another set of 

controllers which not only cut out the oil heaters but also open the 

cooling water valves to the oil coolers when the block temperature 

exceeds the preset value for each zone. 	Both sets of controllers can 

be overridden manually if required. The two independent oil circuits 

are interconnected via a common expansion tank and the oil is 

continuously recirculated through each circuit. 

2.3.3 The barrel,  bearing housing and feed cylinders  

In anticipation of the need for removing heat from the barrel 

particularly when viscous heat generation becomes excessive,  e.g. when 

extruding high viscosity materials, a water cooling system has been 

incorporated in the barrel. 	Water flows inside three jackets spaced 

along the barrel. 	Under the jackets, the barrel has helical grooves 
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machined on its outer surface and these act as flow passages for the 

water. 	Electrical resistance heaters are mounted over the jackets and 

they maintain the barrel at preset temperatures via thyristor proportional 

controllers. The barrel is divided into two zones for temperature 

control purposes. 	The cooling water supplies to each jacket are 

independent of each other and the amount of cooling depends on the water 

flow rates. 

Unlike the sectioned barrel of the prototype extruder, the present 

one is of fixed length. It is attached to the main block via a 

reducer plate which forms a tapered converging annulus with the shaft. 

The converging channel imposes some degree of compression to the material 

and this assists the melting process. 	The reducer plate is also heated 

externally by an electrical resistance heater and contains extensions of 

the keys used to create the independent feed chambers. 
• 

At the front end of the barrel a breaker plate is used before the 

final lace die which is also heated externally by an electrical 

resistance heater. The breaker plate is a disc with a number of small 

perforations. • The die is bolted externally to facilitate die•changes. 

At the other end of the extruder, the shaft bearing housing is 

bolted onto the rear flange of the main block. The shaft loads are 

transmitted to the bearings via a sleeve to which the shaft is keyed 

externally. This arrangement permits the removal of the shaft without 

affecting the bearing assembly. The front of the bearing housing is 

sealed, against melt leakage by a tapered brass collar around the shaft 

at the entry into the bearing housing. 

The feed cylinders are bolted onto the two remaining flanges of the 

main block and are also cooled by water flowing inside the jackets. 	The 

purpose of this is to reduce the friction between the feed cylinder walls. 
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and the feedstock and also to prevent premature melting of the feedstock 

which could block the feed passages. 	Without cooling, the feed cylinders 

could be heated up considerably by heat conducted from the block. The 

length of the feed cylinders is the same as the stroke of the rams. 

Square hopper apertures are machined in the feed cylinders and on top of 

these, hoppers are fitted. 

The hydraulic cylinders are attached to the feed cylinders by tie 

bars. The whole assembly is bolted on top of a steel cabinet which 

houses the block temperature control systems and also the control valves 

for all the water cooling. 

The new extruder is about the same size as the original one, with an 

internal barrel diameter of 44.5 mm. 	Details of the major dimensions 

are given in Table 2.1. 	Plate 2.1 shows a general view of the extruder. 

2.3.4 Plasticatinq shaft and its drive  

The plasticating shaft drive is similar to that of the prototype 

extruder, but because of lack of plasticating power detected previously, 

the motor is a more powerful one. 	It has been upgraded from 7.5 kW to 

11 kW. 	The range of shaft speeds is about the same (60-380 rpm), and 

it is set remotely by a handwheel via a flexible cable connected directly 

to the speed variator. The final drive to the shaft is through a pair 

of flexible couplings. This arrangement allows some degree of freedom 

in the alignment of the rig. 	The shaft is cylindrical along most of its 

length except at the initial section which tapers from the diameter of 

the main tube in the block to its nominal diameter of 38.1 mm. 	Apart 

from the physical requirement of reducing the diameter of the rear of 

the shaft to its nominal diameter, the taper also serves to reduce the 

amount of bending of the shaft due to lateral forces exerted by the rams 
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and transmitted through the feedstock. It also decreases the volume of 

the dead spots in this region of the extruder where material could 

accumulate and stay in the machine eventually degrading. 
• 

Unlike the shafts used in the prototype extruder, the front end of 

the shaft does not terminate abruptly. 	Instead a pointed brass tip is 

screwed onto its front end. The tip is made of brass so that wear of 

the steel barrel does not occur if excessive pressures at the rams bend 

the shaft enough for contact to occur with the barrel. Due to a mistake, 

the shaft was made considerably shorter than the barrel so that a melt 

reservoir has been unintentionally created at the front of the barrel 

before the breaker plate. This had a beneficial action in damping 

fluctuations in the output rate which were observed with the previous 

machine. 

Only a single shaft was manufactured to use in this machine, but it 

was designed so that shaft changes are facilitated. 

2.3.5 Hydraulic system  

As in the prototype extruder, the reciprocating feed rams in the 

improved extruder are driven by oil in an hydraulic system. From 

theoretical considerations on the system employed in the prototype 

machine, it was calculated that at best only 14% of the rated power of 

the electric motor used for the oil pumps was available as useful power 

for the feeding process. This low use of the total power available is 

inherent in the ram feed process in that at least half of each ram cycle 

is unproductive and that not all of each feed stroke is used effectively. 

A possible way to• improve the power transfer from the pump motor to the 

feeding process was to use smaller rams which allowed for higher cycling 

rates and to upgrade the pressure rating of the system so that higher oil 
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pressures could be tolerated. 

Thus, in the improved extruder, the hydraulic cylinders used are 

82.6 mm bore x 152.3 mm stroke compared with 152.3 mm bore x 101.6 stroke 

in the original version of the machine, and the maximum allowed oil 

pressure is 11 MN/m
2 compared with 7.6 MN/m2. Though the oil pressures 

can be higher in the new machine, the actual pressure exerted by the ram 

• 
	 on the feedstock is lower than in the prototype extruder because of the 

lower ratios of hydraulic piston diameter to feed ram diameter. Initially 

higher pressure rating pumps were used, but these failed in operation due 

to manufacturing faults. The original oil pumps with a maximum pressure 

rating of 11.0 MN/m
2 were used thereafter. Because of this, the 

maximum power available from the hydraulic system for feeding purposes 

in the improved extruder is about the same as that in the old one, 

i.e. 2 kW per ram. In practice the ram power is well below this. Thus 

little improvement has been introduced into the hydraulic system in 

terms of power transfer efficiency. The complete hydraulic system is 

shown diagrammatically in Figure 2.3. The two oil pumps are driven by 

a 30 kW motor mounted on top of the oil tank. 	Oil is pumped directly 

to the piston through solenoid valve 4 which determines which side of 

the piston is to be pressurised. On the forward stroke, the oil in the 

low pressure side passes through valves 5, 6, 7 and 8 before it is 

returned to the tank. On the return stroke the oil flows directly to 

the tank. The maximum oil pressures are preset at the relief valves 2 

and any exhausted oil is returned to the oil tank. An oil cooler is 

used to provide a small amount of cooling to the oil whose temperature 

increases slightly after prolonged periods of operation. 	This is not 

shown in the oil circuit diagram of Figure 2.3. 

• 
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2.3.6 Control of the feeding system  

Two modes of cycling the rams are possible with the system in use. 

One in which each ram is actuated independently of the other by means of 

manual switches and the other in which the cycling of the rams is 

controlled automatically by means of microswitches actuated by arms 

attached to the rams. In this latter mode of operation, the cycling of 

one ram is dependent on the cycling of the other. This will become 

clearer when the automatic mode of operation is described in detail 

below. 

The speed of the ram during its forward stroke is controlled by 

valves 6 and 8 in Figure 2.3. When the solenoid valve 5 is not in 

operation, only valve 8 has flow rate control functions. In general, 

valve 5 is actuated when the ram has travelled already some distance 

during a feed stroke. The forward stroke can therefore be 

considered as consisting of two stages, the first in which the speed is 

controlled by valve 8 and the second by valves 6 and 8. Provided that 

valve 6 is not fully closed, the second stage is usually faster than the 

first stage. The purpose of this is to compensate for the loss of 

feeding of material to the barrel when one of the rams retracts by 

increasing the feed rate of the other ram. In the return stroke, both 

flow rate control valves 6 and 8 become inoperative since the oil is 

bypassed in valve 8 and is checked by valve 7. 

The solenoid valves are all operated by relays triggered by the 

microswitches. Figure 2.4 shows typical positions for the microswitches 

used in the automatic mode of control. 	In all, four switches are 

actuated by each ram along its stroke. Switches LHF and RHF cause the 

left hand ram and the right hand ram respectively to move forward. 

Switches LHZON and•RHZON are actuated simultaneously as LHF and RHF. 

• 
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The function of these two switches is to reset switches LHZ and RHZ 

respectively ready into operation. Switch LHZ provides two functions 

simultaneously, it causes the right hand ram to retract and brings into 

operation the second stage flow rate control valve for the left hand ram. 

Switch RHZ has the opposite functions to LHZ. Switches RHZOFF and 

LHZOFF cancel the switching action of switches RHZ and LHZ respectively. 

• In order to visualise the motion of the rams, Figure 2.4 shows a 

typical arrangement of the positions of the rams. Having actuated switch 

LHF, the left hand ram moves forward. Since LHZON was also actuated, 

LHZ is ready for operation. As the ram continues to move forward, 

RHZOFF is actuated and this neutralises any switching action of RHZ. 

In the meantime, the right hand ram continues to stay as its forward 

position under pressure. When LHZ is next actuated, the right hand ram 

retracts whilst the left hand ram moves at a higher speed because LHZ 

also brings into operation the second stage flow rate control valve for 

the left hand ram. In its return stroke, the right hand ram actuates 

RHZ but this has no effect since its switching action had already been 

cancelled by RHZOFF. When RHF is actuated, the right hand ram changes 

direction of movement and begins its forward stroke, at the same time RHZ 

is ready again for action since RHZON was actuated. As the right hand 

ram moves forward, LHZOFF is actuated which cancels the switching action 

of LHZ and when RHZ is actuated by the ram when it reaches that position 
a 

in its forward stroke, the left hand ram retracts and the second stage 

flow rate control valve for the right hand ram is brought into action. 

When the left hand ram has reached its fully retracted position, the 

cycle is repeated. 

It is thus clear that the left hand ram cannot return until RHZ is 

actuated by the right hand ram in its forward stroke and vice-versa. In 
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this way the cycling of one ram is dependent on that of the other. For 

optimum output uniformity, the position of switches LHZ and RHZ is 

critical. Switches LHF/LHZON and RHF/RHZON are set at the maximum 

rearward position for each ram. 	Plate 2.4 shows the microswitches 

displaced at typical positions. 

In the manual mode of operation, all switches become inoperative 

except for LHZ and RHZ. These, however, do not perform the dual function 

described above but only switch on the second stage flow rate control 

valves. Two independent switches for each ram are used to control the 

motion of the rams, one to cause the ram to move forward and the other to 

retract it. 	In this mode of operation, therefore, the cycling of each 

ram is completely independent of the other. 

Two mode selector switches are provided, one for each mode of 

operation. 

2.4 Instrumentation  

The principal performance parameters of the process to be measured 

were the output rate, the melt temperatures, the pressure in the melt 

and the power consumption which depended on the operating conditions, 

i.e. the plasticating shaft speed, the pressure exerted by the rams, and 

the temperatures set along the barrel and the main block. 

A convenient method for measuring output rate was to weigh a sample 

of the extrudate collected over an adequate period of time. 

Melt temperatures were measured by thermocouples placed at four 

tappings along the barrel section as shown in Figure 2.2. 	Direct 

readings of the temperatures were recorded on a calibrated six-channel 

chart recorder. 

Pressures in the material were measured at four tappings along the 
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barrel, opposite the melt thermocouple tappings. 	Either grease filled 

Bourdon type gauges or pressure transducers connected to an ultra-violet 

recorder via bridge amplifiers could be used to register the pressures - 

Plate 2.2. 

The torque transmitted by the shaft was measured by a torque 

transducer installed on the final shaft drive, between the flexible 

couplings. When the set up was calibrated, the torque could be read off 

a voltmeter directly. The shaft speed was measured by a magnetic pulse 

pick up integral with the torque transducer - Plate 2.3. Its value was 

also indicated on a calibrated meter. 

The oil pressure for the rams was indicated by Bourdon type gauges, 

but these were mainly used for setting the maximum oil pressures for 

each ram. In general, they were shut off afterwards to prevent fatigue 

damage. A recording of the actual oil pressure driving the rams could 

be obtained on the U.V. recorder using pressure transducers with bridge 

amplifiers. 

Displacement transducers made up of simple variable electrical 

resistances with a constant voltage supply were used to record the 

positions of the J-ams on the U.V. recorder. 	The rheostats were linked 

directly to the rams as shown in Plate 2.4. From the recordings of the 

position of the rams, the cycling rate could be determined and also the 

speed of the ram, if required, could be calculated by measuring the slope 

of the tracing. 

Two control thermocouples connected in parallel for each barrel 

temperature control zone were used. They were embedded in the wall of 

the barrel at 3.2 mm from the internal surface of the barrel. 	The 

temperatures measured by the thermocouples and the preset temperatures 

were registered on thyristor proportional controllers. 

0 

0 
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Thermocouples were also embedded in the feed cylinders in the main 

block for temperature measuring and control purposes. Plate 2.5 shows 

details of the block and the position of the thermocouples. 

Apart from this main instrumentation, other gauges were provided to 

indicate the temperature of the cooling water for the feed cylinder and 

the shaft seal, and the pressures in the heating oil circuits. 

Plate 2.6 shows the main control cabinet housing the electrical 

systems and some instrumentation. 

Platte 2.7 shows the hydraulics control cabinet. 	The flow rate 

control valves and the pressure relief valves can be seen together with 

the pressure gauges used for setting the maximum oil pressure. 

Details of the instrumentation are given in Table 2.1. 

2.5 The Experimental Programme  

2.5.1 Objective of the experiments  

A series of tests were carried out initially with the extruder to 

measure its general performance. This consisted mainly of measurements 

of output rates, mechanical power consumption and melt temperatures as 

functions of the two major independent variables, namely the rotational 

speed of the shaft and the pressure exerted by the rams. 

A number of materials were processed to test the versatility of the 

extruder and to study its behaviour. 	The materials used were LDPE 

granules, high density polyethylene (HDPE) granules, polystyrene (PS) 

beads and polypropylene (PP) granules. 

In addition to these general measurements, detailed data was also 

collected for some of the test runs with the aim of providing a basis for 

comparison with theoretically predicted results in order to assess the 

validity of the theoretical models developed to describe the ram extrusion 

• 
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process. 

2.5.2 Experimental procedure  

This section briefly describes the procedure adopted for the 

experimental tests. 

The heating systems were switched on at the beginning of each series 

• of tests carried out during each day. When the chosen temperatures were 

reached, the shaft drive motor was switched on and the rams brought into 

action. With the ram cycling in the manual mode, each ram was brought 

to the end of either its forward or backward stroke and keeping the 

solenoid valves open, the maximum oil pressure for each ram was set at 

the pressure relief valves. With the selected material for the test in 

the hoppers, the ram cycling was switched to the automatic mode and the 

material that was inside the barrel at the start was flushed out. 

Note: this machine is not self clearing and there is always material 

left inside the extruder at the end of each run. 

The position of the microswitches LHZ and RHZ (Figure 2.4) and the 

opening of the flow rate control valves 6 and 8 (Figure 2.3) were adjusted 

by a trial and error method until a flow of the polymer melt at the exit 

of the die as even as possible was obtained. 	To assist this operation, 

the pressure registered by the pressure gauges placed along the barrel 

was monitored. The most uniform flow occurred when the pressure 
• 

fluctuations were smallest. 	Though this adjustment was carried out at 

specific shaft speed and ram pressure, it was found that it was adequate 

to maintain uniform output under different shaft speeds and oil pressures. 

Having established the optimum positions for the microswitches and 

the optimum openings of the flow rate control valves and with the barrel 

and block temperattires at preset values, the remaining independent 
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variables affecting the performance of the extruder, when processing a 

given material, were the maximum oil pressure at the rams and the shaft 

speed. With the maximum oil pressure already preset at the pressure 

relief valves, the output rate and other dependent variables like melt 

temperature and torque transmitted through the shaft were measured for a 

range of shaft speeds. This was repeated for different maximum oil 

• 
	 pressure settings. 

Occasionally the oil pressures selected were in excess of the design 

limits and therefore were maintained only for a short period, long 

enough to gather the required performance data but short enough to avoid 

mechanical deterioration of the extruder. This was done for testing 

extreme operating conditions on the extruder's performance. 

For some tests, the extrudate was laced in a water cooling bath by 

passing it over a set of pulleys and using a roller take off, and was 

subsequently granulated for reuse. 	It was possible to assess the 

uniformity of the output by examining the variation in the cross section 

of the lace prior to granulation. This granulated material was normally 

used for starting purposes, i.e. flushing the old material in the extruder 

out and setting the positions of the microswitches and openings of the oil 

flow rate control valves. 

2.5.3 Measurement and accuracy of experimental data  

Before carrying any detailed analysis of the data collected 

experimentally, the accuracy of these must be considered. 

In the measurements of output rates, the weighing accuracy was 

better than 0.1% and any significant error came only from the timing of 

the interruption of the melt flow at the exit of the die or at the 

granulator (when this was used) when collecting the sample. 	Even 
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allowing for a couple of seconds in timing error, the overall accuracy 

was within 1%. Water absorption in the cooling bath was sufficiently 

insignificant with the materials used to have affected the weight of the , 

extrudate collected. 	At least two samples were collected for each test 

and a mean output rate evaluated. 

The shaft power consumption was obtained from measurements of the 

shaft speed and the torque transmitted through the shaft. Because of 

the position at which the torque transducer was mounted the power 

consumption calculated did not include motor, reduction gearbox and chain 

drive losses, but included losses in the shaft bearings. 	Unfortunately, 

these bearing losses could not be measured because the extruder could not 

run 'dry'. The semi-permanent mounting of the torque transducer 

rendered its calibration before each days test inconvenient and therefore 

once it was calibrated off the rig, its calibration was not checked again 

until after a period of months. It was found that it remained constant 

during these periods. Calibration of the torque transducer was carried 

out statically by applying a known load at a given leverage. According 

to the manufacturers instructions, this gave an accuracy of about 3-5%. 

The calibration of the shaft speed meter was checked occasionally 

with a hand held tachometer which was inherently very accurate. The 

differences were not more than 2 rpm which represented an average error 

of about 1% in the range of speeds used in the experiments. 

During a run no fluctuations in the shaft speed were detectable from 

the meter and it remained constant, independent of the load. Fluctuations 

in the torque were large enough to show on the meter and these were due 

to the intermittent flow of material in the separate feed chambers at the 

initial region of the barrel. These fluctuations were more significant 

than any inherent inaccuracy of the torque measuring system quoted by its 
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manufacturers. For the purposes of measuring overall performance the 

nominal values for the shaft speed and torque were adequate. 

The barrel temperatures were read off the indicators of the thyristor 

proportional controllers which held the barrel temperature to ± 1°C of 

the set temperature. The quoted accuracy of the set temperature was 

- 0.25% and that for the indicated temperature was ± 1%. 

The block temperatures and the melt temperatures were read off the 

multi-channel chart recorder with an accuracy of - 1%. The melt 

temperatures were measured by thermocouples inserted through the barrel 

wall. Because of this arrangement, the barrel temperatures could 

influence considerably the values measured by the thermocouples. A 

discussion on melt temperature measurement in plastics processing 

machinery is outside the scope of this thesis but it suffices here to 

say that errors as high as 30% can exist in such arrangements which are 

most undesirable. 

When the extrudate was not laced, its temperature was measured by a 

hand held thermocouple probe connected to a direct reading meter. 

Though the accuracy of the instrument was 1%, it was difficult to keep 

the probe in the melt stream and the meter reading tended to drift, 

therefore not too much reliance was placed upon this. 

For the general results, the pressures measured along the barrel 

were read off directly from the Bourdon type gauges. The accuracy of 

the instruments used was poor. 	But the fluctuations in the melt 

pressure were sufficiently large for the inaccuracies of the gauges to 

be insignificant. The maximum and minimum pressures registered during 

a ram cycle were recorded. For a considerable part of each cycle, the 

pressure remained fairly steady, changing at a very slow rate. 	This 

value was also recorded. Clearly these results were inadequate for 
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more detailed analysis and they served only to give an order of 

magnitude of pressures in the barrel. 

The ram oil pressures could be read off more easily from 'the 

Bourdon type gauges but again the fluctuations due to the pumping system 

were more significant than any inaccuracies of the instruments. 

For the more detailed results, calibrated pressure transducers were 

used and a continuous monitoring of the pressures was obtained on an 

U.V. recorder. The accuracy of the combined pressure monitoring system 

was estimated to be better than 2%. However, because of the 

fluctuations in pressures the estimated accuracy of 2% becomes 

meaningless when nominal values only were used. 

The displacement transducers had an accuracy of about 4%. But when 

used for determining cycling rates, the accuracy was better than 1%. 

2.5.4 Results and discussions  

In this section quantitative results are summarised in graphical 

form and discussed. Apart from these, observations made during the 

tests are presented and commented upon. 

I 	Quantitative results  

Figures 2.5 to 2.8 show the output rate plotted against the maximum 

oil pressure at the rams when processing LDPE, HDPE, PP and PS respectively. 

The range of shaft speeds used was from 60 to 240 rpm. The maximum oil 

pressure rather than the actual ram pressure was selected as the 

independent variable affecting most 
	

the output rates. 	This was 

justified in that during all test runs, the oil pressure in the hydraulic 

cylinders was at its maximum preset value for most of the active strokes 

of each feed ram. The actual ram pressure could be obtained by 
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multiplying the value of the oil pressure by the appropriate scaling 

factor given by the square of the ratio of the piston diameter to the 

ram diameter, in the present extruder being approximately 3.45. 

The fact that maximum oil pressure was reached in all the cases 

underlines that the output rates were limited only by the pressures 

available at the rams and that plasticating capacity was adequate to 

• 	 meet these output rates. In all the graphs shown, the output rate for 

a given shaft speed increases with increasing oil pressure. If the oil 

pressure had been increased indefinitely, clearly the output rate would 

have not increased accordingly because under these conditions it would 

have been limited by the plasticating capacity of the extruder, and also 

once the oil pressure was sufficient to drive the rams at their maximum 

cycling rate, no further increase in feeding can occur. 	In all the 

experiments the maximum oil pressures preset at the pressure relief 

valves were the same for both rams. 

In some of the results shown in Figures 2.5 to 2.8 the oil pressure 

exceeds the rated value of 11 MN/m
2. Test runs were carried out at 

these extreme conditions to test if the plasticating capacity could meet 

the requirements for larger output rates. It appears that the present 

extruder has adequate plasticating capacity to match its pumping capacity. 

Figures 2.9 to 2.11 show the melt temperature measured by the 

thermocouple at position A in Figure 2.2 plotted against output rate for 

the two extreme shaft speeds, i.e. 60 and 240 rpm. 	No valid results 

were obtained for PP because the temperature at this location was outside 

the nominal range of the temperature recording instrument used. 	In 

general, the melt temperatures decrease with increasing output rate. 

This is explained in that at low flow rates, the residence time of the 

material in the extruder is longer and hence more energy is received by 
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each particle of material flowing along the extruder channel and hence its 

temperature becomes higher. These results also confirm that the output 

melt temperatures can be controlled by varying the shaft speed. However, 

a change in shaft speed to control the melt temperature and mixing also 

affects the output rate if the ram was operating at a fixed pressure as 

shown by the graphs of Figures 2.5 to 2.8. Ideally an output rate 

• dependent on ram pressure only was desirable, but as shown, for a given 

pressure the output rate increases with increasing shaft speed and 

vice versa. This phenomenon is inherent in the process and can be 

attributed in a crude and simple manner to the non-Newtonian behaviour of 

polymer melts. Thus, if the overall pressure gradient along the 

extruder channel is maintained constant, and because an increase in 

shaft speed reduces the apparent viscosity of the melt due to higher 

shear rates and temperatures and hence the overall resistance to flow 

decreases, the same pressure gradient would clearly drive more material 

through the channel giving higher output rates. Also at higher shaft 

speeds the solid material melts sooner and the flow channel is filled 

with more polymer melt than solid material which in general requires 

higher pressures to be pumped. 

At first it may appear therefore that the major aim for the 

development of such an extruder, i.e. the independent control of 

plasticating functions from the pumping function has not been achieved. 

In practice, however, the procedure would have been to select first the 

shaft speed to give the required plasticating performance and then to 

select the ram pressures which gave the appropriate output rate for the 

chosen shaft speed. In this way plasticating rate is controlled quite 

independently of output rate. This clearly represents a considerable 

advantage for this ram extruder over the single screw extruder in which 
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such a degree of control is very difficult to achieve without a change in 

the screw design. 

The specific mechanical power consumption expressed as the work 

done per unit mass of material processed has been plotted against output rate 

in Figures 2.12 to 2.15. The specific shaft power consumption decreases 

with increasing output rates as expected. Thus, in terms of mechanical 

power consumption only, it is more economical to operate at higher output 

rates than at lower output rates, and at lower shaft speeds than higher 

ones, as long as plasticating performance and the amount of mixing 

imparted to the material are adequate. These results also confirm the 

results shown in the graphs of Figures 2.9 to 2.11 in that at low 

output rates the energy supplied to unit mass of material is higher and 

hence the higher melt temperatures measured. 

Considering the results for LDPE only, at typical commercial output 

rates for the present size of machine, the specific shaft power consumed 

is only 0.15 kWh/kg. This, however, cannot be compared directly with 

the screw power in single screw extruders since some of the power is 

used for conveying purposes in the screw extruder. To the shaft power 

must be added the power of the rams and the total should be comparable 

with that of a screw extruder with similar performance. For a typical 

output rate of 40 kg/h of LDPE, the total power from the rams was 

estimated at 0.75 kW based on the force exerted by the rams, the 

effective length of each stroke and the ram cycling rate. This implies 

that the total specific mechanical power consumption was estimated at 

about 0.17 kWh/kg and this compares favourably in terms of energy economy 

with the 0.19 kWh/kg considered as the necessary power consumption for a 

screw extruder producing good quality LDPE melt. 
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II 	Observations  

Initially, the main observations made during the operation of the 

extruder were directly concerned with the effects of the improvements and 

the modifications introduced in the new extruder. 

(i) 	Main block temperature  

• 
	 One of the main improvements in the new design was the 

provision of a temperature control system for the main block. This 

proved to be satisfactory in operation and temperatures achieved in 

the block of the improved extruder were considerably higher than 

those in the prototype extruder, e.g. 150 to 175°C after a warming 

up period of 2 to 3 hours compared with 90 to 110°C for the same 

period of time in the old extruder depending on the barrel 

temperature. 

At these relatively high temperatures feeding of the material 

occurred without problems when processing the materials mentioned 

above. Since these block temperatures were in excess of their 

softening points a melt film would have formed between the solid 

feedstock and the walls of the feed tube and it would have acted as a 

lubricating layer. In general, high block temperatures are helpful 

in that the pressure losses in the feeding zone are smaller because 

of the possible existence of lubricating polymer melt films and hence 

the full pressure provided by the hydraulic system may be used to 

yield higher output rates. However, this does not mean that it is 

a necessary condition for successful operation of the ram extruder 

that the block temperature should be higher than the softening point 

of the material though such a condition is favoured for more 

efficient use of the pumping capacity of the extruder. 

• 
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The maximum block temperatures achieved initially were of the 

order of 130 to 140°C. It was found that most of the heat conveyed 

by the heating oil was lost in the piping system to the main block. 

With the piping insulated by asbestos tape and the block cavities 

filled with glass wool, the maximum temperatures achieved were 

around 150 to 175°C. At these maximum values, the block 

• 
	 temperature remained fairly steady. The amount of heat supplied by 

the oil heaters balanced the natural losses in the system and it was 

found that the action of the controllers both for the block temperature 

and the heating oil's temperature was not required. The full 

current was supplied continuously to the electrical oil heaters and 

the coolers were never operated. At temperatures lower than these, 

it was found that the controllers worked efficiently by simply 

cutting off the current supply to the heaters and restoring this when 

the temperature decreased enough. In this way, 	the main block 

temperature was maintained within 2% of the preset value. In the 

automatic temperature control mode, when the temperatures were well over 

the preset value, the oil coolers were brought into operation. 

These reduced the temperature of the heating oil considerably and a 

lengthy period of time was required for the block temperature to be 

restored to its preset value again. 

(ii) 	Shaft seal leakage  

The leakage of molten polymer past  the shaft seal was slightly 

reduced by the water cooling in this region. 	Despite this, leakage 

still remains a problem to overcome. It was more pronounced when 

processing LDPE than with other materials. 	Very little leakage 
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occurred with PP. Clearly the less viscous the melt the greater is 

the leakage. Two possible methods should be suitable to reduce 

leakage. 	First, more efficient seals could be b_ied and evolved, 

and second, inserts to modify the flow passa,ges could be used to 

streamline the flow of the material into the barrel from the feed 

cylinders and thus preventing the feedstock from moving towards the 

• 
	 rear of the annular channel and eventually leaking out past the 

shaft seal. 

(iii) Control of feed rams  

The other major modification to the extruder was the 

improvement of the hydraulic system to drive the rams. 	Because of 

the failure of the new oil pumps, the lower pressure pumps from the 

prototype extruder were used instead. The resistance to flow 

offerred by the material to the feed rams was such that the maximum 

preset oil pressure was reached in all the experimental runs. Even 

if the uprated pumps had been used, the full pressure of the oil 

would have not been adequate to overcome easily the resistance of 

the material as some tests at high pressure have shown. Under 

these conditions, the speed of the rams was controlled by the 

resistance to flow of the material and most of the oil was exhausted 

through the pressure relief valves during the active stroke of each 

ram. Also, at these conditions, the oil flow rate control valves 

used to adjust the speed of the rams became ineffective and they 

were left fully open. The optimum output uniformity was thus 

achieved by the adjustment of the position of microswitches LHZ and 

RHZ only (see Figure 2.4). 
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(iv) Output uniformity  

Visual inspection of the melt leaving 

the die revealed that substantial changes in the melt stream could 

occur during each ram cycle. When the extrudate was laced, fairly 

uniform lace was produced but this could not be relied upon as an 

accurate indication of the uniformity of the output since the 

uniformity of the cross section of the lace was more dependent on 

the hauling-off speed of the pulling rollers than on the uniformity 

of the extrusion pressures. However, measurements of lace 

diameters were made at equally spaced intervals along some lace 

samples and variations as high as 50% from the mean diameter were 

obtained, reducing to 7% when the hauling speed and the ram cycling 

were adequately adjusted. These statistical results cannot be 

considered as very significant because in addition to the effects of 

the hauling speed on the lace uniformity, the measurement of 

'diameters' was not very satisfactory. For the drawing of a cooling 

melt against flat pulleys and the consequent deformation of the 

initially circular cross section of the lace when leaving the die 

implied that 'diameters' measured were not those of a true circular 

cross section but a mean value of a somewhat oval cross section. 

A better indication of output uniformity was obtained from 

the pressure variations at the die. Figure 2.16 shows a typical 

recording of the melt pressure at position 2 in Figure 2.2. This 

is by no means the most uniform pressure recording obtained, rather 

it was chosen as one which shows typically the pressure changes. 

The vertical lines are at 1 second intervals and the total time shown 

is that for two cycles, one for each ram. 	In the case shown, one 
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of the rams was cycling faster than the other due to differences in 

the position of microswitches and also in the feeding resistance of 

the material in each feed chamber. The sudden drops in pressure 

occurred when each ram retracted to take a new charge of material. 

In chapter 5 it is shown that the volumetric flow rate of 

the melt, through the circular die and the breaker plate consisting 

of a number of cylindrical passages, is proportional to 

11/n [pressure gradients 	where 0 < n < 1. When applied here, the 

pressure measured by the transducer at position 2 in Figure 2.2 can 

be considered as proportional to the pressure gradient along the 

flow channel from the point of measurement to the exit of the die 

since at this point the pressure is atmospheric. Thus, it can be 

seen that the change in the flow rate during a cycle can be 

considerable since a small change in the pressure gradient may 

produce a large change in the flow rate, the effect being more 

marked the more non-Newtonian the material is, i.e. the smaller the 

value of n, typically n = 0.5 for polymer melts. 	Visually, a 

sudden reduction in flow rate could be detected at the exit of the 

die when these pressure drops occurred. 

Figure 2.16 shows that for about 80% of the cycle time the 

pressure changes are slow and small. Under these conditions the 

change in the output rate could not be detected visually and the 

lace produced during this part of the cycle proved to be fairly 

uniform. 

(v) 	Solids feeding  

Some solids feeding problems occurred when processing 

certain materials. With LDPE granules no feeding problems were 
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encountered but when PS granules were used, these tended to jam in 

the feed passages inside the main block. 

Several reasons for jamming to occur were possible. The 

temperature of the feed passage walls might have been unfavourable 

for a particular material. For instance, too high a temperature 

in the block could lead to premature melting of the feedstock which 

could turn into a solidly compacted aggregate difficult to break so 

that flow through the junction of the feed cylinder with the barrel 

could not occur; and too low a temperature would result in 

considerable pressure losses through friction of the solid material 

against the walls of the feed passages. 	In the following chapter 3 

some methods of estimating values for the frictional losses are 

considered. It will be seen that Coulomb friction between solid 

polymer particles and metal walls can lead to considerable pressure 

losses. 

The relationship between the physical size of each solid 

particle of material and the flow channel dimensions is also 

significant since bridging of the solid particles may occur. The 

larger the size of the polymer granules the more susceptible it is 

for bridging to occur. For example, when processing two similar PS, 

one in the form of reactor beads and the other in the form of 

comparatively larger granules, with the extruder set at the same 

operating conditions, jamming of the feed passages occurred 

persistently with the larger granules whilst no feed problems were 

met with the smaller beads. 

Another factor affecting the feeding of solids is the internal 

coefficient of friction of the granular material, i.e. the friction 

offerred by a particle of the material to its surrounding particles. 
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Clearly the higher the internal coefficient of friction of a 

granular material the higher is its resistance to flow (or 

deformation) and thus higher ram pressures are required to 

maintain an adequate flow rate. 

For some materials, e.g. LDPE granules, these factors 

affecting the feeding process were not critical since high pressures 

• 
	 and adequate block temperatures could overcome any jamming of the 

feed passages. But the low heating capacity of the main block and 

the pressures permitted both in the hydraulic circuit and the main 

block were sometimes limitations with other materials, e.g. PS 

granules. 

Though high block temperatures may assist the feeding process 

by producing a layer of melt and hence change the nature of the 

friction from a Coulomb to a viscous type, it was observed that, if 

the temperatures were high enough for the feedstock to be completely 

melted in each of the feed chambers created by the keys, feeding 

efficiency could be reduced considerably. When each feed chamber 

was filled by melt rather than solid polymer, as one ram pushed the 

material forward the pressure was readily transmitted to the other 

feed chamber through the polymer melt. Thus, when the other ram 

retracted, the pressure exerted by the ram still moving forward was 

enough to force considerable amounts of material into the feed 

cylinder of the retracting ram, reducing the amount of material fed 

into the barrel. Had the feed chambers contained solid rather than 

molten polymer, this would have not occurred since pressures are not 

so readily transmitted through the solid polymer and also the keys 

would have prevented the flow of solid polymer from one feed chamber 

to the other one. 
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When processing very finely granulated material, e.g. PS 

reactor beads, on the return stroke of each ram, some of the material 

in the hopper falling on the surface of the ram was dragged backwards 

and out of the feed cylinder. This could be considered as a large 

amount of leakage, but since this material could be easily collected 

and replaced into the hoppers, the overall loss of material was 

• 
	 insignificant. 

(vi) Plasticating power  

The maximum plasticating shaft power drawn from the 11 kW 

drive motor was measured at 9.3 kW. The maximum plasticating 

shaft power available in the prototype extruder was only 2.8 kW. 

Comparing the output capacity for the two machines when processing 

LDPE, the improved extruder gave a maximum output rate about twice 

that obtained with the prototype extruder. This large increase in 

the output rate cannot be attributed only to the increase in the 

plasticating power but also to the other improvements mentioned in 

this chapter, in particular to higher block temperatures. 	In 

general, the use of a more powerful motor to drive the shaft 

improved the overall performance of the extruder. 

(vii) Output rates  

Simple calculations as to the maximum obtainable output 

rates, based on the pumping capacity of the hydraulic system, 

revealed where changes were necessary if these high output rates are 

to be achieved. 

A feeding rate of 60 gm/stroke of LDPE granules was 

determined experimentally. 	This was the amount of material falling 
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into each feed cylinder through the hopper apertures with the rams 

fully retracted. It was found that the level of material in the 

hoppers did not affect this. At the maximum cycling rate of the 

rams, about 35 cycles/min, measured without any material being fed 

in, the combined output rate given by the two rams would have been 

250 kg/h of LDPE. In practice a maximum of 40 kg/h only has been 

• 
	 obtained, with the rams cycling at a rate considerably lower than 

the maximum possible. If the full pumping capacity of the extruder 

is to be realised, higher working pressures must be allowed both in 

the main block and in the hydraulic system. However, it is just as 

well that the rams do not travel at their maximum speed since output 

uniformity would have been extremely poor. Also, plasticating rate 

would have certainly been a limiting factor. 

(viii) Other aspects  

In addition to the materials used above, a PVC compound was 

tried with the ram extruder. This proved to be unsuccessful but 

the main reason for this was that the operating conditions were not 

favourably set for this material. With the ram extruder, it is 

necessary to flush out the material left in the extruder after the 

previous run when a new material is extruded. This may pose some 

problems, particularly if the maximum processing temperature of the 

new material is 	below the softening point of the material left 

in the extruder from the previous run. This was the case 

experienced with PVC. The processing temperatures were excessive 

for this material and thermal degradation occurred with the result 

that the complete flow passages were blocked by degraded PVC. With 

the other material used, thermal degradation occurred only with PP 
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when processed at very high shaft speeds, but no blocking of the flow 

passages occurred. 

In the feed chambers formed by the initial lengths of the 

plasticating shaft and barrel and the metal keys, some dead spots 

where the material may be trapped exist. 	These, however, were not 

very critical since the material here tended to leak past the shaft 

• 
	 seal rather than move towards the die. 

At very high extrusion pressures, the force exerted by the 

rams on the feedstock and transmitted to the shaft laterally were 

large enough to deflect it considerably to the point that the brass 

tip of the shaft rubbed against the barrel wall. Occasionally, some 

brass particles were found with the extrudate. Clearly, a more 

rigid shaft was preferred if this was to be avoided. 

In general, all the other improvements and modifications to 

the prototype extruder were found to be effective. In particular, 

the cooling system for different parts like the bearing housing and 

the initial section of the feed cylinders under the hoppers were 

found to be most useful in keeping their temperature low at room 

temperature. 

It was found that barrel cooling was not required with the 

polymeric materials processed though this facility adds further 

flexibility to the machine particularly when very viscous polymers 

are handled. In general, the barrel temperatures in the ram 

extruder were set higher than in screw extruders when processing a 

given material. This improved the melting rate and also higher 

output rates have been obtained by increasing the barrel temperature. 

With the operating conditions and materials tested, no 

increase in barrel temperature was detected when the shaft speed was 
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increased. It was noted that once the extruder was running 

steadily, very little barrel heating was required. 	More recently, 

a pulverised rubber has been successfully processed by this 

extruder. With this material an enormous amount of heat was 

generated by the rotation of the shaft and barrel cooling was 

necessary. 

Though facilities were provided for changing the die and the 

plasticating shaft, all the experiments were carried out using the 

same set of die and shaft. The dimensions of these are given in 

Table 2.1. 

2.6 Conclusions  

A ram extruder for polymers giving a continuous output has been 

designed and built based on a prototype machine. Many improvements and 

modifications were incorporated in the new design adding further 

flexibility and versatility to the process. The overall performance 

has been greatly improved by these changes. The two main functions of 

a plasticating extruder, namely plastication and pumping of the polymer 

melt were separated in the ram extruder so that independent control of 

each function from the other was possible. This was a major advantage 

over conventional screw extruders. For plasticating purposes the 

shearing action in an annular channel provided by a stationary barrel and 

a rotating mandrel inside the barrel was exploited, whilst the melt 

pumping action was derived from hydraulically driven rams. 	To maintain 

a continuous flow of material through the die more than one ram was 

required and in the present extruder the minimum of two rams was selected 

for simplicity. 	In this way the plasticating rate was mainly controlled 

by the shear rate on the material in the annular cell by varying the 
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shaft speed, and the output rate was controlled by varying the pressures 

exerted by the rams. 

In practice, the two functions are not entirely independent of each 

other because of the physical nature of the materials processed, in 

particular, the non-Newtonian behaviour of the polymer melts, and it is 

also clear that the output rate of the machine cannot exceed the rate at 

which material is plasticated. However, because of the control 

facilities, they are independent of each other to a large extent. 	Thus, 

for example, a reduction in output melt temperature may be accomplished 

by a reduction in shaft speed which controls the plasticating rate. 

Though a reduction in output rate may occur as a result of an increase in 

flow resistance by reducing the shaft speed, in the continuous ram 

extruder this loss of output rate can be compensated readily by 

increasing the ram pressures and hence demonstrating the versatility of 

the process. 

Output rates obtained with the present size of extruder were 

satisfactory and it proved to be more economical in terms of specific 

power consumption than a comparable single screw extruder. With the 

continuous ram extruder it is more economical to operate at large output 

rate but the savings become smaller when output rates become excessive. 

The output uniformity was, however, inferior to that of a screw extruder 

due to the intermittent pumping action of the rams, but for non-

continuous applications such as injection and blow moulding the ram 

extruder can be operated successfully as a plasticating unit in which the 

condition of the polymer melt delivered can to a large extent be 

controlled independently of the rate at which the polymer is to be 

supplied. 

Some minor technical faults were experienced with the extruder such 
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as lack of stiffness of the plasticating shaft, leakage of material in 

certain places and unreliability of some mechanical components. These 

can, however, be cured relatively easily and cannot therefore be 

regarded as limitations of the process. 

A major problem encountered in this particular extruder was the 

jamming of the feed passages by solid material when processing under 

incorrectly set operating conditions. 	Towards this, the relatively 

small dimensions of the flow passages in the solids feeding zone of the 

extruder encouraged bridging to occur particularly when large size 

granules were fed in. This, however, should not occur in future and 

larger versions of the ram extruder. Also, better understanding of the 

frictional behaviour of granulated polymers should ease these 

difficulties by aiding the selection of right conditions for the feeding 

zone. 

Another problem inherent in the process is that the machine is not 

self clearing. This may, pose some difficulties depending on the 

material that is to be processed and the material left in the extruder 

from the previous run. Wood flour has been tried as a flushing medium 

but it proved to be inadequate because it jammed the feed passages and 

eventually compacted solidly. At the present LDPE is used at the end of 

each run to fill the extruder since this material is relatively easy to 

process and therefore causes little problem in restarting the machine. 

In conclusion, apart from some minor problems mainly peculiar to the 

present extruder which can be solved relatively easily anyway, the 

continuous ram extrusion method developed in the present work meets the 

major requirements for a universal processing machine where plasticating 

rate can be controlled largely independently from the output rate. 	As 

such, its eventual commercial success is envisaged because of its 
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versatility and flexibility. 

Even if its output uniformity cannot match demands for product 

extrusion, the continuous ram extruder should find a place in the market 

as an homogeniser. Also, its positive pumping action and the ability 

to accept feedstock under various forms makes it suitable for certain 

applications, particularly for reprocessing scrap plastics. 

• 

• 



—66— 

Table 2.1  

Specifications of the Extruder 

and its Instrumentation  

(i) 	Main physical dimensions  

Diameter of feed cylinders and rams: 	 44.5 mm 

Length of feed cylinders and rams: 	 152.0 mm 

Nominal length of feed tubes in main block: 	267.0 mm 

Hopper aperture: 	 44.5 x 44.5 mm 

Internal barrel diameter: 	 44.5 mm 

Nominal length to diameter ratio (LID) of barrel: 	12:1 

Length of barrel reducer plate: 	 60.5 mm 

Effective barrel length (12D + Barrel reducer plate + Section 

in main block): 	 635.0 mm 

Effective length of plasticating shaft: 	 510.0 mm 

Plasticating shaft diameter: 	 3.8 mm 

Clearance between shaft and feed chamber keys: 	1.6 mm 

Breaker plate: 	95 holes of 3.2 mm diameter x 20.3 mm length 

Extrusion die: 	 3.2 mm diameter x 31.8 mm length 

(ii) 	Barrel temperature control system 

Barrel heaters: 

Barrel reducer plate heater: 

Die heater: 

Temperature controllers: 

Electrical resistance 3 x 500 W 

Electrical resistance 	1000 W 

Electrical resistance 	150 W 

2 x West Gardian type Q3X 
Thyristor Proportional 0  
Controllers range 0 - 400 C 

Also cooled by water circulating 
through helical grooves on the 
outside surface of the barrel 
under the heaters. 	Three 
independently cooled regions 
are provided and control is by 
degree of valve opening. 
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(iii) Main block temperature control system  

Oil pump capacity: 	 52 dm/min 

Pump motor: 	 1.5 kW 

Oil heaters: 	 2 x 750 + 1500 W 

Main block temperature controllers: 'Eurotherm' model PI range 0 - 400°C 

Oil temperature controllers: 	'Rototherm' range 0 - 400°C 

Note: This is duplicated for the two control zones with the heating oil 

sharing a common expansion tank. 	Oil coolers are also included 

in the system. 

(iv) Hydraulic system for feed rams  

Pumps motor: 	 30 kW 

Oil pumps: 	2 x 83 dm3/min, maximum pressure 11 MN/m
2 

Hydraulic cylinders: 	82.6 mm bore x 152.3 mm stroke with 44.5 mm rod 

■•■ 

Control valves and complete oil circuit as shown in Figure 2.3. 

(v) 	Plasticatinq shaft drive  

Electric motor: 	 11 kW 

Variable speed drive: 	'Kopp' variator range 60 - 380 rpm 

Shaft torque transducer: 	 'Vibro-Meter' type TG100 

Torque transducer amplifier: 	'Vibro-Meter' 8-MCA-1/A plus 8-MCA-P-1/A 

Shaft speed pick up: 	'Vibro-Meter' type JP/1412 magnetic pulse 
pick up integral with torque transducer 

Shaft speed indicator: 	 'Vibro-Meter' type AR1-1/A 
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(vi) 	Other instrumentation  

Pressure transducers: 

Bridge amplifiers: 

U.V. recorder: 

Multi-channel recorder: 

'Dynisco' type PT420 

'Flyde' Model 154-ABS 

'S.E. Oscillograph' 2112 

'Ether' type 7056 

• 
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PLATE 2.1 - GENERAL VIEW OF THE CONTINUOUS RAM EXTRUDER 
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PLATE 2.2 - INSTRUMENTATION FOR PRESSURE RECORDING 

1 - PRESSURE TRANSDUCERS 

2 - BRIDGE AMPLIFIERS 

PLATE 2.3 - SHAFT DRIVE WITH TORQUE TRANSDUCER AND 

MAGNETIC PULSE PICK-UP FOR SHAFT SPEED 

MEASUREMENT 
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PLATE 2.4 - FEED CYLINDER, HYDRAULIC CYLINDER, MICROSWITCHES 

TABLE AND DISPLACEMENT TRANSDUCER (RHEOSTAT) 

BO 

• 

PLATE 2.5 - DETAILS OF THE MAIN BLOCK SHOWING THE OIL AND 

WATER JACKETS, VENTING PORTS, THERMOCOUPLE 

PROBES AND SOME GLASS WOOL INSULATION 

• 
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PLATE 2.6 - MAIN CONTROL CABINET 

3 - RPM INDICATOR 

4 - MULTI-CHANNEL TEMPERATURE RECORDER 

5 - BARREL TEMPERATURE CONTROLLERS 

6 - MAIN BLOCK TEMPERATURE CONTROLLERS 

7 - SHAFT TORQUE INDICATOR 

      

      

      

      

IM•IIM 	v■I 

      

       

PLATE 2.7 - CONTROL CABINET FOR THE HYDRAULIC SYSTEM 

8 - PRESSURE RELIEF VALVE ADJUSTERS 

9 - FLOW RATE CONTROL VALVE ADJUSTERS 
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Fig. 2.1 - Cross section of the prototype extruder 
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4 - 	DIRECTION CONTROL 

5 	SECOND STAGE SOLENOID VALVE 

6 - SECOND STAGE FLOW RATE CONTROL 

7 - NON - RE TURN CHECK VA LV E 

- OVERALL FLOW RATE CONTROL 

HYDRAULIC CYLINDER 
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FIG. 2.3 - HYDRAULIC SYSTF.1.1 
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FIG. 2.4 - POSITION OF MICROSWT.TCHE3 FOR AUTOMATIC CYCLING OF TH3 RAMS 
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CHAPTER 3 

THEORETICAL ANALYSIS OF THE FEEDING ZONE 

3.1 Introduction  

This chapter describes procedures for calculating pressure losses 

in the solids feeding zone of the continuous ram extruder. 

The maximum pressures exerted by the feed rams on the material 

determine to a large extent the output rate of the machine. 	For this 

reason, one of the major aspects of the analysis of the feeding zone is 

the prediction of pressure losses due to friction between the containing 

walls and the compacted solid mass of polymer. 

The term pressure is used here loosely to denote compressive 

stresses in the granular material. Unlike the pressures in a fluid 

medium, the stresses at a point in a granular material are not- 

necessarily the same in all directions. 	Therefore, in the present 

chapter, pressure will in general refer to the stress in the direction of 

flow of the granular material. 

The flow of the solid feedstock is resisted by frictional forces 

which are initially of the Coulomb type, i.e. 'dry' friction. 	As the 

material moves further into the extruder channel and comes into contact 

with hotter walls, a melt film begins to form. 	This melt accumulates 

and gives rise to the melting mechanism occurring in the annular region 

of the flow passage. The problem of pressure calculations becomes of a 

different nature and this is dealt with in the following chapter which 

considers the melting process in the extruder. 

Originally all pressure calculations for the feeding zone were 

carried out on the assumption that Coulomb frictional forces only prevail 

in the feeding zone. Whilst this was a reasonable assumption for the 
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processes in the prototype extruder, in the new extruder viscous forces 

may exist since the main block in which the feed cylinders are 

incorporated may reach temperatures well above the melting point of common, 

polymers such that melt film formation in the feed cylinders is very 

likely to occur. In view of this, the work was later extended to include 

an analysis in which 'dry' friction gives way to viscous friction in the 

feed cylinders. 

3.2 Geometry of the Feeding Zone  

Geometrically, the solids feeding zone can conveniently be regarded 

as that extending from the face of the ram pushing the polymer to the 

beginning of the annular region, i.e. from plane AA to BB in Figure 3.1. 

For the calculation of the pressure transmitted from plane AA to BB, 

the region is divided into two, one extending from plane AA to CC and 

the other one from section CC to BB. The geometry of the region bounded 

by planes AA and C'C' is simple to describe in that it is cylindrical. 

The zone bounded by planes C'C' and BB is the intersection of the feed 

cylinder with the initial length of the barrel and its geometrical 

description is complex. 

An attempt to use the exact geometry of the feeding zone for the 

purpose of pressure calculations would prove to be difficult and 

therefore some assumptions regarding the geometry are necessary so that 

useful solutions may be obtained. 	The first simplification made is to 

assume that the cylindrical feed passage extends from plane AA to CC 

instead of AA to C'C'. This assumption should not introduce large errors 

since a large part of the perimeter at section CC is cylindrical and also 

the length L
c is small compared with L. The second assumption concerns 

the region contained by planes CC and BB. Here, more severe 

• 
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simplifications must be made. 	The rotation of the shaft is assumed to 

have an insignificant effect on the frictional forces opposing the flow 

of the material and therefore it may be considered as stationary. The 

region is assumed to be that shown in Figure 3.2 contained by the planes 

BB and CC and bounded by two flat plates extending infinitely in the 

direction normal to the plane of Figure 3.2. Although these two latter 

assumptions lead to a situation which bears only limited resemblance to 

the real case, it is hoped that the solution so obtained is still valid 

at least to give an indication of the order of magnitude of the pressure 

losses in this region. at is worth noting though, that the most 

important geometrical features of this region are retained, namely the 

convergence of the flow channel from section CC to BB and the 

inclination - angle p - at which the feed cylinder meets the axis of 

the barrel. 

3.3 Frictional Properties and Compressibility of Granular Polymer  

It is appropriate at this stage to discuss some important physical 

properties relevant to the pressure propagation in granular polymer. 

These are the coefficient of friction between polymer and metal, the 

strength of the compacted mass of solid polymer particles and its 

compressibility. 

(a) Coefficient of friction between polymer and metal  

The Coulomb type of friction between the polymer and the metal walls 

can be characterised by a single quantity, the coefficient of friction. 

This, however, need not be single valued and indeed for a given polymer/ 

metal interface, the value of the coefficient of friction is affected by 

the following parameters: 
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1. Sliding velocity of the polymer against the metal wall. 

2. Temperature. 

3. Pressure at the contact region. 

and 4. State of the surfaces depending on the amount of rubbing which 

has taken place. 

Frictional properties of plastics in contact with metals have been 

studied extensively [24,25,26,27], most of these under idealised 

conditions, mainly seeking fundamental explanations of the frictional 

behaviour. 

In his work on the processes in the feeding zone of single screw 

extruders, Schneider [7] investigated the effect of the above parameters 

on the coefficient of friction between a number of plastics, mainly 

nylons, and steel. 	The conclusions from his work are as follows: 

1. The effect of the sliding velocity on the coefficient of 

friction is small, particularly at low temperatures. Within 

a reasonable range of speeds, the coefficient of friction can 

be safely assumed to be independent of sliding speed. 

2. In general, the coefficient of friction increases with 

increasing temperature for smeared surfaces, the opposite 

occurring with clean surfaces. 

3. The coefficient of friction decreases with increasing normal 

pressure. 

4. The coefficient of friction is higher for a smeared metal plate 

than for a clean one. 

The major point to draw from this is that the use of single valued 

• 



• 
-92 - 

coefficients of friction is unsatisfactory because of their dependence on 

these parameters and others including humidity, degree of polymerisation 

and crystallinity, presence of pigments and other additives. 	It would 

have been impractical to include all these factors in a theoretical 

analysis, however, and therefore single valued coefficients of friction 

must be used in order to obtain useful predictions. 	Clearly, to 

• minimise the error in these predictions, the values chosen must be as 

close as possible to those for the actual situation. 	This often means 

that it is necessary to obtain the values experimentally under simulated 

conditions close to the real situation. 

(b) Strength of compacted polymer particles 

In Figure 3.2, the mass of compacted polymer particles flows from 

plane CC to plane BB. This flow of material must involve some form of 

deformation of the solid mass, and the mechanism is likely to be one of 

shear, that is, particles sliding over each other. 	The deformation and 

strength of compacted polymer particles apparently have not been studied 

as extensively as the other physical properties. 	Strength and 

deformation of soils, however, are well established subjects in civil 

engineering and there are comprehensive texts and literature on the 

subject of soil mechanics [e.g. 28,29,30,31]. 	Much of this work can be 

applied to similar materials which are made up of individual particles. 

In the present work, most of the ideas are derived from basic soil 

mechanics principles. 

A soil (or any other granular medium) is said to have failed when 

shearing occurs across a plane on which the ratio of the shear stress to 

the direct compressive stress reaches a certain critical value. 	This is 

known as the Mohr-Coulomb criterion of failure. When equilibrium of 

• 
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forces in the granular medium exists under these conditions, just before 

the onset of flow, the material is said to be in a critical state 

equilibrium. 

The ratio of the shear stress on one plane to the direct compressive 

stress on the same plane is directly analogous to the coefficient of 

friction between solid bodies and therefore it can be thought of as an 

• 	 internal coefficient of friction. The resistance to flow offerred by 

this internal friction is thus the basic concept of strength applied to 

the polymer mass made up of individual particles considered here. 

For the present work, the internal coefficient of friction will be 

assumed to be single valued for a given material on the same grounds as 

the metal/polymer coefficient of friction was assumed to be single 

valued. Also, the polymer mass will be assumed to be a cohesionless 

granular medium. The justification for this being that the cohesivity 

is small compared with the stresses than can be set up by the very high 

pressures exerted by the feed rams on the material, and consequently it 

will have only an insignificant effect on the pressure propagation. 	It 

is not difficult to see from these assumptions that in a graph of shear 

stresses plotted against normal stresses, the relationship between these 

stresses at the onset of flow would be a straight line through the origin 

whose slope was equal to the internal coefficient of friction. 

Lovegrove [8] discussed some methods for measuring polymer/metal and 

internal coefficients of friction and has collected some data which have 

been used in the present work. For most polymers, in the form of beads, 

granules and powder, the values of the internal coefficient of friction 

lie in the range of 0.2 to 0.7 for a wide range of temperatures and 

stresses. 

• 
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(c) Compressibility  

Because the material is fed in loosely and then compacted, its bulk 

density changes during the feeding process. A relationship between the , 

volumetric change and the pressure is therefore required. 

Lovegrove carried out tests using a piston/cylinder arrangement and 

obtained such relationships experimentally. The change in the height of 

• 

	

	 a cylindrical column of material with the piston force was measured. 

Clearly, the relationship between the volume and the pressure was not 

unique because on removing the load there was very little recovery. But 

the smooth compressibility curve (Load versus Volume) that existed when 

the pressure was monotonically increased was amenable to mathematical 

treatment. The formula that best fitted the experimental results was 

originally proposed by Kawakita et al [32] and for the piston/cylinder 

arrangement this is 

L
o 
- L 	a d p0 	

(3.1) 
L 	1 + d p0  

where L
o 
is the length of the uncompacted cylindrical column of material, 

L is the length when pressure p0  is applied by the piston and a and d are 

constants. Lovegrove obtained values for a and d for a range of 

materials and these have been used in the present work. 

3.4 Pressure Losses in Feed Cylinders due to Coulomb Friction  

The analysis in this section is relevant to the initial region of 

the solids feeding zone of the extruder consisting of a piston/cylinder 

arrangement. 	Its main purpose is the prediction of pressure losses 

through the column of material as a result of friction. 

Before an expression for pressure losses can be derived, it is 

• 
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necessary to determine relationships between the pressures in different 

directions in the 	granular material. 

3.4.1 Relationship between stresses in a granular material under  

pressure  

When granular material is compacted in a piston/cylinder arrangement 

• 	 as shown in Figure 3.3, the radial pressure at a point adjacent to the 

cylinder wall has a different value from that of the axial pressure at the 

same point. 

Although relationships between these pressures can be determined 

mathematically by considering idealised geometrical and physical 

properties for the particles [33], such a treatment is not suitable for 

the present problem because the shape of the particles is not simple to 

describe and is not unique, their arrangement is unknown and also their 

size in relation to the flow channel dimensions would have to be 

considered. 

Instead, applying conventional continuum mechanics principles to 

granular materials, a simple expression relating the principal stresses 

pr, pc)  and pz  can be obtained. 	The modes of deformation of the granular 

mass in such an arrangement have been discussed by Lovegrove and the 

conclusion was that the material in equilibrium must be in a critical 

state. 	Under this condition 

1 - sin 5i) 

Pr = PO = 1 	sin 5. pz 
( 3 . 2 ) 

where tan 5
i 
is the internal coefficient of friction of the material. 

This expression has been derived in many textbooks on loose solids, 

[e.g. 28,29,30,31]; 
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Fortypicalvaluesofb.,1c = (1-sin 5i)/(1+sin Si) has values in 

the range of 0.3 to 0.5. 	Stepanoff [34] has called this ratio k the 

'coefficient of mobility'. The higher the value of k the more 'mobile' 

is the granular medium. 

Schneider [7] using a specially designed apparatus measured the ratio 

k in cylindrical and annular columns of compacted nylon particles and 

obtained values for k approximately equal to 0.4. It was also found that 

k was constant 

(i) for a wide range of pressures applied by the piston; 

(ii) for different axial positions; and 

(iii) for different sizes of nylon granules in various sizes of 

cylindrical and annular columns. 

On this evidence, for each material considered in the present work, 

k was assumed to be constant throughout the length of the column, and 

independent of pressures. 

3.4.2 Pressure transmitted through a cylindrical column of granular  

polymer  

In addition to the assumptions already made, the concept of a 

'semi-particulate' material will be introduced here. 	This was originally 

applied by Spencer et al [35] to a similar problem to account for the 

granular nature of the material. 	In the present work, such an approach 

is useful for considering the relatively large degree of compression of 

the polymer feedstock imposed by the rams during the initial stages of the 

feeding process. 

In this approa-ch the number of particles that constitute the granular 
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medium and their mode of compaction are considered but the final 

expression for the pressure transmitted is independent of these. 

Figure 3.3(a) shows the material in the cylinder/piston arrangement. 

When the axial pressure po  is applied by the piston, the column of 

material reduces from a length Lo, when the pressure is insignificant, to 

L. 	If the number of particles per unit area contacting the wall at any 

z is n and the number of particles per unit area in contact over a cross 

section is no,  np 
 = no 

originally when the pressure exerted by the piston 

is negligible. Since the number of particles in contact with the 

cylindrical wall remains the same when the pressure is applied, 

jr np  dz = n L 
o o 

0 

This may be visualised as a regular grid drawn on the cylindrical 

surface of the material which is then compressed. The number of grid 

points on the surface remains the same either compressed or before 

compression has taken place. 

Figure 3.3(b) shows the pressures on a typical element bz  of the 

granular material. Assuming pz  and pr  to be the forces on each 

particle, and that pz  is uniform across any circular cross section, the 

following equation for the equilibrium of forces is obtained: 

n n D 2 n
o 

n D
c
2 

nnDc of  pr  dz + pz o 
	c 

(Pz 	d Pz)  

Substituting pr = k pz  into this equation and integrating from z = 0 to 

z = L, 

pm  = 	exp 
o

- 	 
D n 	

jr  n 
4pf  

C 0 0 

4 	 4 

• 
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4 0,f  k Lo  
i.e. 	pT  = po  exp 	-  	 (3.3) 

D
c 

where pT  is the pressure transmitted through the cylindrical column of 

material whose length was originally Lo. Note that no  is independent of 

z and n and no 
do not appear in equation (3.3). 	A similar expression 

	

0 	was derived by Spencer et al but they assumed 

P
r = Pz' This was later modified by Toor and Eagleton [36] to 

include the 	effect k # 1 which they derived experimentally. 

3.4.3 Axial pressure profile in feed cylinders  

In the feed tubes of the extruder itself, the column of granular 

material is built up by successive amounts of material fed in during each 

active stroke of the feed ram. 

Figure 3.4 shows the column of material in the feed tube made up of 

successive amounts of material fed in. Since recovery of the length of 

material is very little when the ram pressure is removed in particular 

if the ram pressures were high, it is assumed that when the ram retracts 

to take a new charge, the material that had already been compressed does 

not change in length. Also, no further compression of the material 

already in the feed cylinder can take place when the ram moves forward 

	

• 
	 again pushing the new charge of material. For the pressure available to 

compress the material already in the feed cylinder is smaller than the 

ram pressure exerting on the material in the previous stroke. 

With these assumptions, the expression for the pressure transmitted 

through the column of material in each feed tube of the extruder, was 

derived as follows. 	Given the amount of material fed in per stroke, the 

length of the cyliffdrical column of uncompacted granular material is 

.• 
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calculated as Lf  - Figure 3.4(b). When the pressure po  is applied by 

the ram, this column reduces to Le - Figure 3.4(c). 	Using equation (3.3) 

the pressure transmitted to axial location a is 

[ 
Pa = Po exp  - 

The pressure transmitted to cross section at b is 

]

4 pf  k L'ab  

where L'ab is the length of the uncompacted column of material from a to 

b. Since the amount fed in per stroke is constant, L'ab 
= L

f 
and 

therefore 
4 pf  k Lf  

pb  = pa  exp  

Similarly, the pressure at the following positions, e.g. c, may be 

calculated. Note that it is not necessary to consider the whole length 

of each charge of material, for example equation (3.3) is applicable to 

Lcc < L
e
. 	Thus, the pressure at CC is 

D 
 

[ 4 p, f  k 

where L'
a 

is the uncompacted length of material L
a
. 

Given the compressibility characteristics of the granular medium, 

i.e. the constants a and d in equation (3.1), 

a d po) L- 	+ 	L f 	 e 1+ d p 

Dc  
] 

4 pf  k Lf  

D 

[
pb  = pa  exp - 

Dc 

p = pc  exp 
CC 

• 
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and 
a d Po  L' a 	+ 

1 + d p 	a 
o) 

The pressure transmitted to CC across a column of length Ls  is therefore 

0 
P 
CC 

Po  exp 
4 p,f  k Ls [ a d po 

1  + 
 

D
c 	

1 + d pi 
(3.4) 

As the ram moves forward, the distance Ls decreases and therefore 

the pressure at section CC also varies. 	Equation (3.3) was derived for 

statical equilibrium and therefore it may appear that it is invalid for 

the present problem in which the whole column of material is moving. 

The rate of change of Ls  has not been included to give a time dependent 

solution but if Ls is known at any given instant, equation (3.4) should 

give the instantaneous pressure at section CC and hence the solution is 

still valid provided the static and the dynamic coefficients of friction 

are the same. Toor and Eagleton [36] have found that the difference 

between these two coefficients was negligible for polystyrene pellets. 

Here the assumption that the difference between the two coefficients of 

friction is negligible is made for all the materials considered. 

It is worth noting that though equation (3.4) was derived by 

considering pressure propagation through successive amounts of materials 

fed in during each active stroke of the ram, it does not contain any 

term involving Lf. This is a direct result of the semi-particulate 

approach adopted in deriving equation (3.3) in which the number of 

contact points rather than the area on which the pressures exert has been 

considered. 	Thus, as long as the number of contact points is constant, 

the distribution of these - represented by the density of the vertical 

lines in Figure 3.4 - along the length Ls  is irrelevant since the effect 

• 
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is integrated, i.e. 

Ls '
J  n dz = n L' P 	o s 
0 

where L's is the uncompacted length of material in Ls
. 

3.4.4 Results and discussions  

The results presented below are for LDPE granules. The relevant 

properties for this material are k = 0.337, a = 0.436 and d . 0.234 m
2
/MN. 

Based on the amount of LDPE granules fed per stroke, L
f 
was 

calculated as 68.5 mm. Assuming that the column of material already in 

the feed cylinder does not move until the newly fed in material has been 

compressed by a ram pressure p0  to Le  and that no pressure is transmitted 

to CC until the ram reaches the position as shown in Figure 3.4(c), the 

two limiting pressure profiles corresponding to this position and to that 

when the ram reaches its maximum forward position are shown in Figure 3.5. 

The length Le  can be considered as the effective travel distance of the 

ram. 	In the results shown in Figure 3.5 the pressure p0 is 28.6 MN/m
2 

corresponding to an hydraulic oil pressure of 8.28 MN/m
2, and 

L
e 51 mm using equation (3.1). 	The nominal length of the feed tube is 

267 mm and diameter Dc 
= 44.5 mm - Table 2.1. 	The coefficient of 

friction has a low value of 0.2. 	With this set of data, the predicted 

pressures at section CC are only about 10% of the pressure exerted by the 

ram, representing considerable frictional losses. 

Figure 3.6 shows the pressure at section CC expressed as a fraction 

of the ram pressure po. 	The shaded area represents the range of 

pressures at CC when the polymer plug moves forward. 	This graph 

emphasises that the choice of an adequate value for the polymer/metal 

• 
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coefficient of friction is critical if predictions are to be accurate. 

Thus, any factor affecting significantly the coefficient of friction will 

have considerable effect on the pressure propagation since the pressure 

losses are very sensitive to changes in the coefficient of friction. 

Possible factors are the ones already referred to, e.g. temperature, 

sliding speed, etc. 

• 

	

	
Similarly, since the product (pfk) appears grouped in equation (3.4) 

and the value of k is of the same order as that of p,f, the same can be 

said about the effect of k on the pressure propagation. 	The ratio k is 

directly related to the strength of the granular material. 	Thus, any 

factor affecting this will have a major effect on pressure losses, for 

example, the shape of each individual particle, degree of interlocking 

between the particles and other parameters like temperature, humidity, 

etc. 

3.4.5 Conclusions  

A simple formula has been derived for calculating the pressure 

transmitted through a cylindrical column of granular material. 	By 

adopting a semi-particulate approach for setting up a balance of forces 

in the derivation of the expression, the compressibility of the material 

was taken into account. 	This was particularly relevant to the analysis 

for the pressures in the feed cylinders since considerable compaction of 

the material can take place in this region. 

The sensitivity of the pressure losses to small changes in the 

polymer/metal coefficient of friction and the strength of the granular 

mass shows that if accurate predictions are to be obtained, comprehensive 

data are required which are still lacking at the present. 

Without any formal comparison of the predicted results with 
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experimental results, it was concluded that excessively high pressure 

losses were predicted for this region of the solids feeding zone. In 

order to maintain the output rates obtained experimentally, th,. pressure 

losses would have to be considerably smaller than those predicted. 	In 

practice a melt film must have formed between the solid plug and the 

cylinder wall and the Coulomb type friction given way to a viscous type 

friction. The melt film would have acted as a lubricating layer and 

pressure losses would have been smaller. 	The present model, however, 

should be suitable for predicting the pressure transmitted through the 

initial length of the material which is contained in a water cooled 

cylinder and hence unlikely that a melt film could have existed. 

3.5 Stress Distribution in Granular Polymer Contained by Inclined Walls  

The preceding section described a relatively simple method for 

determining the pressure at plane CC in the solids feeding zone of the 

extruder - Figure 3.1. It is now required to extend the analysis into 

the remaining part of the feeding zone. The solution sought is the 

pressure at plane BB in Figure 3.1, given the uniform pressure at plane 

CC obtained using equation (3.4). 

In order to solve the present problem, several assumptions and 

simplifications are needed. Some of these, concerning the geometry and 

relevant physical properties of polymers, have already been discussed. 

The relevant geometry is that shown in Figure 3.2. 	Since the material 

must deform to flow through the converging channel, at a point where 

sliding of the particles occurs, the ratio of the shear stress to the 

normal stress on the same plane must be equal to the internal coefficient 

of friction. 	Just before flow occurs, the material is therefore in a 

critical state equilibrium. 	In the solution presented below, the 

• 
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critical state of stresses is assumed to exist everywhere within the 

granular material in this region and the calculations are relevant to 

static equilibrium. 	In the real situation, the material is flowing 

through the region, i.e. the granules of solid polymer are continuously 

rearranging. Under these conditions the problem becomes a dynamic and 

extremely complex one for which no satisfactory method of solution has 

yet been described. Provided that the stresses in the dynamic state are 

not very different from those existing under static equilibrium, the 

solution so obtained should be adequate. 

Though the criterion for flow of the material to occur is that for 

an ideal granular medium, the derivation of the equations for the 

equilibrium of forces within the material will ignore the granular nature 

of the material, and will be based on area contact rather than point 

contact. When point contact was considered in the previous section 

3.4.2, it eventually lead to the inclusion of the compressibility 

equation (3.1) in the final result. 	Here, the area contact approach 

adopted is justified in that the material in this region may have 

attained a considerable degree of compaction in which case area contact is 

more relevant than point contact. 

3.5.1 Equations of equilibrium 

The problem considered here is one of plane equilibrium. 	Plane 

equilibrium is defined as the equilibrium of an infinitely long 

prismatic body under the action of forces perpendicular to the 

generators and distributed uniformly in the direction of the generators. 

Here, the direction of the generators is in the z-direction, 

perpendicular to the plane of Figure 3.2. 

In plane equilibrium, the stress components Tyz = T = 0 and the 
 ax 
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remaining components ox, ay, az  and Txy  are independent of the 

coordinate z. Consequently, it is sufficient to consider the stress 

distribution on the x-y plane only. From Figure 3.2 equilibrium of 

forceq on a two dimensional element bx x by  gives the following 

equilibrium equations: 

6 Txy  
0 

	

Ox 	ay 
(3.5) 

	

6 T 	b 	= 0 

	

Ox 	by 

The convention for positive stresses is as shown in Figure 3.2. 

3.5.2 Equation for critical state equilibrium  

Equations (3.5) alone with the appropriate boundary conditions are 

not enough to solve the problem of the stress distribution in the x-y. 

plane. A further equation relating the stress components when the 

material is in a critical state equilibrium is required to complete the 

mathematical statement of the problem. 

The stress state at any point in the granular medium lies within the 

shaded part of the Mohr's circle shown in Figure 3.7. 	The intercepts of 

the largest circle with the axis of the normal stresses are al  and a2, 

respectively the major and the minor principal stresses. These and the 

third principal stress a3 are given by, (see e.g. [37]), 

1 a 	
[1 	

2 
Tx
2 

	

= 
1 
( ax  ay)  - 	":1x—  cly) 	] a2 	2  

(3.6) 

and 	a2 	a3 = 	(5z < (51 

cx  

• 
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For a material under critical equilibrium, 

	

I Tnt  I 
	n tan 5. 	(3.7) 

where TA and 0' are respectively the shear and normal stresses on a 

plane perpendicular to direction rpon which the ratio of the shear 

	

• 

	

	
stress to the normal stress 	reaches the maximum critical value tan 5.. 

Equation (3.7) defines a straight line on the Mohr's circle diagram 

and represents the yield loci for the granular medium. Since the 

material is in a critical state equilibrium, the Mohr's circle which 

represents the stress state at any point in the granular medium must 

therefore be tangent to this straight line as shown in Figure 3.8. From 

this diagram, the following relationship is obtained: 

	

(a - a2) 	(01 
+ c

2
) sin 5. 	(3.8 ) 

Substituting equations (3.6) into equation (3.8) and rearranging, 

2 
sin EL 

1 
-Z. (cx- Cy)

2 
+ T

2 	_ 	1 (o x+ + c y
)2 xy  

4 
(3.9) 

Equations (3.5) and (3.9) and the appropriate boundary conditions define 

the stress distribution - 5x, ay  and Txy  - in the x-y plane. Note that 

the remaining stress cz  is irrelevant to this problem and does not 

appear in these equations. 

3.5.3 Modified equations  

Equations (3.5) and (3.9) are not in a convenient form to be solved. 

Sokolovskii [38] proposed some modifications whereby equation (3.9) was 

• 
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eliminated and the problem was reduced from a system of three equations to 

one of two partial differential equations with two unknown variables 11 

and. The resulting pair of simultaneous equations was 

• 

61 + tan (0 — cc) -62-1  = 0 ox 	6Y 

+ tan (0 + a) 	= 0 Ox 	6Y 

where 0 is the angle between the x-axis and the direction of the major 

principal stress 01 and a is a term containing the internal coefficient 

of friction. 	The relationships between 11, and E  with the stresses ox, 

C
y 
and T

xy 
 are 

20 = 

cot 5. /n — 
C
o  

+ 71 

and ox = c (1 + sin.1  cos 20) 

cY 	1 
= c(1-sinb.cos 20) 

Txy 	1 = csino.sin 20 

(3.12) 

 

  

Thus, given the distribution of 7 and 7 in the x-y plane, 0 and c can 

be evaluated using equations (3.11) and hence obtain a , c and T using x y xy 

equations (3.12). 	In equations (3.11) co  is an arbitrary stress, and 

6 1  5 + 2 	 a
2) (3 .13 ) 
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The full derivation of these equations is given in Appendix A. 	It is 

worth noting that equations (3.12) identically satisfy equation (3.9). 

In fact, this is how only two partial differential equations are required 

to solve for the distribution of three stress components in the x-y plane, 

instead of the initial three equations. 	Mathematically the problem has 

been reduced to one of determining the distribution of two variables T] 

and P; in the x-y plane given the appropriate boundary conditions. 

3.5.4 Boundary conditions  

The stress distributions along the boundaries OP, PQ and OR must be 

specified in order to obtain the solution for equations (3.10). 

Along boundary OP, the stresses are obtained from the analysis of the 

previous region, i.e. ox = pCC and Txy  = 0. Since Txy  = 0, x and oy  

must be the principal stresses. 	Two cases may arise from this stress 

system - Figure 3.9: 

(i) ox  = c1 and cy = c2 

or 	(ii) ox = c2 
and cy  = c

1 

Case (i) corresponds to the critical equilibrium condition which when 

destroyed results in the flow of the granular media in the direction in 

which pressure pCC is applied - the active case; and case (ii) 

corresponds to the critical equilibrium condition which when destroyed 

results in the flow of the granular material in the opposite direction - 

the passive case. 	In the present problem, only the active case is of 

interest. 

The boundary condition along OP can therefore be stated as 

ax = PCC = a1  which gives, with equations (3.12) 

• 
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c OP -  

 

CC 

  

1 	sin 5. 
1 

with 
	

SOP= 0 

Substituting Oop  and cop  into equations (3.11) and selecting the 

0 	 arbitrary stress co as co  - l+sin b , from equations (3.11) 
CC  

i 

OF) = SOP = 
	

(3.14) 

The remaining two boundaries are the plates which exert friction on 

the material opposing its flow under pressure. The values of and T1 

are not fully known at these boundaries, but the coefficient of friction 

between the granular material and the metal plate provides a relationship 

between the normal and the shear stresses, ct and Tnt respectively - 

Figure 3.10. This is in the form of 

Tnt = (5t 4f 
	 (3.15) 

[Note - In Figure 3.10 the shear stress Tnt  is shown in the direction in 

which the frictional force of the plate on the material acts, and under 

the present sign convention it is negative.] 

The remaining boundary conditions are obtained from equation (3.15) 

from which 0OR and 0PQ are determined as shown below. 

The relationships between stresses in the n-t coordinate system and 

the x-y coordinate system are 



Cn = z (!x+ cy) + z (cx- oy) cos 2 e + Txy sin 2 e 

Ct = z (cx+ csy) - i (cx- cy) cos 2 e - Txy sin 2 e 	(3.16) 

and 	Tnt = - 2 (Cx cy) sin 2 e + Txy cos 2 e 

where e is the angle of rotation between the two sets of coordinates. 

Substituting equations (3.12) into these, the following are obtained 

[1 +sinSicos 2 _] 

!t = 
	C1 - sin bi cos 2 (0 -.e)

J 	
(3.17) 

Tnt = 	sin bi sin 2 (0 - e) 

Finally, substituting for t and Tnt in equation (3.15) and solving for 

0, with e = 

2 FOR = 2(3 + b - sin-1 1 sin b. 
i 

where b = tan-1µf. And similarly along boundary PQ, 

-o + sin 1 (sin 5   
`sin b .i 

/) 
J 

(3.18) 

(3.19) 

The boundary conditions given by equations (3.14), (3.18) and (3.19) 

are sufficient for the determination of .= and 1 in the x-y plane 

governed by equations (3.10). 	The method of solution is described below. 



2a TE 
2 	J. 

- 5. 	 (3.21) 

• 

3.5.5 Method of solution  

It can easily be shown that the basic system of equations (3.10) is 

of the hyperbolic type [39] and that the two real separate families of 

characteristics related to this set of hyperbolic equations are given by 

dx = tan (0 - a) , 	= constant 

• (3.20) 

and 	dx = tan (0 + a) , 	= constant 

Although a number of techniques are available for solving hyperbolic 

differential equations, the commonly known 'method of characteristics' 

[e.g. 39,40,41] is used here in view of the simplicity in which these 

are expressed - equations (3.20). 	Thus, along a curve y = y(x) whose 

slope is tan (0-a), 11 takes a constant value and similarly remains 

constant along a curve with slope dx dy   = tan (0+a). 	Therefore, the 

field of characteristics in the solution domain consists of lines 

intersecting at angle 2a and inclined to the x-axis at angle of 0 - a. 

Also, at each intersection of the characteristics the values for and 7 

are determined. 

The solution is of the 'marching' type and is initiated on boundary 

OP and propagated through the region of interest, i.e. region OPQR. 

(i) 	Initiation of solution  

Given the internal coefficient of friction tan bi, a is.  

obtained from (see Appendix A) 

• 
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Along boundary OP, 0 . fl . F = 0 and thus the field of characteristics 

for the region OPD - Figure 3.11 - consists of parallel lines 

inclined at angles 71.-  a to the x-axis and the solution is 

717  = g7  = 07  = 0 throughout this region. 	It can be shown 

mathematically that such a solution is unique [39] and the region is 

termed a constant state region. All variables referring to this 

• region will be subscripted with the reference number 7. 

(ii) 	Propagation of the solution to the boundaries  

Having obtained the solution for region OPD, it is next 

propagated to the other boundaries. Since g is constant along a 

SI/ line dx  = tan (0+a), ,,/pQ  = E7 	0 = g4  = Ea  at a typical point 

a as shown in Figure 3.11. 	Using equations (3.11), 

11a = a 	20a = -20PQ where  0PQ is the boundary condition given 

by equation (3.19). 	Thus, the region PEF is also a constant state 

region and is denoted by the subscript 4, and the solution here is 

4
= 0 and 7

4 . -2 0PQ = -2 04 

A singularity exists at point P in that two characteristics of the 

same family exist, one at cc4(  = tan (07- a) and the other at 

= tan (0
4- a). 	Thus, g and '11 are not single valued at P. dx 

point can be considered as two, P7  and P4  as shown in the insert of 

Figure 3.11, and joined by a line of constant g. 	Thus, 

Ep 
7 =FP4 = 	71P7 = 

0 and 1110  = 4  714 = -204 

Courant and Friedrichs [42] have shown that between two constant 

0 
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state regions there is always a region known as a simple wave. 

The region PDE is a simple wave and 8  = O. The value of 7
8 

changes from 78  = 0 along line PD to 78  = -204  along line PE. 	It 

can be shown that lines like DE are logarithmic spirals, by using 

polar coordinates [38]. For the present purpose these were 

approximated by straight lines inclined to the x-axis at an angle 

(07 04 a) 

2 

In this way cartesian coordinates can be maintained which are simpler 

to handle mathematically. Thus, the solution is exactly known 

within the region OPFED; the only error introduced being that in the 

approximation of DE by a straight line. This error can be reduced 

by using a series of straight lines if necessary, with lines like PX 

leaving P at angles between (0
7- a) and (04- a) to the x-axis as shown 

in Figure 3.12. Given the angle (0k- a), the inclination of the 

short straight lines from D to E can be determined. 

The solution is similarly propagated to boundary OR as shown 

in Figure 3.11 and 77 = 76 = 75  = 
0,  5 = 200R = 205. 

Therefore, given the boundary conditions along OP, PQ and 

OR, the solution is fully determined in region OPFEDGI. 	The 

solution is then propagated to fill the complete region of interest. 

For example, at point H, F41  = E5  and 7H  = 714  and hence 

0H = 4 (F5  - 114). 	Its coordinates are calculated by approximating - 	.  

GH and EH by straight lines from 

YH YG  
- tan 

CH °G  
+ c:4) xH - xG 	2 

• 
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YH YE 	

(°

HE  
and 	= tan xH - xE 	2 

where the only unknowns are yH  and xH, the coordinates of the point 

H, and GH and EH are inclined to the x-axis at the mean angles of 

• 0G HE  
+ ) and 

2 	 2 
- a) 

respectively. 

(iii) Lines of discontinuity  

Due to the steepness of the wall OR a condition may arise 

where 0
5 + a > 07 + a, i.e. regions 5 and 7 overlap as shown in 

Figure 3.13. The existence of a region ODJG, mathematically means 

that there exists a line of discontinuity 03 along which the 

derivatives of and 1 with respect to x and y become infinite, 

i.e. the derivatives of the stresses
x  , 0 and Txy  with respect y  

to the coordinates become infinite. Consequently, the values of 

the stresses must undergo a finite jump. 	Physically, the line of 

discontinuity indicates the impossibility of the existence of 

critical state equilibrium together with a continuous distribution 

of stresses. 	The presence of the line of discontinuity establishes 

that the critical state will be accompanied by elastic zones which 

in the limit degenerate into lines of discontinuity. 

Considering the stresses for the material adjacent to the 

line of discontinuity as shown in Figure 3.14 it is clear that an  

and T
nt must remain continuous on either side of the line of 

discontinuity, but
t can have a finite discontinuity. 	Therefore, 
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(cn)5  = (on)7  and (Tnt)5  = (Tnt )7. 	Using equations (3.17) these 

give 

C5  [1 - sin bi  cos 2(05- w)] = e7 [1 - sin Si  cos 2(07- co] 7 

and 	C5 sin 2(05- w) = 07 sin 2(07- w) 

• where w is the angle between the line of discontinuity and the 

x-axis. Solving these for c5  and w 

C7  
a5  - 2 	

sin 6. sin (07- 05) - [1 - sin
2S. cos2(07 cos p 

and 	 (3.22) 

1-1  0
5 	2 
+ 	.- sin-1 Sisin S. cos (0

7 - 05)] 

Thus, given the solution for region 7 and the boundary condition 

05 = 00R' w and c5 can be determined from equations (3.22). 

The solution consists of two regions of constant state 

separated by a line of discontinuity. With the values of c
5 and 

05' T15  and 	are obtained from equations (3.11). 

(iv) 	Propagation of lines of discontinuity  

In Figure 3.15 the line of discontinuity OJ extends to point 

L. Since the solution is already known in region 4 applying the 

same analysis as that for regions 5 and 7 to regions 4 and 9, 

• 
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,sin 6. sin (04- 09) - I 
cos26. 

- sin2  6. cos2(04- 

 

and 
	

(3.23) 

2wki,  = 04  + 09 + 2 
 - sin 	pm 6. cos (04 - 

Unlike 05 in equations (3.22), 09 is unknown in equations (3.23) and 

therefore c9  and wia,  cannot be evaluated immediately. 	But 9  

and using equation (3.11), 

• 

09  - 
7 

cot 5. 	c9  9 - 	 /n — co 2 
(3.24) 

Substituting the first of equations (3.23) into equation (3.24), 

09 
1  

2 tan 6. /n  

c4  
[in 5. sin (0

4 - 09
) 

co  cost 6. 

  

-11'1 	sin25. cos2(04 - 09) 	= 0 

and hence 09 using a suitable numerical method (see Appendix B). 

The quantities c9  and wKL  are then evaluated from equations (3.23). 

The angle of line JK with the x-axis was approximated by 

W
JK 	2  

= 	(wOJ + wKL) 

At point L, again two characteristics of the family 

= tan (0-a) exist, one at 	= tan (09- a) and the other at dx 	 dx 

dx = tan (04-a). 	If (04- a) < (09- a) a line of discontinuity LM 

exists. 	Given the solution in region 9, the solution in region 10 

is obtained in a similar way as in region 5 described in (iii). 

• 
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The solution is then propagated as previously for the whole domain. 

Figure 3.15 shows the different regions in a typical case 

with lines of discontinuity. 	Regions 4, 5, 7, 9, 10 and 14 are of 

constant state. In regions 8 and 11 Vs remain constant with 1's 

varying, in 12 both E and I vary and in 13 1 is constant with 

varying. 

(v) 	Pressure and overall force balance  

The aim of this analysis was to determine the axial pressure 

at section QR. In the example considered in Figure 3.15 the state 

of stress is constant and fully known in regions 9, 10 and 14, and 

in region 13 the stresses vary. 

Given ax, oy  and Txy  along QR, the components of the stresses 

normal to QR, pQR, were obtained using equations (3.16). 	A mean 

transmitted pressure pim  was calculated from 

s=QR 

PBB = 
	

f p
oR  ds 

s=0 	QR 

where s is the distance measured along QR. The pressure distribution 

along SN was linearised as shown in Figure 3.15(b). 	It was found 

that the error introduced by this approximation was small. 

In order to check the accuracy of the solution, an overall 

force balance was carried out. This consisted of evaluating all 

the stress components along OR, PQ and QR and summing up all the 

forces acting in the positive x-direction and comparing this sum 

with the sum of all the forces acting in the negative x-direction. 

The difference between these two gave an indication of the error in 

the solution. 



• 	
-118 7 

(vi) 	Special case: bi  = 

For the case in which the coefficient of friction between 

metal and polymer and the internal coefficient of friction have 

the same value, the pattern of characteristics in the solution 

domain becomes simpler. There are no lines of discontinuity and 

regions 5 and 4 in Figure 3.11 collapse onto faces OR and PQ 

• respectively. The procedure for propagating the solutions in the 

x-y plane is the same as with other cases. 

A typical field of characteristics is shown in Figure 3.16. 

Only region 7 is of constant state with 17  = 7  = 07  = 0, and 

regions 6 and 8 are simple waves. 	At point I, 	is determined 

from 

= 	= 24G 
	'11G= 240R 	117 = 24OR 

where 00R is one of the boundary conditions. To evaluate 

11  = -201, however, it is necessary to determine PSI  by the 

interpolation method indicated by the dotted lines in Figure 3.16. 

By measuring the angle 6, 0 is obtained from 0
I = 6 + a. 	The 

procedure was repeated for the other points R, H and Q and 

linearised pressure profiles were fitted between these points for 

calculating the mean pressure across QR - Figure 3.16(b). 

3.5.6 Results and discussions  

For the results presented here, the distance OP was taken as equal 

to the diameter of the feed cylinder, the distance QR as equal to the 

annular gap in Figure 3.1 at section BB, and the angle between the plates 

as p = 30°. 

A sample solution, for the case of ai  = 30
o 
and 5 , 140, is shown in 
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Figure 3.15. The compressive stresses, normal to QR along this face are 

	

shown in Figure 3.15(b). 	Note that a discontinuity in the stress 

distribution occurs at M. This is as expected since regions 9 and 10 are 

separated by a line of discontinuity. The error in the force balance 

for this case was only 0.04%. 

Figure 3.16 shows the solution for a typical case in which bi  = - 

In the example considered, 6i  = 6 = 14°. All characteristics except OD 

and PD are strictly curves, but have been approximated by straight lines. 

In order to obtain the stress distribution along QR it was necessary to, 

for example, obtain anlge 0 for the results at point I. 	Thus, a 

suitable point U had to be determined. An adequate method for 

determining the position of point U based on geometrical considerations 

was to obtain DU from 

	

DU 	GI 

	

DE 	GT 

where DE, GI and GT are all known quantities. The lines GT and ET are 

the characteristics which originate from points G and E and intersect the 

line QR at I and H respectively. Similarly the values of 1 and at the 

points R, H and Q were evaluated and hence the linearised pressure 

distribution along QR was obtained. 

In spite of the crude approximation of relatively long curved lines 

by straight lines and the 'coarse' interpolation method, the error in 

the force balance for this case was only 0.5%. 

In general, for all the cases considered, no errors greater than 1% 

in the force balance were encountered. 

In Figure 3.17 the overall results are summarised in terms of 

relationships between the pressure ratio pEdpcc  and the coefficient of 

• 
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friction pf  = tan 5 for the polymer/metal interface, with the internal 

angleoffriction6.as a parameter. The variation of the pressure 

ratio PBB/PCC  with the coefficient of friction p
f  is nearly linear and 

it decreases as the coefficient of friction increases. Clearly the 

higher the friction is the lower is the pressure transmitted. 	Also, the 

lower the internal coefficient of friction the more 'mobile' is the 

• granular material and therefore the greater are the stresses set up 

normal to the boundary walls. This leads to greater frictional losses 

as shown in Figure 3.17 by the decreasing ratios of PBB/PCC with  

increasing k. In the results shown, the ratio D 
'BB/PCC 

can take values 

higher than unity, i.e. D -BB > 	for certain cases. 	This is a 

consequence of considering equilibrium of forces only in the derivation 

of the equations defining the problem. Since the region is a two 

dimensional wedge, the mean stress on QR assumes values higher than the 

stress PCC on  OP if the frictional forces exerted by the converging walls 

are sufficiently small. 

3.5.7 Conclusions  

In order to predict pressure changes in the angled region of the 

solids feeding zone of the ram extruder, the stress distribution in the 

region has been investigated. A number of assumptions with varying 

degrees of accuracy were required so that useful solutions could be 

obtained. 

The hyperbolic partial differential equations describing the problem 

were relatively simple to solve by the method of characterisitcs. 	The 

only difficulties arose from peculiarities to particular sets of 

circumstances in the form of discontinuities in the solution. 	These 

were, however, easily overcome by performing the calculations on a 
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computer. The method of solution used works only for b < bi, as it is 

apparent from equations (3.18) and (3.19). 	It was, however, satisfactory 

for the present problem since b is unlikely to have values greater than 

b.. 	Note that the lines in Figure 3.17 terminate where b = bi. 

The assumed geometry was considerably different from the true one, 

but the main features of the real geometry have been retained, namely the 

convergence in the flow channel and the inclination of the feed cylinder 

to the barrel axis. Although the solutions are not strictly applicable 

to the real situation because of this simplification, they should at 

least give an order of magnitude of the pressures transmitted through the 

granular mass of polymer in this region. 

The results obtained have shown that the pressure losses in this 

region are small compared with losses occurring in the preceding region 

of the feeding zone, i.e. in the feed cylinder. 

3.6 Pressures in a Conical Column of Granular Polymer  

In the preceding section an analysis was described for calculating 

pressures transmitted through a granular material contained between two 

infinite flat walls. 

In this section an alternative simplified geometry is investigated to 

assess the effects of an enclosed converging channel, again with the 

aim of predicting pressure losses in the region bounded by planes BB and 

CC shown in Figure 3.1. The flow channel selected was a simple conical 

converging channel as shown in Figure 3.18. The cross sectional areas 

at bb and cc were chosen to give a ratio representative of that at BB and 

CC of the actual extruder and the separation of planes bb and cc was 

approximated to the mean distance between planes BB and CC. 

• 
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3.6.1 Equation for equilibrium of a slab  

The stresses in the material were assumed to be one-dimensional, 

i.e. they varied in the flow direction only. Any stress system other 

than this would have resulted in complicated equilibrium partial 

differential equations in cylindrical polar coordinates which would have 

been difficult to solve. 

For the simple one-dimensional problem, equilibrium of forces acting 

on the slab of length bz shown in Figure 3.18 gives 

n 2 
-(pz+ dpz)(D + dD)

2 
pz 4 + p

v n D ds sin v + pfpvn D ds cos v = 0 

where D is the local diameter of the circular cross section. 	Using the 

geometrical relationships, 

ds sin v = d(D/2) 	and ds cos v = d(D/2) 

the equation is reduced to, after neglecting higher order terms 

dD 
dpz  = 2 [pv  (1 + pf  cot v) - pz] --D— 	(3.25) 

3.6.2 Pressure transmitted through the granular polymer  

In order to integrate equation (3.25) to obtain the variation of 

pz with D, it is necessary to obtain an expression for pv 
first. The 

exact pv  can only be obtained by solving the full equations involving all 

the stresses pz, pr, pe. To avoid this, a technique often used in 

studies of plastic deformation of metals is applied here to the 

granular material. This assumes that an infinitesimal element of the 

zone undergoing flow or deformation may be considered as a spherical 

• 
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shell as shown in Figure 3.19. 	The stresses are therefore spherical 

(see e.g. [43]) with po 	po  = py  and pz  as the principal stresses. 

Since the material is just about to flow, i.e. in critical equilibrium, 

( 1 - sin bi  

Pv = 1 + sin bi  pz - k  pz 
(3.6) 

Substituting equation (3.26) for pv  in equation (3.25) and integrating 

this with the boundary condition pz  = pcc  at D = Dc, the pressure 

transmitted to section bb is 

3.6.3 Results,  discussions and conclusions  

The ratio Dbb - /10cc from equation (3.27) has been plotted against the -  

coefficient of friction wf  in Figure 3.20. The value for k was taken 
1-sin bi  

1+sin b. with bi  = 30°. as 0.333 from k = 	 The diameter Db was evaluated 

nDb
2 

Abb 	 (3.28) 
4 

where Abb  is the shaded area shown in the diagram of the section BB in 

Figure 3.1, and Dc  was taken as the diameter of the feed cylinder. 	Also, 

the angle v was obtained from 

D
c 7  Db  

tan v = 

	

	 (3.29) 
2L

BC 

where LBC  is a mean distance from section BB to CC as shown in Figure 3.1. 

The relationship between the pressure ratio and the coefficient of 

friction obtained using the analysis of the previous section has also been 

from 
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plotted on the same graph. Considering the differences between the two 

idealised geometries, the agreement between the two sets of results can 

be considered to be reasonably good. 

For the purpose of estimating pressure drops, either analysis is 

suitable. 	Clearly the latter one is considerably simpler to apply. 	It 

will be seen later, however, that the conical geometry is not suitable 

• for pressure predictions when the angle between the feed cylinder and the 

barrel axis is sufficiently large - Chapter 5. 	Unlike the analysis 

described in the previous section, there are no limitations to the values 

that bi and b can take. 

3.7 Viscous Friction in Feed Cylinders  

The analysis described below is relevant to the calculation of 

pressure losses in the feed cylinders of the extruder for which an 

expression was derived in section 3.4. 	The present analysis differs 

from that of section 3.4 in that a very thin melt film is assumed to 

exist between the solid polymer plug and the containing metal cylinder, 

thus changing the nature of friction from a Coulomb type to a viscous 

type. 

Viscous friction in this case depends on the shear rates in the melt 

film or the velocity of the solid plug if no slipping occurs at the 

boundaries of the melt film. 	Thus, the frictional losses are dependent 

on the flow rate of the material whilst in the Coulomb friction analysis 

the transmitted pressure was independent of the relative velocity between 

the rubbing surfaces. 	Clearly the analysis of this section applies only 

when the material is being pushed by the ram and indeed the interest is 

on the active stroke only when pressure drops are to be predicted in 

order to determine ram pressures required to maintain a given output rate. 
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Figure 3.21 shows a diagram of the arrangement in the feed cylinder. 

The axial pressure in the material pz  is assumed to vary in the z-direction 

only and uniform across a circular section. 	It decreases with increasing 

z due to the shear stresses T acting in the direction opposite to that of 

the motion of the plug. 

• 3.7.1 Equation for pressure drop  

Assuming the plug to be moving at a uniform velocity V , a balance 

of forces on a typical element of length oz can be written as 

-dpz it Rs
2 

• 

T 2n R
s dz 

where Rs is the local radius of the solid plug. 
	The overall pressure 

drop over a length Ls  of the cylinder (API,  ) is obtained by integrating 

the above equation, 

Ls 

i.e. 2T dz - 
61  PL

s 
= f 	Rs 

0 

(3.30) 

When melting of the solid plug is significant, both T and Rs  change 

with z as the melt film grows in thickness. In order to evaluate the 

integral in equation (3.30) it is therefore necessary to obtain 

expressions for T(z) and Rs(z). 	The full expressions can only be 

derived after consideration of the melting process operating here and 

this in turn requires the velocity and temperature analysis for the solid 

and melt phases of the material. The analysis presented in the remainder 

of this section has many features in common with that described in chapter 

4 which deals with the melting of the polymer in the annular region of 

the extruder. 	Thus, reference is occasionally made to chapter 4, but 
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the present analysis is quite independent from that described later and 

therefore convenient to be presented here. The assumptions discussed in 

section 4.4 apply to the following analysis. 

3.7.2 Analysis of the melt film  

In the analysis of velocity and temperature profiles in the melt 

film, the effects of the curvature of the cylindrical boundaries are 

neglected since the film is comparatively thin. Thus, the annular 

region in which the film is contained can be considered as a slit and 

rectangular coordinates used. In addition, both the flow and the 

thermal conditions of the polymer melt will be assumed to be fully 

developed. 	By this assumption, the dimensionless velocity and 

temperature profiles in the melt film remain unchanged with z. The 

geometry is shown in Figure 3.22. Neglecting the effects of pressure 

gradients on the velocity profiles in the very thin and viscous melt 

film, the velocity distribution across the film is given by 

d ( dv) 
dy P dy =  (3.31) 

with boundary conditions v(H) = V and v(o) = 0. 

The viscosity term p is related to velocity gradients and temperatures 

by 

dv/dy1n-1  
-' Po 1 	

exp 	(T - T
o

d 
Yo  

This expression is discussed later in chapter 4 and describes temperature 

dependent, power-law type of fluids of which polymer melts are typical 

examples. 

For the purpose of the dependence of the viscosity on temperature, a 
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14 1y/  
v = Vp 	Al 

e 	- 1 
(3.32) 

conditions, 
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linear temperature profile across the melt film may be used in order to 

integrate equation (3.31). 	Thus, using T =-(Tm  - TB)y/H + TB  in the 

expression for p, and integrating equation (3.31) with the boundary 

• where Al n  . 	(T m  - TB). —b  

The shear stress T which is independent of y is given by 

V 	Al 	n 
-E 	 exp P T = po 	 b (TB  - To)] 	(3.33) 
H A1 
(e - 1)  

It is convenient at this stage to derive an expression for the local 

mass flow rate of the polymer melt. This is obtained from 

H 

= Pm 	(Rs 
	2 + 	jr v dy 

0 

i.e. 	M = pm 2n (R + II) V H Al 	1  
A 

	

s 2 p 
l 	1 e - 1;)  

(3.34) 

using equation (3.32). 	The temperature distribution across the melt 

film is-determined by 

km d
2T = T  (d)2 

dy2. 	dy 

with boundary conditions T(H) = Tm  and T(o) = TB. 	Using equation (3.32) 

and (3.33), the temperature profile is obtained as 

T - 	A2  • 
T 
B 	A 

+ (TB. 	
H)2 	eA1y/H / (1 eA1 
T 	

] 	(3.35) 
m- TB - H 	- B T m) 	1 
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V 
T 	

Al 
where A2 = Tan 	A1 

(e 	- 1) 

Note that if viscous dissipation in the melt film is small compared 

with the heat conducted across the thickness of the film, the second term 

in the right hand side of equation (3.35) reduces to zero and the 

resulting temperature profile is a linear one, i.e. the same as that 

assumed for the temperature dependence of viscosity in order to obtain 

equation (3.32). 	The importance of viscous dissipation can be assessed 

by the ratio of heat generated to heat conducted which can be expressed 

as p Vp2/km(TB- Tm). Taking typical values for these variables, the 

ratio is less than 1, i.e. viscous dissipation may be neglected in 

general, and the temperature profile may be assumed to be linear. 

3.7.3 Temperature distribution in the solid plug  

Having obtained previously expressions for the velocity and 

temperature profiles in the melt film, it is now necessary to obtain the 

temperature distribution in the solid material so that the melting rates 

can be determined. 

The solid material is fed in at room temperature, Troom, and its 

temperature varies radially and in the z-direction as it moves into the 

feed cylinder. The relevant differential equation is 

OT 	OT
s ( ks 

s 	. 	c r Or r 	s s V  p oz  O 	
. p 

r 

One of the boundary conditions for this equation is T
s . Tm 

at r = R
s
. 

Since R
s varies with z due to melting and is not known yet, it is not 

possible to apply this boundary condition immediately. 	Assuming that 



T 	
- T 	

2 

room m 

T- T 
s m 
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the film thickness is small compared with the radius of the solid plug, 

an alternative boundary condition Ts  = Tm  at r = R can be used for the 

purpose of determining the temperature distribution in the solid. The 

other boundary conditions necessary to specify the problem are 

( bTs) 

- 	= 0 	and 	T
s
(0
'
r) = T 

room
.  

br r=0 	 1  

An analytical solution for a similar problem but including other 

terms in the differential equation was presented by Arpaci [44]. This 

solution was readily adaptable to the present problem, and after the 

necessary modifications, the temperature in the solid plug is given by 

n
c
= X

n  R J1  lXn  R) 

	ks 

B, 
	 exp 1 x

n 	z 

V p c 
p s Si]  

(3.36) 

J
o

B
(X r) 	

2 co 

whereX

nc 

are the zeroes of J
o

B
(X

nc

R) = 0, and J
v

B 
are Bessel functions 

of the first kind of order v. 

.7.4 Development of the melt film  

By considering a mass balance over an infinitesimal length 5z 

shown in Figure 3.23, the rate of growth of the melt film is expressed as 

dW*  = 
dM 5z  

dz 
(3.37) 

where dW'is the melting rate over the length 5z. 

The amount of energy available to melt the solid material at the 

melting interface is the heat conducted from the polymer melt into the 
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interface less that conducted away from the interface into the solid 

plug. Apart from melting alone, some of the energy is consumed in 

heating up the solid material from a mean temperature to the melting 

point and in heating up the newly melted material to a mean melt 

temperature as it joins the main stream of the melt. This energy 

balance can be written as 

.AE de = km (T) - ks (9 

[ 
dy y.H 	br r.R 

s] 2TE Rs oz (3.38) 

where AE is the mean change in enthalpy, i.e. 

AE = c (T - T ) + s m s x + c (T - T ) 
m 	m (3.39) 

assuming a linear relationship between enthalpy and temperature so that 

single valued cs  and cm  may be used. 

Substituting equation (3.34) into equation (3.38) and rearranging, 

(Ts) 

( 	

(3.40) w 	1  - 	
1 	cciiHz 

= 
km (7:11y.li  - ks AE pm . A 

Orir=Rs  m p -1 	1 
e - 1 

Th4 equation was numerically integrated using Euler's Method described 

in Appendix B and hence the variation of H with z obtained. From this, 

the shear stress T given by equation (3.33) and Rs  = R - H were evaluated 

and hence the integral of equation (3.30) obtained numerically. 

In equation (3.40), the temperature gradients were obtained by 

differentiating equations (3.35) and (3.36) with respect to y and r 

respectively, and the mean temperatures in the expression for AE obtained 

from 
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jr v T dy 
- 

H 

f v dy 
0 

and 
T s 

= jr _dr 
0 

R 

The full expressions for these are given in Table 3.1. 

3.7.5 Procedure for calculations  

Ideally the initial condition for starting the numerical integration 

of equation (3.40) is H(z=0) = 0, i.e. z = 0 where the melt film first 

appears. This condition cannot be used, however, because when H = 0, 

the melting mechanism does not operate and therefore the equations 

derived become invalid. Mathematically, such a boundary condition leads 

to infinite temperature gradients in the melt film of zero thickness. 

In the present analysis, the solution is initiated by assuming a typical 

thickness for the very thin films, i.e. H(z=0) = H
o 

where H
o 
is of the 

order of 0.1 mm. 

In addition to the initial melt film thickness, the uniform velocity 

of the solid plug must be specified. This quantity is derived from 

the knowledge of the output rate, A, of the machine. Assuming that half 

of the output is fed in each cylinder and neglecting the mass flow rate in 

the thin film initially, 

A 
V 

 
- 	. 	1 	. f p 2 

 
p' n R2 s 

 
(3.41) 

where ps' is the density of the compacted solid granules and f is a 

correction factor tb.allow for the time interval taken by the ram for its 



-132 - 

return stroke. 

Assuming that the granular material compacts under a ram pressure po  

in the cooled section of the feed cylinder where no melt films exist, 

the compressibility equation (3.1) is used to obtain the density ps' given 

the bulk density of thegranules, pB. The relevant expression is 

Ps'  = PB ( 1  + 
1 + dpo  

The factor f is given by 1/f = fraction of the cycle time for the 

forward stroke and f > 1 always. 

The remaining calculations consisted of a straightforward numerical 

integration of the differential equation (3.40) whose coefficients were 

evaluated locally. 	Finally, the integral in equation (3.30) was 

evaluated to obtain the pressure drop. 
op 	(Ts  

The sums 	in the terms — 	and Ts, and also in the Bessel 
n.1 	Or r=R c  

functions, was carried out until the noth additional term was less than 

0.001% of the total sum of the preceding terms. 	The entire procedure 

was programmed and all the calculations were performed on a digital 

computer. 

It is worth noting in this analysis that though mass continuity 

exists for the melt film in the form of equation (3.37), the overall mass 

flow rate diminishes along the z-direction. This is a consequence of 

neglecting the effects of the pressure gradient on the velocity profiles 

of the melt film and of the assumption that the solid plug velocity 

remains constant. 	However, under typical conditions, the mass flow rate 

computed at z = Ls  differed by less than 10% from that computed at z = 0. 

This difference can be considered small enough for the purpose of 

calculating pressure drops in the solid polymer. 

a dpo  
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3.7.6 Results and discussions  

The following results are relevant to the extrusion of a particular 

grade of LDPE, the properties of which are given in Table 4.1. 

It has been seen previously that as the ram moves forward, the length 

of the column of material diminishes .and consequently the pressure 

propagated through the column of material to a fixed position like 

plane CC in Figure 3.1 changes. 	In the results presented below, the 

length of the column of material considered is the smallest one, i.e. when 

the ram is just about to reach its maximum forward position. 	This has no 

particular significance apart from the fact that the pressure drops 

predicted are the smallest ones, and was taken just for a matter of 

convenience to illustrate the present predictions. 

Figure 3.4 shows the variation of the pressure drop with output 

rate and the cylinder wall temperature. As the wall temperature 

increases, melting occurs at a higher rate, the film thickness grows faster 

and consequently the viscous frictional forces diminish, leading to a 

lower pressure drop. 	On the other hand, as output rate increases, the 

frictional forces increase due to higher shear rates in the melt films, 

and the pressure gradients required to maintain the higher output rates 

must increase. 

The large difference between the two curves underlines the 

significance of the cylinder wall temperature on melting thus further 

reinforcing the assumption that heat conduction is predominant in the 

melt film. 

Compared with the results predicted by the analysis of section 3.4, 

the pressure drops when friction is of the Coulomb type are considerably 

higher than the ones predicted here. 	The present results were computed 

on the assumption that the melt film:, begin to form immediately the 
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feedstock enters the heated section of the feed cylinder, the position of 

which coincides with the maximum forward position of the ram face in the 

existing machine. 	In practice this condition may not arise, and it is 

very likely that a delay occurs before the melt film first appears. 

Apart from the fact that the initial section of each feed cylinder is 

water cooled, other reasons for the existence of a delay zone are poor 

• 	 thermal contact between the hot walls and the solid polymer, and the 

entrapment of newly formed melts in the inter-granular spaces so that 

the melting mechanism does not operate until enough melt is accumulated. 

Assuming that Coulomb friction prevails in the delay zone, the two 

analyses may be combined to predict first the pressure losses due to 'dry' 

friction and then due to viscous friction once the melt film begins to 

develop. 

Figure 3.25 shows the variation of the pressure drop with the length 

of the delay zone, for a typical set of operating conditions with the 

existing extruder. It is clear from this graph that if the pressure 

drop predictions are to be accurate, it is necessary to locate accurately 

the position at which the melt film starts to develop. 	As the delay 

zone extends further into the feed cylinder, the effect of the lubricating 

film on the overall pressure drop decreases and most of the pressure drop 

occurs in the delay zone due to Coulomb friction. 

• 

	

	 Though cylinder wall temperatures affect considerably the pressure 

drops due to viscous friction as shown in Figure 3.24, these are too 

small to have any significant effect on the overall pressure drop. 	Thus, 

the effect of cylinder wall temperature on the curve of Figure 3.25 is 

negligible as long as the coefficients of friction remain independent 

of temperature. 

Simple calculations have revealed that the additional melting by 

• 



-135 - 

heat conduction during the return stroke of each ram did not change the 

film thickness by more than 5% under typical conditions. This change was 

small enough to have negligible effect on the pressure losses -Ind hence 

was not considered in the analysis described above. 

3.3.7 Conclusions  

The pressure losses in a feed cylinder when a melt film forms 

between the solid polymer and the walls of the cylinder have been analysed. 

The analysis was based on the assumption that a melt film of finite 

thickness exists and that it grows as more solid material is melted and 

added to it mainly by heat conduction. 

The melt film acts as a lubricant between the compacted solid plug 

and the containing cylinder in which the plug moves, and the result of 

this is the reduction of the pressure drop by a considerable amount, 

depending on operating conditions. The sooner the melt film starts 

forming, the smaller the pressure losses. 

If the melt film does not form immediately the solid material comes 

into contact with hot walls at temperatures above the melting point of 

the polymer, and this is likely to be the case, then the precise 

location at which the melt film starts to form must be known in order to 

obtain accurate predictions. 	In general such locations must be estimated. 

3.8 Conclusions 

In this chapter, the pressure losses occurring in the solids feeding 

zone of the ram extruder have been examined. 	For analytical purposes, 

the feeding zone was divided into two parts, one consisting of a plain 

cylindrical feed passage and the other one somewhat more complex being 

• 
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the intersection of the feed cylinders with the barrel. 

The effect of the presence of melt films in the feed cylinders on 

the pressure losses has been investigated by extending the ana'ysis to 

include a viscous type of friction in the feed cylinders. 	This, 

however, has not been extended to include the angled section of the 

feeding zone. It was thought that in this region, the converging flow 

• 

	

	
channel would exert enough pressure on any melt that would have been 

present to force it into the dead spots of the feed chambers (with the 

present extruder this melt leaked past the shaft seal and out of the 

extruder) and/or into the voids within the granular mass of the material 

so that solid polymer came into contact with the channel walls. 	In 

reality, a mixed type of friction, viscous and Coulomb would have been 

present. 	Because of the general lack of information on this type of 

friction, an analysis to include this has not been attempted. 	Only 

Coulomb friction has been considered for this zone and two idealised 

geometries have been analysed. 

In general, most of the pressure losses in the feeding zone occurred 

in the feed cylinders due to Coulomb friction. These losses could be 

reduced by operating the extruder at high main block temperatures so that 

lubricating polymer melt layers could be formed. However, this should 

not be done excessively since premature melting of the feedstock could 

• 
	 pose feeding problems. 

• 
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Table 3.1  

(i) Temperature Gradients at the Melting Interface: 

T- TB 	A2 	Ai 	Ai  

(dy y=H 
T) m 	[A1  e + (1 - e d A1

2 

, 2 oo (Ts) 	(Ts) 
= R  (T  room  - T m  ) :E: - exp - 

Anc 	ks  

; 
Or r.R 	

)) 
Or r=R 	 ' 2 Vpc s 	 nc=1 	p s s 

(ii) Bulk Mean Temperatures: 

A 
Al  /2 -e 	(1 - 1/A ) - 1/A1  

T 	

1 	
1 	1 7 . TB + (T

m
- TB) Al  A1 - e + 1 

Al] - 

 

A1 - e 	+ 1) 

Note: If viscous dissipation in the melt film is neglected, the last 

term in the right hand side of the equation becomes zero. 
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Ts = Ts( z) = T + 2 (T 	- T ) room m 

2 

( 	 
p 	

dr 
2 V 

R J nCr) exp 
An c  ks 	1 p s s 
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FIG. 3.1 - SOLIDS FEEDING ZONE 

• 
	 FIG. 3.2 - IDEALISED PART OF THE SOLIDS FEEDING 7C? 



•••■•••• 

■■•■■••=1 

Dc 

Pr 

P 	o 

•—••••41. 

• ■ 140 ■ 

L 

t 

• 

( a ) ( h ) 
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CHAPTER 4 

THEORETICAL MODEL FOR MELTING 

4.1 Introduction  

In chapter 3, melting of the feedstock as a result of heat conduction 

in the feed cylinders was considered when calculating pressure losses in 

the feeding zone. In this chapter, the main melting mechanism occurring 

in the annular channel of the extruder is examined. 

Theoretical models for the melting process were developed to predict 

the length of the region required for complete melting to occur and to 

predict the pressure drop in this region of the extruder. Clearly, 

these are important factors in the operation of the machine since it is 

necessary to ensure that the material reaching the die is fully melted and 

that adequate pressures are maintained to provide the required output 

rates. Other parameters like power consumption and mean melt 

temperatures could also be obtained from the theoretical models. 

Models with different degrees of assumptions were developed. 

Initially, a simple analytical solution was obtained by assuming the 

polymer melts to behave as Newtonian fluids with simple velocity and 

temperature fields in the melts and in the solid polymer. 	Later, 

several other factors, including the use of a power-law fluid model for 

- the melts, were taken into account to allow for a more realistic model. 

Solutions for the different models were compared to assess the 

improvements by gradually developing more advanced models. 

4.2 Meltina in the Annular Channel  

Figure 4.1 shows a diagram of the melting mechanism operating in a 

typical length of the annular channel. 	Melt films are formed between the 

• 
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metal walls and the solid polymer. 	The films grow in thickness as more 

solid material melts until the flow channel is completely filled with 

melt. 

The solid material moves downstream by virtue of the pressure forces 

exerted by the rams and therefore the polymer melt is dragged by the 

solid bed and it is also conveyed downstream by pressure forces in the 

melt itself. 

Material melts by heat conducted through the melt and heat generated 

by viscous dissipation within the melt, this being more pronounced in 

the melt film adjacent to the shaft. 

Though relatively little experimental evidence of the melting 

mechanism was available at the start of the work on the melting model, 

it was assumed that this was the most likely melting mechanism in 

operation in the ram extruder. 

4.2.1 Geometry  

For analytical purposes, the relatively thin annular films and 

solid bed were considered as contained in slits and hence rectangular 

coordinates used for deriving the relevant equations. 

The overall error introduced by the assumption was small if 

(AR/R
a
) << 1, where AR is the annular gap and R

a 
is a mean radius of the 

annulus. 	In the existing extruder, AR/Ra ce 0.15. 	It should be noted 

that this ratio becomes smaller if each melt film and the annular solid 

bed are treated individually, e.g. by considering H1  and a mean radius for 

the annular film 1 in Figure 4.2 which shows the rectangular geometry. 

Quantities referring to the melt film adjacent to the barrel will 

be subscripted by 1, adjacent to the shaft by 2 and by s for the solid 

phase (called the solid bed). 	Unsubscripted variables will in general 
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refer to both melt films unless otherwise specified. 

The coordinates normal to the plates - y - were chosen to have their 

origin at the solid/melt interface. 	By doing this, the varia..ion of 

the melt film thicknesses does not appear in the differential flow 

equations but are taken account of in the melting equations. 	This was 

dH permissible because in general H varied slowly with z, i.e. — << 1, 
dz 

which minimises the effect of the slight distortion of the coordinate 

system from the truly rectangular one. 	It will be seen later that this 

coordinate system can easily take care of any slowly varying channel 

H d 
taper. 	Also, since TI 	1, the lubrication approximation was applied 

here to the velocities in the melt films, i.e. the velocity profiles are 

fully developed [4]. 	It was also applied to the temperature profiles 

initially, but was later relaxed. 

The position of z = 0 was arbitrary and was conveniently chosen as 

the position where the melting mechanism started to operate. 	The 

x-direction is normal to the plane of Figure 4.2. 

4.2.2 Melting rates  

The mass conservation for an element of melt film adjacent to the 

barrel of length 26z at a typical downstream position z as shown in 

Figure 4.3 gives 

dW*
1 
 = 2 	6z 

dz 
(4.1) 

where in
1 is the local mass flow rate of melt film 1 and dle1 

 is the local 

rate of melting. 

Equation (4.1) was obtained assuming a steady state melting process 

in the plasticating zone. 	It was assumed that the cycling of the feed 

rams of the extruder, and their pressure were adjusted in such a way that 

• 
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a continuous steady flow of material through the machine was maintained. 

Even if this was not obtained in practice, the equation should still be 

valid for the average melting rate over each cycle. 	Little progress 

would have been achieved if this assumption was not made. The problem 

therefore becomes time-independent and hence comparatively easier to 

solve. 

The rate of melting dIAT; can be expressed by an energy equation of 

the type: 

Rate of melting x Change in enthalpy = Heat supplied to the melting 

interface - Heat conducted from the melting interface 

i.e. dn AE1  = 	C 
(Ts (

1 u1

6T1 
km TT) 	- ks 37,7) 

z 
2bz. (4.2) 

y
1
=0 

[ 
°Is y 

s 
 =H

s  

where AE
1 is the average change in enthalpy, C is the mean circumference 

of the annulus and the temperature gradients are evaluated locally. 

Combining equations 

dM1C 

(4.1) 	and 	(4.2) 

1 
) 

and taking the limit as bz 

z 

0, 

(4.3) LE
1 dz 

- 
by 1 y1=0 

(6, T 
ks 

(6, T 

bys y 
s 
 =H
s  

A similar equation can be derived for the other film: 

dM2 C 
6 

2 ) ( 
+ 

(ta 

z 
(4.4 ) 

dz 
LE

2  Eon  
ay

2 y2=0 

,T 
ks 

uYs y
s
.0 
• 

Equations (4.3) and (4.4) are the basic equations for the melting 

model. 	To solve these, it is necessary to evaluate the terms in the 

R.H.S. of these equations. 	The required terms are obtained by detailed 

analysis of the melt films flow behaviour in terms of velocity 

• 
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and temperature distribution and also an analysis of the temperature 

distribution in the solid phase. 

4.3 Brief Literature Survey  

Before describing the relevant equations for the velocity and 

temperature profiles and presenting their solution, it is appropriate to 

consider some reported work on similar and other melting problems. 	It 

should be clear that in any problem concerning the melting of solids, it 

is usually necessary to consider the basic problems of heat transfer in 

the solid and also heat transfer in the resulting melt that is formed and 

its flow behaviour. 

Ross [45] has discussed some design formulations for three commonly 

used types of industrial melters applying the respective methods of mix 

melting, contact melting and convection melting. 	Of these, contact 

melting is the most relevant one to polymer processing machinery. Ross 

obtained results for the coefficients of heat transfer for a melt film 

formed by the melting of a solid slab over an inclined hot plate [46]. 

The solution for the heat transfer problem in the melt and in the solid 

slab was simplified in his analysis by assuming a linear temperature 

distribution in the melt film and a uniform temperature in the solid 

slab. The analysis of the flow behaviour of the melt was also simplified 

by considering only Newtonian melts. 

Skelland [47,48] solved the same problem, but unlike Ross, he 

confined his attention to the case in which the molten material was 

represented by a time-independent non-Newtonian fluid of the power-law 

type. The flow equations were accordingly modified and the same 

simplifications were made concerning the temperature distribution in the 

melt film and the solid slab. 

• 
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Thermal convection effects in the melt film were included in the 

same problem by Griffin and Szewczyk [49,50] for Newtonian and non-

Newtonian melts. This resulted in a more realistic temperatu-e 

distribution within the melt but the problem was a mathematically more 

complex one. 	A suitable method for solving this was presented by 

Griffin [51]. 	In all these works, viscous dissipation in the melt film 

was neglected. With polymer processing machinery, and in particular the 

ram extruder, viscous dissipation in the polymer melt films may contribute 

a significant amount of heat used for melting and is the only source of 

heat when the machine operates under adiabatic conditions. To initiate 

the melting mechanism by viscous dissipation, however, either contact 

melting, i.e. melting by heat conducted from a hot metal wall to the 

solid polymer and/or frictional melting must occur. Frictional melting 

was examined by Mustafaev et al [24] who observed the formation of melt 

films under severe frictional forces during their measurement on 

frictional properties. Unfortunately, this type of work is not suitable 

for inclusion in a melting model. 

Sundstrom and Young [52] calculated melting rates of crystalline 

polymers under shear conditions. 	In their studies, viscous dissipation 

contributed 5% to 25% of the total energy required to melt the polymer 

with the remaining energy derived from heat conduction. 

The original model for melting in single screw extruders was 

presented by Tadmor [53] based on experimental investigations and 

qualitative proposals made by Maddock [54]. This simple model in which 

the melt was assumed to behave as a Newtonian fluid was soon superceded 

by others based on the same formulation but with more realistic assumptions. 

• Tadmor et al [55] improved the original model by assuming the melt to 

behave as a non-Newtonian fluid of the power-law type and also by using 

• 



-159 - 

an effective latent heat of fusion which included the enthalpy change in 

heating the melt from the melting point to the average melt temperature 

to compensate for the omission of the relevant thermal convect'_on term 

in the energy equation for the melt film. 

One of the most accurate and complete models for melting in single 

screw extruders so far presented is the one developed by Edmondson [6] 

and Fenner and Edmondson [56]. Amongst the features in this model are 

the allowance for the solid bed velocity to vary in the downstream 

direction and the inclusion of melt films in all the metal boundaries of 

the screw channel when operating conditions give rise to these. 

4.4 General Assumptions  

In order to solve the present problem, it was necessary to make a 

number of. assumptions. 	In this section some general ones are discussed. 

Other assumptions are introduced where appropriate in the derivation of 

the solution for each model. The following assumptions are common to 

all the melting models presented in this chapter: 

1. There is no slip of the polymer melt at the metal walls. 

2. Good thermal contact between polymer melt and metal surfaces 

exist, i.e. the temperature of the melt adjacent to the wall 

is the same as that of the wall. 

3. The physical properties (thermal conductivity, density and 

specific heat) are not temperature nor pressure dependent. 

4. The processed polymer exhibits a sharp melting point, T. 

5. Forces other than viscous and pressure forces (e.g. inertia 

and body forces) in the melt films are negligible. 
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Assumption 1 should be suitable here though it may break down under 

severe shear rates and for certain materials. 	Relatively little is 

known about assumption 2, but it should be reasonable in view 	the 

pressures involved. 	Assumption 3 in general is unsatisfactory for 

polymers, but within a limited range, it should be valid. 	Assumption 4 

is also generally poor for polymers though it is reasonable for crystalline 

polymers. Finally, assumption 5 should be fairly accurate because the 

flow of polymer melts is highly viscous and are of low Reynolds number 

(laminar flow). 

4.5 Analytical Solution  

4.5.1 Melt film analyses  

A simple analytical solution may be obtained by assuming linear 

velocity profiles in the melts corresponding to the case of constant 

viscosity Newtonian melts with negligible pressure gradient. 	The 

downstream velocities vz and the x-component of the velocity due to the 

rotation of the shaft in film 2, v
x, are therefore 

Y1 

v4.- 	1711_ 
 
-) Vsz 1 

  

 

2  
z2 
v  = 	- H

2 
 Vsz (4.5) 

and 
Y2 

vx 
= —V H2  

 

where the velocity of the solid bed Vsz 	AR C 
= 	 is assumed to be constant. . 

It is also assumed that the solid bed does not rotate. 	The temperature 

distribution in the melt films, assuming fully developed temperature 

profiles, is given-by 
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2 

	

km d2T  + 	r = 0 	(4.6) 
dy2 

where Ur is the velocity of the wall relative to the melt interface and 

is given by 

	

2 	2 U
r
1 = V sz 

and 
2 U 	= V 	+ V2 

r
2 

2 	
sz 

 

with the boundary condition T(y=0) = Tm  and T(y=H) = T. 

In general, the barrel temperature is set at a known value Tb  and 

the assumption of good thermal contact between melt and metal leads to 

T
r 	

Tb. For the melt film 2 however, the temperature of the shaft is 
1 

usually unknown. Martin [57] has evaluated the magnitude of heat fluxes 

in a problem relating heat transfer coupling effects between a 

dissipative fluid flow and its containing metal boundaries. 	Using his 

results, the plasticating shaft in the present extruder operating under 

typical conditions is most likely to behave as an insulated thermal 

boundary, i.e. 

= o 

Under these circumstances, 

p
2 
Ur 
2

2 

T = 	+ T 
r2 2 	2km 

If, however, the temperature of the shaft 
Tshaft is known, this can easily 

be incorporated in the solution by having T
r 	T

shaft' 2  

Integrating etuation (4.6) with the appropriate boundary conditions, 

(dT
2 

dy2) _H  
Y2-  2 

• 
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the temperature profiles are 

T - Tm 	
p Ur  

(1 - Y)] + 
T 	- T 	2km (T -T)HH 
r m 	r 

( 4.7 ) 

4.5.2 Solid bed profile  

Whilst equation (4.3) and (4.4) can be integrated in their actual 

form to give the melting rates, it is more convenient to replace the mass 

flow rates as functions of film thicknesses in order to calculate directly 

the variation of the melt film thicknesses with downstream direction z. 

The terms in equations (4.3) and (4.4) can now be evaluated using 

equations (4.5) and (4.7). 	The mass flow rates are 

Vsz  
m1 = pm Ci  

2 
(4.8) 

and 
Vsz 

M
2 
= p
m2  H

2 
C
2 

where C1  = 21t (Ro- H1/2) and C2  = 2n (Ri+ H2/2) are the local mean 

circumferences for each melt film. Although a mean circumference C can 

be used, it is possible in this simple analysis to use local mean 

circumferences for each phase of the material and also for each melt/ 

solid interface without too much algebraic complexity. This helps to 

further reduce the error introduced by using cartesian coordinates for the 

cylindrical geometry. 

The net heat supplied to the melt/solid interfaces for melting, 

neglecting any heat conducted into the solid, is evaluated using 

equation (4.7) which gives 
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(T) 	
km (Tr- Tm) 	U 

r2 

km dy y.0  
2H 

(4.9) 

Substituting equations (4.8) and (4.9) into equations (4.3) and (4.4) and 

rearranging, 

p
m 

V
sz 

AE
1 	

dH
1 	1 

and 

2km (T
b
- T

m
) + µ

1  U
r 2 dz 	

H
1 

l. 

p
m 

V
sz 

AE2 	
dH
2 	1 

2km (T - T ) + p,2 	2 Ur 	dz 	
H
2 r2 	

2 

where the enthalpy change AE includes the energy required to raise the 

temperature of the material from the bulk solid temperature T
s 

to the 

melting point, to melt the material (latent heat of fusion X) and to 

raise the temperature of the newly melted material from the melting 

point to the bulk mean temperature of the melt film T. 

i.e• AE = c (T 	) + s m - s X + cm 	
- T

m
) (4.11) 

where.  

f  vz  T dy 

- 	 

J
r vz dy 

(4.12) 

i.e. 
	(2 T 

r 
 + T 

m
) 	p U

r
2 

3 	12km 

Equations (4.10) are integrated with the boundary conditions 

H(z=0) = H
o to give the variation of the film thicknesses with downstream 

direction z. 	It is necessary that Ho  # 0, otherwise the melting 
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mechanism could not operate. 

The resulting equation for the film thicknesses is 

1.1 U
r
2

I 

H
2  = 	km (T

r 
- T

m
) + 	+ H

o
2 

(4.13) 
AE 4z  
 p V m sz 	 2 

i.e. the film thicknesses vary with the square root of z. 

Equation (4.13) may be conveniently written in a dimensionless form 

as 

X2 	ZN + X 2 
	

(4.14) 

where X = H/AR is a dimensionless film thickness 

Z = z/AR is a dimensionless downstream distance 

X = H /AR is the dimensionless initial film thickness 
0 0 

and N is a dimensionless number expressing the ratio of the heat 

supplied for melting to the total enthalpy change of the material 

in the melting process. 

[ 

km(T 
r 
 - T m 

 )/AR + 4 U
r
2/(2AR) 

4 i. e. N - 

and contains the property data of the material, the geometry and 

the operating conditions. 

4.5.3 Pressure losses in the melting zone  

The melting zone is defined as that section of the annular channel 

in which melting of the material occurs. 	It is clear that its length 

	

varies according to operating conditions. 	In order to predict the 

pressure drop over the melting zone, it is necessary. to consider a force 

. balance on the solid bed. 	Figure 4.4 indicates the stresses acting on 

c 
s 
 (T 

 m  - Ts) + k + cm 	- Tm)I Pm Vsz 
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an element of the solid material of length bz. 	The balance of forces 

acting on the element gives 

- dz 	[ 
(AR -,H1- H2) 2n Ri+ H2+ 2  (AR - H1- H2) bz 

.17
1 
2n (Ro

- H
1
) + T

2 
2n (R.

1
+ H

2 
 )1 bz 

Using the velocity profiles to evaluate the shear stresses and taking the 

limit as bz 	0, 

(AR - H1- H2) [Ri+ H2+ 2  (AR - H1- H2)] 

. It is worth noting that the pressure gradient dz  is always negative and 

the pressure will always drop along the region. The pressure drop Api,  

over a melting zone of length zL  is then obtained by integrating 

equation (4.15) zL 

jr dp dz APL 	dz (4.16) 

where zL is the solution of 

1  

(Ni  zL  
+ X

0 	

(2 zL  
1 	

+ )
3 

1 - 
AR 	

2 

) 	
AR 	02 

(4.17) 

4.5.4 Contribution of viscous dissipation to melting  

The contribution of viscous dissipation towards melting can be 

expressed as a ratio of the shaft power to the total power supplied for 

melting. The shaft power W is given by 

dp 
- p V

sz 
 (R /H

1 
 - 1) - 4, Vs z  (R./H2  + 1) 1  

dz (4.15) 
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zL  
dvx  

W. 	 2n R. V Jr 	dz 2 dy 
o y2 H2 

i.e. 	= 4n R. p,2 V2 (X  - Xo L 	) 
2 

(4.18) 

and the net heat supplied to the melting zone is 

zL  
(dT

1 	dT2 qT  . 2n km ir Ro 	+ R. (--- dy2 
o 

'1 y
11 	2 

) =H 

i.e. 2  4T  = 4n Ro  km (T10- Tm) - 	 
2 I 
Ur 	14  P1 	(L  - X°) 

1 

  

2 
/12 Ur2  

 

(fXL - X) 

2 

 

+ I 	(T - T ) - r2  

 

(4.19) 
2 

 

      

where XL  are the dimensionless thicknesses of the films at the end of 

the melting process and are obtained from equation (4.14) with Z = zL/AR. 

The total power input is therefore 

WT 
	W + qT 
	(4.20) 

4.5.5 Evaluation of constant viscosities  

In the results presented in the following sections the material 

considered was a particular grade of low density polyethylene (LDPE) 

whose properties are presented in Table 4.1 and were originally measured 

by Pocklington [21]. 	The values for the apparent viscosity for each 

film were evaluated from the expression 
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= 0'0 	

n-1 

O—Lo) 

which will be discussed in greater detail in the non-Newtonian analysis 

of section 4.7.1. For this material, the dependence of viscosity on 

temperature was small in comparison with the effects of shear rates and b 

has been neglected here. This was, however, included in the advanced 

models described later. The mean shear rates y were 

y
1 

= V sz PAR/4) and y2 = 1111/2 	
Vsz 

2/(AR/4) 

assuming the average thickness of each film in the melting zone to be 

AR/4. The value for V was obtained from sz 

V - 	 
sz 	tR.0 

The dependence of the viscosity on shear rates was therefore taken into 

account in an overall sense. 

4.5.6 Initial melt film thicknesses and solid bed temperature  

In equations (4.13) there are uncertainties concerning the values of 

the initial melt film thicknesses H
o and the mean temperature of the 

	

solid bed used for evaluating AE. 	In general, experimental observations 

are a useful guide as to the likely values of Ho, whilst the mean 

temperature of the solid bed can only be determined by considering the 

complete heat transfer problem in the solid material from the moment the 

material is fed at room temperature into the machine. The analysis of 

the temperature in the solid material in chapter 3 can provide some 
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indications of temperatures in the solid material. Assuming that Ho  is 

typically less than 0.5 mm, the values of H at large z become virtually 

unaffected by Ho 
in equation (4.13) and thus the choice of Ho 

may not be 

so critical. 

The effect of these two variables Ho and Ts 
have been investigated 

by considering a typical operating condition - output rate 20 kg/h of 

LDPE, barrel temperature set at 200°C and shaft speed of 120 rpm. 	H
o 

was varied from 0.1 to 0.4 mm and Troom < Ts < Tm. The results are 

presented in Table 4.2. They show that the variation of the melting 

zone length with the initial film thicknesses is small - cases 2, 4 and 5. 

The overall effect is that the larger the initial thicknesses the sooner 

melting reaches completion, but the differences are small. 	The effect 

on pressure drop predictions is, however, greater. 	Figure 4.5 shows 

the pressure profiles for cases 1, 3 and 5 where it can be noted that the 

pressure losses for cases 1 and 3 at the initial section of the melting 

zone are greater than for case 5. 	The rapid increase in pressure losses 

towards the end of melting is due to the presence of the term 

H
s 

= AR - H
1 
- H

2 
in the denominator of the expression for f_12.  in 

dz' 

equation (4.15). 	As the material reaches its fully molten state, Hs  

becomes smaller and hence the very high pressure losses towards the end 

of melting. 

The variation of the melting zone length with Ts  is more significant, 

a change of about 25% when Ts is increased from 30 to 80°C. 
	For the 

results presented below, initial melt film thicknesses of 0.1 mm and a 

mean solid temperature of 50°C were reasonable to use. 

4.5.7 Results 

The solid bed profiles for three illustrative cases have been 
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computed. These are plotted in Figure 4.6. The output rate for the 

three cases had a typical value of 20 kg/h. Graph A shows the length 

of the melting zone and the profile of the solid bed when both barrel 

temperature and the velocity of the shaft are relatively low. 	By 

increasing the barrel temperature, melting occurs quicker in the material 

adjacent to the barrel and melt film 1 grows quicker as shown in graph B. 

The overall length of the melting zone is therefore reduced and the rate 

of growth of melt film 2 remains as before since the conditions at the 

shaft have not been changed. Profile C shows the effect of increasing 

the shaft speed and hence of increased viscous dissipation in melt film 2. 

The barrel temperature is the same as case B and therefore the growth of 

film 1 is unchanged. 

Figure 4.7 shows the temperature profiles at the end of the melting 

processes for the three cases. The bulk mean temperature for the melt 

film 1 was 137
o
C for case A and 170

o
C for cases B and C; and for melt 

film 2, 209°C for case C and 130°C for cases A and B. 

The general effects of the operating variables, i.e. barrel 

temperature and shaft speed on the melting process, are summarised by 

the graphs of Figures 4.8 to 4.10. 	In Figure 4.8 the melting zone 

length is plotted against shaft speed with barrel temperature as a 

parameter. At low shaft speeds when melting occurs mainly by heat 

conducted from the barrel, an increase in the barrel temperature increases 

considerably the melting rate and therefore the melting zone length is 

accordingly reduced. 	At higher shaft speeds, change in barrel 

temperature hardly affects the melting zone length. 	At a fixed barrel 

temperature, increase in shaft speed results in higher overall melting 

rates and thus the melting zone length is reduced. 	In the cases 

considered, speeds above 300 rpm have little effect upon the overall 
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melting rate because further increase in viscous dissipation becomes 

negligible due to smaller melt viscosities in film 2. 	Complementary to 

these results are the ones shown in Figure 4.9 where the ratio of the 

shaft power to the total power consumption in the melting zone is plotted 

against the shaft speed. 	As expected, because the apparent viscosity of 

melt film 2 becomes lower at higher shaft speeds, the curve for the ratio 

of the shaft power to total power input tends to flatten out as shaft 

speed increases. At a given shaft speed, the proportion of shaft power 

decreases with increasing barrel temperatures. An additional effect of 

increasing the shaft speed is to increase the melt temperature. 

Figure 4.10 shows the mean temperature of the melt film 2 plotted against 

shaft speed. 	This indicates that the shaft speed can be used 

effectively to control stock temperature. Also shown is the shaft 

temperature when it behaves as an insulated boundary. 

Finally, the channel length required to completely melt the material 

is plotted as a function of output rate for different operating conditions 

in Figure 4.11. The melting length is roughly proportional to output 

rate over a wide range for a given set of operating conditions. 	For the 

cases shown in Figure 4.11, reduction in melting zone length can be 

achieved more effectively by increasing the shaft speed than increasing 

the barrel temperature, underlying that in these conditions, melting 

occurs predominantly by viscous dissipation in the melt film adjacent to 

the shaft. 

4.5.8 Discussions and conclusions  

The analytical solid bed profile derived in this simple analysis was 

obtained from the combination of two independently growing melt films. 

The conditions prevailing in one film therefore did not affect the 
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. development of the other. A fundamental error resulting from this was 

that by assuming linear velocity profiles in the melt films and the solid 

bed to move at uniform velocity a mass discontinuity occurred. 	This is 

best illustrated by considering the velocity profiles shown in 

Figure 4.12. 	Ignoring density variations between solid and molten 

polymer in this discussion, and considering a mean circumference for 

the annulus, the flow rates are proportional to the shaded areas in 

Figure 4.12. 	Thus, as melting proceeded, the analysis predicted a 

continuous loss of material, i.e. from diagram (i) to (ii). 	Clearly, if 

material was not to vanish, either the velocity of the solid bed must 

have increased or, more certainly, the velocity profiles must have been 

modified by the presence of a negative pressure gradient as shown in 

diagram (iii) of Figure 4.12. 

In view of this, the model was only suitable for the initial length 

of the melting zone, where the films are still relatively thin. 	In 

these thin films, the presence of a pressure gradient would have not 

distorted significantly the linear velocity profiles and the errors in 

the mass conservation would have been small. 

As melting proceeded, the linear velocity profiles would tend to 

give higher shear stresses acting on the solid bed than if a pressure 

gradient existed. Thus, it was anticipated that the pressure losses 

predicted would be on the excessive side. Also, it was pointed out 

previously that this model predicts excessive pressure losses in the 

final region of the melting zone as a result of the way in which these 

have been calculated - equations (4.15) and (4.16). 	This model was 

therefore not particularly suitable for predicting overall pressure 

losses. 

The melting rates predicted by this model were also anticipated to 
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be excessive. 	There were two reasons for this. 	First, by ignoring any 

heat conducted away from the melting interface into the solid bed, the 

net heat available for melting was overestimated. 	Second, the omission 

of the negative pressure gradient could lead to higher temperature 

gradients in the melt films at the interface than if a pressure gradient 

existed. This again overestimates the amount of energy available for 

melting and hence the overall effect is that predicted melting would occur 

at a higher rate than in reality. 

The results shown in the graphs of Figures 4.5 to 4.11 therefore 

cannot be considered quantitatively accurate, however, they serve to show 

qualitatively the general behaviour of the melting process in this type 

of plasticating extruder. 

Clearly, a more advanced model is required if quantitative 

predictions are to be of any practical use. The major drawbacks in this 

simple analysis have been eliminated in an improved model in which 

pressure gradient effects were included and the solid bed was allowed to 

deform freely, thereby permitting its velocity to change naturally and 

hence to maintain mass conservation and equilibrium of forces. 	This 

model is described in the following section together with other general 

improvements. 

4.6 Advanced Newtonian Model  

In this section, the polymer melts are still assumed to behave as 

Newtonian fluids. 	The major improvements upon the previous model are, 

apart from the inclusion of a pressure gradient and the allowance for 

the solid bed velocity to vary, the improved analyses of the temperatures 

in the melt films and the solid bed. 	The temperatures are allowed to 

develop in the flow direction and hence more accurate melting rates 
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predicted. 

4.6.1 Velocity and temperature analyses  

The downstream velocity profiles for the combined drag and pressure 

dp 
flow due to a pressure gradient Pz = EZ" are given by 

P H2 ( 2 
vz 

	

Y-- - 	(1 - 	 (4.21) sz1 - H 2p H2 	
+ V 

 

Equation (4.21) is for locally fully developed velocity profiles in flows 

between parallel plates. 	In this analysis, however, both P and Vsz  

will be allowed to vary with z and therefore vz  varies with z only because 

H, Pz and V vary with z. The allowance for P and V to vary with z z sz 	 sz 

makes the solution more complicated but the model becomes more versatile 

particularly when modifications are later introduced to allow for a 

tapering annular zone in which P
z and V are very likely to vary with z. sz 

For the melt film 2, the velocity component vx  is given as 

previously by 

Y2 
vx = 	V 	 (4.22) 

2 

The temperature distribution in the melt films is given by the 

solution of the energy conservation equation including terms for thermal 

convection in the downstream direction, thermal conduction through the 

thickness of the films and viscous dissipation 

	

bT 	
62T 	dvz 	dv

x i. e. 	p c v --- = km 	+ T 	+ T 

	

m m z Oz 	yz 	xy 
61
12 

' 	dy 	dy 
(4.23) 

The improvement upon the analytical solution presented in section 4.5 is 

the inclusion of the convection term. 	Yates [58] has shown for similar 
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flows in screw extruder channels that downstream thermal convection is 

significant because of the high Peclet numbers 

Pe 
	pm Vsz  H cm 

km 

involved. For the present extruder, the Peclet number based on typical 

• 
conditions is of the order of 20 - 300. 	Omission of this term would 

have resulted in excessive melt temperatures particularly in large 

extruders where Pe is of the order of 3000 - 4000. 

The boundary conditions for equation (4.23) are 

T(y.0) = Tm  at any z 

(oT2') 
T(y=H) = T (z) or — 	= 0 for film 2 r by2 y =H 

2 2. 

and 	T = T'(y) at z = 0 

Note that Tr may be a function of z. 

The viscous dissipation terms in equation (4.23) are evaluated using 

the velocity profiles given by equations (4.21) and (4.22). 	The last 

term of equation (4.23) is omitted for melt film 1. 	The equation is 

• rearranged as 

bT 	o2T 
v z oz — = am 

OY
2 

+ G
v 

(4.24) 

where (Gv)1 - 
1 rz 	Vszr 

P mcm  411  (2Y1 	1 H  ) ---  - H
1  

(Gv)2 	pmcm {(H2) 	;")1, 	 '.Y2 - H2) 
	H

2 2 

V 2 	rz t, 	Vsz12  42  
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and am is the thermal diffusivity. A simple analytical solution for 

this equation is not possible. 	It is of the parabolic type and a 

suitable numerical procedure of the marching type like the 

Crank-Nicholson method [59] is used to solve this equation. 	The 

procedure consists of replacing the partial derivatives in equation (4.24) 

by finite difference expressions and solving the resulting matrix 

equation. Given the velocity and temperature distribution at any 

section z, the method allows the temperature distribution at z + Az to 

be evaluated provided Az is a suitable increment in z. 	By using a 

numerical method, the boundary temperatures could be specified as 

functions of z, e.g. the barrel temperature. 	The basic numerical 

procedure is outlined in Appendix B. 

The temperature distribution in the solid is given by 

with the boundary conditions 

T (y =0) = T  s s 

T (y =H ) = T 
s s s 

and 
	

Ti
s
(y 
s) at z = 0 

This equation was also solved numerically by the Crank7Nicholson method. 

The first term in equation (4.25) accounts for the axial change in 

temperature as the solid bed moves downstream and the second term the 

heat conducted into the solid from the melting interfaces. 



dP 

dz
z 

and -- before solving it. These are derived from an overall mass 

dV sz 
In equation (4.27), it is necessary to obtain expressions for  

dz 
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4.6.2 Variation of melt film thicknesses  

The equations of melting will again be rearranged to give the 

variation of film thicknesses with z rather than the melting rates. 

Integrating the velocity profiles given by equations (4.21) over the 

thicknesses H, the mass flow rate for each film is 

m = 

	

(: H

2P 	V _ 	z 4_ sz 	H  , c  
'ril 

	

12p 	2 
(4.26) 

Substituting these into equations (4.3) and (4.4) and rearranging, 

d 
 sz  

2 

	

) dH 	H 	H3 dPz  

	

dz 	2 ( 4p 

PzH 

4- sz 	4. 	dz - 124  dz 

1  [cm (T) 0 
	

ks (Ts) 
- Pm E 	bY = 	y =H Y s s 

(4.27) 

balance equation and an equation for the balance of forces on the solid 

bed. 

4.6.3 Overall mass balance and equilibrium of forces on the solid bed  

The total mass of material flowing through the channel is 

M = m
1 + 2 + Ms and remains constant, i.e. A # A(z). 

	Using equation 

(4.26) for the mass flow rates of the films and M
s =psHsV szC, 

] (H1 	+ H2
) 	p

m
C

1
3 	

H2
3 

M= v c [0 	+ H p 	 (4.28) . 
sz 	s212 z  µ1 	N'2 

The balance of forces on a typical solid element of length 5z 

surrounded by melt films on both sides (Figure 4.4) gives 
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T
1 
C bz + T

2 
C bz = - 5-12  Hs 

 C bz 
dz  

Using the velocity profiles given by equation (4.21) to evaluate the 

shear stresses 
dv Z) 

T = - 

dy y=0 

and taking the limit as bz -) 0, 

H1+  H2)  

(4,1 	

2 /1  
P 	+ 	- V 	+ 
z s 	H1_ H2 2 	

sz  (4.29) 

Equations (4.28) and (4.29) are used to solve for Pz  and Vsz  and 

these can be expressed explicitly as 

Vsz = Vsz1' H2
4 

(4.30) 

and 	P = P
z1' 

H
24 

The full expressions are given in Table 4.3. 

4.6.4 Differential equations for the film growth 

Differentiating expressions (4.30) with respect to z, 

dPz dH1 	
dH
2 + - f

1 	
f2  dz 	dz 	dz 

(4.34) 

and 
dV  sz 	

dH
1 	

dH2  =. f
3 	

+ f
4 dz 	dz 	dz 
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where f1-4 are expressions containing H1 
and H

2 
and are presented in 

Table 4.3. 

Substituting these expressions for 

dPz 	
dV sz 

and 
dz 	dz 

in equations (4.27) and after some rearrangement, the following pair of 

simultaneous differential equations is obtained: 

dH1 	dH2 
F
11 dz + F12 dz 	

F
13 

(4.32) 

and 
dH
2 

dH1  
F
21 dz + F22 

dz _ F 
' F23 

where functions F contain terms with H
1 

and H
2 

and are detailed in 

Table 4.3 

Finally, from equations (4.32), 

d dH
1 
	dH2 
 

and 
dz 	dz 

can be expressed explicitly and hence obtain the differential equations 

for the growth of the films thicknesses. 

dH
1 	

F
22 

F
13 

- F
23 

F
12  i.e. 

dz 	
F11  F22  F

21 
F
12 

- F1 - 	- 

(4.33) 
dH
2 	

F
11 

F
23 

- F
13 

F
21  

_ F 
dz 	

F
11 

F
22 

- F
21 

F
12 	2 

Equations (4.33) are then numerically solved using Euler's method to give 

and 
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the variation of H1  and H2 with z, starting with suitable initial film 

thicknesses, i.e. H1(z=0) = Ho  and Fyz=0) = Ho  . 	The numerical method 
1 	2 

is described in Appendix B. 

4.6.5 Overall energy balance  

A procedure to test the accuracy of the numerical solution was to 

perform an overall energy balance on the melting zone. Figure 4.13 

shows the energy exchanges between the control volume and its surroundings. 

Energy conservation requires that 

Rate of work done by shaft + Rate of heat conducted to the melting 

zone = Rate of storage of pressure energy + Rate of storage of 

thermal energy. 

The rate of work done by the shaft is given by 

and the net rate of heat conducted from the boundaries into the melting 

zone is 

c  L 
(6, T
1

zL  

(

6,T

1 	
km --) r-7 	km ---) 	C dz + ir 	C dz 

by1 y
10 	

bY2 	 H =H
1 	.

y 
2 2 

(4.35) 

The rate of storage of pressure energy is obtained from 

ir  
L  

d E 	dz (pQ) dz 	Api,  

0 

(4.36) 

where Q = [(0) z=u n 	(Q) z= 1/2 is a mean volumetric flow rate of the 
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material through the channel. It is necessary to take an average value 

because the volumetric flow rate changes due to differences in the 

density of solid and melt. The error introduced by taking an 

approximate value for E in the energy balance equation is very small 

because the pressure energy term itself is very small compared with the 

other terms in the equation. 	It is typically less than 0.5% of the total 

power input. 

The rate of storage of thermal energy is the difference between the 

rate of convection of thermal energy into the melting region and the rate 

of thermal energy flowing out of it. The rate of thermal energy 

convected is 

E = 1
1
h
1 
+ M s  hs  + M2

h
2 

where h's are the specific enthalpies for the three phases evaluated 

relative to an arbitrary reference temperature T
ref 

< T
s. Assuming 

linear relationships between enthalpy and temperature, 

h1 = cm 
(7- T

m
) + x + c

s 
(T

m
- T

ref) 

hs = cs (T- Tref
) 

and 
	

h2 = cm s  -Tm) + x + cs 
(T
m: 

T
ref

) 

The rate of storage of thermal energy is 

ET 	E
out - E. In (4.37) 

The quantities given by equations (4.34) and (4.35) were evaluated 
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numerically using Simpson's rule for integration. The difference 

between the L.H.S. and the R.H.S. of the overall energy balance equation 

was expressed as a percentage of the total power input and thi, gave an 

indication of the accuracy of the numerical solution for the melting 

problem. 

4.6.6 Computational procedure  

The analysis described in the section was programmed and solved on a 

digital computer. 

The procedure to obtain a solution consisted basically of the 

following steps: 

1. The geometry, operating conditions (output rate, barrel 

temperature and shaft speed) and the material properties were 

specified. The apparent viscosity for each film was 

evaluated as described in section 4.5.5. 

2. The initial melt film thicknesses were specified. 	These 

were usually very thin at the initiation of melting and 

typical values used were Ho  = 0.0001 m. 

3. Using the specifications above, Pz  and Vsz  (Table 4.3) were 

evaluated at the initial section and also the velocity 

profiles given by equations (4.21) and (4.22) were determined. 

4. The initial temperature profiles in the melt films, T'(y) at 

z = 0 were determined by assuming them to be fully developed 

(i.e. solution of equation (4.23) with
a  = 0) for which an z 

analytical expression is available and given in Table 4.4. 	A 

linear temperature distribution was assumed for the solid at 

z = 0 with the temperature in the middle at some value TR, and 
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Tm 
at the interfaces with the melt films. 

5. With the quantities so far obtained, the functions F1 and F2 in 

equations (4.33) were evaluated (Table 4.3) and usinq Euler's 

method on equations (4.33) H1  and H2  at the following step at 

distance Az were calculated. 

6. P , V and the velocity profiles v and v were now evaluated 
z1 
	z2 

 
• at the new step using the thicknesses obtained in step 5. 

7. The temperature profiles at the new step were also obtained by 

solving equations (4.24) and (4.25) using the Crank-Nicholson 

numerical method. 

8. Functions F1 and F2 at the new step were evaluated and hence the 

melt film thicknesses at the following step were calculated. 

9. The procedure was carried out until the sum of the thicknesses 

of the two melt films reached the value of AR. 

10. Finally, all the terms in the overall energy balance described 

in section 4.6.5 were evaluated andi hence a check on the 

accuracy of the solution made. The bulk mean temperatures 

used in AE and the temperature gradients in equation (4.27) 

were all evaluated numerically. 

The output of the computer program was a comprehensive set of 

results giving amongst other information, the variations of thicknesses 

H
1 
and H2, pressure gradient Pz and velocity of the solid bed V z 

 with z, 
s 

local velocity and temperature profile, melting rates, bulk mean 

temperatures, pressure profile of the melting zone (obtained from 
z 

)1 Pz dz), mechanical power consumption, heat conducted from the 
boundaries, and other secondary parameters. 
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4.6.7 Discussion of starting conditions and numerical method  

To initiate the numerical solution, it was necessary to specify the 

temperature profiles in the material and also the initial film 

thicknesses. 

Regarding the initial temperature profiles, the fully developed 

temperature profiles in the melt films at the start were suitable since 

the films were very thin here (small Peclet numbers). The initially 

linear temperature profile assumed for the solid was also reasonable 
Hs  

provided that the temperature TR  in the middle of the solid (ys  -7,T) 

was at some temperature between Tm  and room temperature. 

Specification of the initial thicknesses of the films was, however, 

more critical. If the films were too thin initially, the temperature 

gradients in the melt films near the solid/melt interfaces were so high 

that exaggerated melting rates were predicted, resulting in a very fast 

growth of film thicknesses. The other variables also changed abruptly 

as a result of this. Thereafter, the computed variables changed at a 

fairly steady rate downstream. Taking the conditions of case B in 

Figure 4.6 as an example, the temperature at the first two steps, 

spaced at Az = 2.5 mm apart, were 122.6 and 158.50C in melt film 2, and 

the film 1 thickness grew by about three times in the first downstream 

step. Table 4.5(i) shows the computed values for several variables for 

the first few downstream steps. 

Clearly, to avoid the very large change in the values of the 

variables it was necessary to prescribe thicker initial films. 	By 

doubling the initial thicknesses the changes in the values of the 

variables in the initial few sections were less abrupt - Table 4.5(ii). 

On the other hand, if the films were initially too thick, the net heat 

supplied to the solid/melt interfaces could be negative and consequently 
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negative melting rates were computed. This clearly was unrealistic and 

unacceptable - Table 4.5(iii). 

By varying TR  from 30°C to 50°C, the difference in the pr'dicted 

melting zone lengths was only 4.5%. 

A guide to the selection of the initial thicknesses for the melt 

films was found in the error in the energy balance. For the example 

presented in Table 4.5(i), an error of 7.0% was computed. 	By doubling 

the initial film thicknesses, the error was reduced to 1.7% - Table 4.5(ii). 

The change in the melting zone length was only 1.5%, and 1% in the 

overall pressure drop. 

When using the model for simulations, a trial and error method was 

used to estimate suitable values for the film thicknesses. It was found 

that not more than 2 attempts were required to select suitable values to 

give errors less than 5% in the energy balance equation. 

Another factor that influenced the error in the numerical procedure 

was the selection of suitable downstream step sizes Az and the number of 

steps in the y-direction for the developing temperature profiles in the 

films and the solid bed. Analytical procedures exist for predicting 

instabilities in idealised numerical techniques as a result of inadequate 

selection of step sizes [59], but these are not suitable for the present 

numerical technique. 

Again, a trial and error method was used here. In general, no 

instability was detected and the step sizes were chosen as a compromise 

between computational times and accuracy required. It was found that 

10 steps in the y-direction in each phase of the material and not more 

than 200 downstream steps were adequate for most cases. Under extreme 

cases the initial downstream steps were made smaller and gradually 

increased once the variables changed at a slower rate. 
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4.6.8 Results,  discussions and conclusions  

Results obtained with this advanced Newtonian model are presented 

below. 	Figure 4.14 shows the solid bed profile (B) predicted for an 

output rate of 20 kg/h with the barrel set at 200°C and a shaft speed of 

120 rpm. This profile was compared with that obtained from the simple 

analytical solution (A). 	In both melt films, the advanced model 

predicted lower melting rates except at the initial region (z < 20 mm) 

where both models predicted about the same melting rates and hence very 

little difference in the solid bed profile. As discussed previously, in 

this region, the effects of pressure gradients on the flow are small 

compared with the drag flow component and therefore both analyses would 

predict close results. As z increases, the effect becomes more marked 

and hence the differences. 

Figure 4.15 compares the pressure profiles predicted by the two 

models. Both models predicted high pressure drops initially. The 

advanced model thereafter predicted a fairly uniform pressure drop whilst 

the simple analytical model predicted exaggerated pressure losses. 

The computed mean temperatures of the polymer at the end of melting 

were close for both models. Figure 4.16 compares the two temperature 

profiles at the end of melting. These are not at the same downstream 

position z since the models predicted different melting zone lengths. 

The difference between the two profiles (A and B) is small. 

Thermal convection in the melt films for the present size of 

extruder and operating conditions had only a small effect as shown by the 

slight changes in T1  and T2 with z in Tables 4.5. This was because the 

Peclet numbers were in the range of 20 - 300 only, not insignificant, but 

simply not large enough to demonstrate the full effects of thermal 

convection. 	The relevant term should, however, be retained in the 
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analysis bearing in mind that Peclet numbers can be considerably higher 

in larger machines. On the other hand, the downstream variation of 

the solid bed temperature was more pronounced. The final 25% of the 

length of the solid bed was at a uniform temperature equal to Tm, having 

started with a mean temperature of about 70°C. 

Figures 4.17 to 4.19 show some predictions for a range Of conditions 

(full lines). Qualitatively, the general behaviour is the same as that 

predicted by the simple analytical model. 	Quantitatively, comparing 

Figure 4.17 with Figure 4.8 and Figure 4.19 with Figure 4.11, the melting 

zone lengths predicted by the simple model were shorter than the ones 

predicted by the advanced model as expected. 

The ratios of mechanical power supplied by the shaft to the total 

power input differed only slightly. The advanced model predicted 

slightly higher values - Figures 4.18 and 4.9. 

It was concluded that in general the advanced model was a better one 

both for predicting pressure drops and melting zone lengths. 

The velocity of the solid bed changed only slightly. The difference 

between the highest and the lowest velocites attained was only 7%, and 

therefore the difference between the two models were mainly due to the 

effects of pressure gradient in the melt films and the improved thermal 

analyses. 	In spite of this small variation in the solid bed velocity 

and hence its negligible effects on the predictions, the analysis was 

maintained in the present form so that when modified for tapered channels 

it could easily allow for large changes in the solid bed velocity. 

Since a modification of the linear velocity profiles in the simple 

analysis by the action of a pressure gradient could result in 

considerable differences between the predictions by the two models, it was 

decided to analyse other important factors which could affect 
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significantly the velocity profiles. These were the non-Newtonian 

characteristic of polymer melts and the dependence of their viscosity on 

temperature. The effect of these on the melting performance was 

investigated in a more comprehensive model described in the following 

section. 

4.7 Advanced Non-Newtonian Model  

4.7.1 Power-law polymer melt  

The major improvement of this analysis over the previous one 

described in section 4.6 is the use of a more realistic rheological model 

for the melt films. In particular, the polymer melt is assumed to 

behave as a non-Newtonian fluid. 

Several non-Newtonian constitutive equations relating shear stresses 

to shear rates have been proposed and used in the literature. 	A 

discussion of the relative merits of each is outside the scope of the 

present work but valuable discussions on rheological models can be found 

in Fredrickson [60] and Lodge [61]. 

In most literature and work on flows of polymer melts, the power-law 

model is the most favoured one. The main reasons for its wide usage are 

that the model describes fairly accurately the behaviour of most polymer 

melts and that only a few constants are required to characterise the non-

Newtonian behaviour of the fluid, and these can be obtained comparatively 

easily in the laboratory. For these reasons this model was used in the 

present analysis apart from the fact that it was also mathematically 

simpler to handle. 

In effect, the power-law model states that 

      

P'o 

 

4I2  

 

n-1 
(4.38) 

 

yoyo 
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where I2 
is the second invariant of the rate of strain tensor and in the 

present problem 
(dvzy 	(dvx)2 

412 .  dy 	dy 

For simple one-dimensional flows,/Ti; is the local shear rate. 

In general, the apparent viscosity of polymer melts varies also with 

temperature and equation (4.38) was modified to include this effect [4] 

exp [- b (T - To)] 	(4.39) 

The constant 40, n and b can be determined experimentally by a series of 

viscometric tests on a standard capillary rheometer at different flow 

rates and a range of temperatures, and curve fitting of the results to 

equation (4.39) [4]. 	For convenience, yo is usually chosen to be 1 s
-1. 

4.7.2 Melt film analyses  

The relevant equations of motion for the flow behaviour of the melt 

films are 
dv d , 

ktxy) = dy µ 	 = 0 
dy 

(4.40) 

i.e. 
Yo 

n-1. 

and 
dv dp 

— (T ) = 
dy 	= 

d 
dy yz 	dy P z  = dz 	pz (4.41) 

6 . 
with the boundary conditions 

	

vx (y=0) = 0 	vz (y=0) = V sz and 

	

v
x (y=1-1) = V 	v

z  (y=H) = 0 

	

and 4 given by equation (4.39). 	The energy conservation equation is the 
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same as the one used in the previous section 4.6, i.e. equation (4.23) 

with the same boundary conditions. 

The equations of motion and the energy conservation equation are 

coupled in this case by the presence of T in the viscosity equation (4.39) 

and therefore these should be solved simultaneously. However, by using 

the Crank-Nicholson method for the numerical solution of the energy 

equation described in Appendix B, the equations are effectively uncoupled 

at each downstream section and they can be solved independently of each 

other. The physical implication of this is that velocity profiles reach 

the fully developed state infinitely faster than the temperature profiles. 

This is reasonable in the present analysis in view of the possible large 

Peclet numbers associated with the flow of the melt films. Thus, as 

long as the temperatures are known at any downstream section, these can 

be substituted into equation (4.39) and hence the momentum equations 

(4.40) and (4.41) solved independently of the energy equation. 

The procedure adopted for solving the momentum equations was based 

on one developed previously for studies of polymer melt flows in 

annular channels [62]. The procedure was modified for the present 

analysis where the boundary conditions are different, and in addition, 

the solutions have also to satisfy a force balance on the solid bed and 

to maintain overall mass continuity. 

The equations of motion (4.40) and (4.41) are non-dimensionalised 

using the following variables: 

vz 	PzH w _ — 
V 
	
, 	p = 

sz . 
(4.42) 

U 
	v

x 	
and 	T* = b (T - T ) 

sz 

H 
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where T is the shear stress evaluated at T m 
and at a mean shear rate 

V z/H. s 

Equations (4.40) and (4.41) become, after some rearrangement, 

dW 	n (Y - Y) G 
dY u  P 	o  

(4.43) 

dU 
dY = 	G 	 (4.44) 

dW 
where Yo 

is the distance of the stress neutral surface, i.e. dY 
 = 0 at Y

o 

4 is a constant independent of Y 

= F-)- 	E (Y - Yo
)]2 + 4) '1-n and G = G 4Y 	

1 2n ex,,
v 
 (T 

P 	
n*) 

 
(4.45) 

Equation (4.43) is integrated with the boundary conditions W(Y=0) = 1 

and W(Y=1) = 0 to give the dimensionless velocity profile as 

Y 

W = nP 	(ay- Yo) G 4a v  4 day 	1 	(4.46) 

0 

and also 	0 = 1 +(J1 - Y0  Jo) 
	

(4.47) 

and equation (4.44) is integrated with the boundary conditions 

U(Y=1) = V/V z  and U(Y=0) = 0 to give s 

Y 

U = 	f G 4-a 4- day  v 
0 

( 4.48 ) 

and 
V 

z - ' Vs 0 (4.49 ) 

where 

1 

J
m 
= f a
v

m 
G 4-a4- da

v 
0 

(4.50) 

• 



— 191 — 

and av 
is a dummy variable used in the integrations. 

The local dimensionless volumetric flow rate n
Q 
	is 

obtained from 	1 
nQ = f W dY 

0 

i.e. 	7t
Q 	

1 + TE F 1 + Y
o
) J

1 
- J

2 
- Y

o 
 J01 
	

(4.51) 

For melt film 1, equation (4.40) is modified with vx  = 0 or U = chi = 0 in 

equations (4.44), (4.45), (4.48) and (4.49). 	Equations (4.47), (4.49) 

and (4.51) can now be written for each film individually and the 

resulting five equations are obtained: 

0 = 

0 = 

1 

1 

+ n
P1 

+ n
P2 

p
1
)
1 
- 	Y0

1 

[(J1)2 
- 	Yo 

2 

(J0)1] 

(J
0
)2] 

V 

[1 + Y0 )(J1)1 )(J1
)
1 

(1 + 
Y02)(J1)2 

is known, 

(4.52) 

- 	
(J2)1 

- 	 (Jo)11 

- 	(J2)2  - Yo 
(J
o
)] 

2 

the five unknowns np  , np  , 

	

1 	2 

- 	(J
o)2 V sz 

nQi 
= 	1 + n

P
1 

and n
Q2 
. 	1 + n

P2 

If the local temperature profile 

Y , Y and 4 which constitute the solution for the flow analysis can 
01 02 
be obtained from equations (4.52) given the dimensionless volumetric flow 

rates it 	and it 

Q1 	Q2
.  
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4.7.3 Equations for melt film thicknesses 

There are, however, additional conditions which the solution must 

satisfy. These are that the pressure gradient must be the same in both 

films at the same position z and that the forces acting on the solid bed 

should balance. 	The former results in, using definitions (4.42), 

n
P
1 
	H1 n+1 

 

nP  - (H2 

and the latter in 

(AR - H
1
- H

2
) + H

1
Y
o 

+ H
2
Y
O2 	

0 
1 

 

(4.53).  

(4.54) 

Apparently, there are seven equations, (4.52), (4.53) and (4.54) and 

only five unknowns. 	This is not so, however, because in equations (4.53) 

and (4.54) the films thicknesses are introduced and the solution is such 

that the flow rates and H
1 
and H

2 
must be compatible and satisfy the 

seven equations. In other words, given the flow rates, H1 and H2 
are 

also unknowns in the problem. 	Equations (4.53) and (4.54) are used to 

eliminate n
P2 

 
02  and Y from the other five equations (4.52) and the 

mathematical statement of the problem is reduced back to five equations 

with the following unknowns: n 	Y
o 

, t, H
1 

and H2. Using P , 
1 

 
1 

Ms = psCHs s
V  z and ncl  = M/pITIFHV 

sz
, the dimensionless volumetric flow 

rates n
Q 
can be replaced and the resulting equations are: 
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0 

0 

0 

0 

0 

= F
1
= 1 + nP 	

EJ
1
)1
- (J

o
) 

1. 

/H 1n+1 

H' = F2
. 1 + nP 

 

l 	Ej  

1 2 	1 

V C ps  Hs  

1
Y
o 

) 2 

(J o
)
2
(H
s
+  H

lYo ) 

- Y
0
(J

o
)
1 

(4.55) 

(1 + Yo  
l 

- H
1 

1  

H
2 

)(J1)1-(J
2
)
1 

= F
3
= 	(I) 	- 

(J
o)2, Ms 

1 
p
s 
H
s =F- 	-1-u 

4- 17/s Pm 
H
1 	1 

F5= 1712 Ps Hs 	
(H2)n+1 

= - - 5- Ms 
p
m 
H2 

- 	- TC P
1 

Whilst in the previous Newtonian analysis the flow rates could be 

easily expressed in terms of the film thicknesses and then replaced in 

equations (4.3) and (4.4) to obtain the variation of H with z directly, 

here it is not possible to express M
1 
 and M

2 
explicitly as functions of 

H
1 
 and H

2 
because of the nature of equations (4.55). 	Equations (4.3) 

and (4.4) are therefore used in their actual form. 	Thus, given Mi, M2  

and A (hence Ms = M - Mi  - M2), the required five parameters are the 

solutions of 

F. 4-x.4- = 0 	for i = 1 to 5 	(4.56) 
1 1 

where x1  = np  , x2  = Y
Ol

, x3  = 1', x4  = Hi/AR and x5  = H2/AR. 
1 

Equations (4.56) were solved numerically using a Newton-Raphson 
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iterative method as described in Appendix B. This method required 

initial guessed values for x.. 	To start the iterative process at z = 0, 

Newtonian results were used to provide the initial estimates - Table 4.6. 

Thereafter, the results obtained at the preceding step were used as 

initial values for x. at the following step. 

4.7.4 Initiation of the numerical solution  

Unlike the advanced Newtonian analysis, the numerical method used 

here was mare complicated. It posed particular problems in starting 

the computational cycle. 

The solution for the velocity profiles in the melt films at each 

downstream position required the specification of the local flow rates of 

the melt. 	It was, however, easier at the start to estimate the 

thicknesses of the films rather than the flow rates in each film. Thus, 

given estimates for H and H, and also the overall flow rate of 
01 
	02 

material an estimated velocity for the solid bed was obtained assuming 

linear velocity profiles. This solid bed velocity was used only to 

evaluate the local shear rates and hence to obtain the apparent viscosity 

for each film as in 4.5.5. The pressure gradient and an improved 

solid bed velocity were then obtained using the advanced Newtonian 

analysis (Table 4.3). 	The local flow rates M
1 
and M

2 
at the start were 

then evaluated using equation (4.26). 	These were then used as the 

initial values to start the numerical integration of equations (4.3) and 

(4.4). 

Also, with developing temperature profiles, it was necessary to 

specify an initial temperature profile in the material. 	For the melt 

films, the temperature profiles specified were those for the fully 

developed Newtonian case - Table 4.4 - and for the solid, a linear 
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profile as the one assumed in section 4.6.6 was used. 	In this analysis, 

however, the thicknesses of the films at the start are not known. The 

values taken for H in the equations of Table 4.4 were therefore the 

estimated ones and it was assumed that the actual profile was 

geometrically similar to the specified one provided that the estimated 

film thicknesses did not differ very much from the computed ones at the 

start. 

Once these initial conditions were specified, the numerical procedure 

proceeded as described below. 

4.7.5 Computational procedure  

A suitable computer program was written to solve 	the non- 

Newtonian melting problem. The procedure consisted essentially of the 

following steps: 

1. The geometry, operating conditions and the material properties 

were specified. 

2. Suitable step sizes in the numerical methods were selected. 

3. The starting conditions were obtained as described above. 

4. The initial estimates for the variables x. in equations (4.56) 

were set. 

5. The variables x. were obtained by the Newton-Raphson iterative 

method. 

6. The relevant local parameters, e.g. pressure gradient, shear 

stresses, bulk mean temperatures, temperature gradients, etc., 

were evaluated. 

7. The temperature profiles at the following downstream position 

were evaluated by the method described in Appendix B for the 
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energy conservation equation. 

[Note: The mean step size AT (Appendix B) in this case could 

not be used since the film thicknesses at the follow'ng step 

were not known yet. 	Instead the local Ay was used. This was 

acceptable since H did not change abruptly.] 

8. The mass flow rates at the following downstream position were 

evaluated by integrating numerically equations (4.3) and (4.4). 

9. Having obtained the flow rates at the following position, steps 

4 to 8 were repeated and the solution marched out until melting 

was completed, i.e. H
1 

+ H
2 
 = AR. 

10. The terms in the overall energy balance were evaluated and a 

Check on the accuracy of the solution was made. Other 

secondary parameters were also evaluated. 

This computational procedure was very similar to the one used in the 

advanced Newtonian analysis. The previous discussion on step sizes Az, 

Ay and about the numerical method in general is therefore applicable 

here. The major difference was the application of an iterative 

technique to solve the melt flow equations at each downstream position. 
• 

The initial estimates for the iterations, obtained from considerations 

of Newtonian melt films - Table 4.6 - were found in general to be 

satisfactory. Convergence occurred in all cases tested without serious 

difficulties. Usually at the start, the number of iterations required 

was larger than for the solution at following downstream positions. 

However, less than 10 iterations were required for the values of the 

variables x. to converge within a tolerance of 0.001%, i.e. the largest 

change in any of the five variables at two consecutive iterations was 

less than 0.001%. 	Thereafter, using the results at the previous section 
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asinitialestimatesofx.1 
 at the new section, less than four iterations 

were required to achieve the same degree of convergence. 

The errors in the overall energy balance were of the same order as 

those for the advanced Newtonian analysis. 

4.7.6 Results and discussion  

Results for the typical case of output rate of 20 kg/h of LDPE with 

the barrel temperature at 200°C and a shaft speed of 120 rpm obtained 

with this model were compared with those obtained from the previous model. 

It is worth remembering in the following discussion that in the 

advanced Newtonian model mean values for the apparent viscosities were 

used for each film and these were assumed to remain constant throughout 

the films. 

In Figure 4.14 the solid bed profiles are plotted and compared (B 

and D). The non-Newtonian model predicted a slightly longer profile, a 

difference of about 4%. Confining attention to melt film 2 where 

considerable shear rates are imparted by the rotating shaft, initially 

the melting rates are lower for the non-Newtonian model than for the 

advanced Newtonian model. This was because the mean viscosity was lower 

due to high shear rates in the very thin films at the start and hence less 

heat was generated by viscous dissipation in the non-Newtonian model. 

Thus, the film thickness grows at a slower rate. As the film thickness 

increases, the shear rate imposed by the shaft reduces and the viscosity 

increases. The amount of heat generated is consequently higher in this 

model than for the advanced Newtonian model and hence higher melting 

rates are predicted. Thus, in Figure 4.14 the melting interfaces 2 for 

the two models cross each other. 

In melt film 1, however, this behaviour does not occur because the 
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effect of shear rates on viscosity and hence viscous dissipation are not 

as pronounced since there are no transverse shear rates. The non-

Newtonian model predicted lower melting rates throughout. Full 

explanation for this is not possible without analysing in detail the 

changes introduced by the shear rate and temperature dependence of 

viscosity to the local velocity and temperature profiles and bulk mean 

temperatures, the combination of all these factors leading to slightly 

lower melting rates. Note that the initial film thicknesses for the 

different models are not the same. This was the result of the method 

used for initiating the non-Newtonian solution as described in section 

4.7.4. 

In Figure 4.15 the pressure profiles are plotted and compared. The 

non-Newtonian model predicted lower pressure losses. The reason for 

this was that at the start of melting, shear stresses adjacent to the 

melting interfaces used for calculating pressure gradients were lower in 

this model due to lower viscosities. Therefore the pressure drop in 

the initial region was not so high in this model. Thereafter, the 

pressure gradients are roughly the same, i.e. the two lines are nearly 

parallel in Figure 4.15. Thus, the difference between the two pressure 

profiles is attributed mainly to the quick change in the pressure 

gradients predicted by the advanced Newtonian analysis due to unrealistic 

high viscosities for the initially thin melt films. Since the melting 

process initiates gradually it is likely that no such large changes occur 

initially and hence the non-Newtonian results which exhibit a smaller 

change initially should be more reliable. 

Figure 4.16 shows the melt temperature profiles at the end of 

melting. These are not at the same axial position since completion of 

melting occurs at different positions in the different models. The 
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non-Newtonian model predicted slightly higher bulk mean temperatures for 

each melt film. This was more in evidence in melt film 2 where viscous 

dissipation was more significant. 

General results for the non-Newtonian model are also plotted in the 

graphs of Figures 4.17 to 4.19. In Figure 4.17, at low shaft speeds 

both models predicted about the same melting zone lengths. The 

• difference between the results corresponding to each barrel temperature 

setting becomes increasingly larger at higher shaft speeds. This 

behaviour is attributed to the non-Newtonian character of the melts 

and also to the temperature effects on viscosity which are more pronounced 

at higher shaft speeds. 	Similarly, the shaft power to the total 

power input ratio also showed differences. Figure 4.18 shows that again 

the differences become larger at higher shaft speeds. The same effect 

is reflected on the graphs of Figure 4.19 where the non-Newtonian 

melting model predicted longer melting zones than the advanced Newtonian 

model, the discrepancies again being larger for curves C and D than for 

A and B corresponding respectively to a high and a low shaft speed. 

Because the two models were similar except for the dependence of 

viscosity on shear rates and temperature, and since the Newtonian model 

took account of the dependence of viscosity on shear rates already in an 

overall sense, the discrepancies between the two models could be mainly 

attributed to the dependence of viscosity on temperature. The 

viscosities for the Newtonian models were evaluated as indicated in 

section 4.5.5 and it took no account of its dependence on the temperature 

whilst in the non-Newtonian analysis this was included in equation (4.39) 

where the apparent viscosity varied exponentially with temperature. 

The viscosities evaluated with the expression in section 4.5.5 are 

strictly valid only If the mean melt temperature is T = T. Thus, if 
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the local melt temperature was above T
o
, the values used for the 

viscosities in the Newtonian models were overestimated and hence both 

mechanical power consumption and melting rates predicted were -axcessive. 

The opposite occurring when the temperatures were below T. 

In view of this, the advanced Newtonian melting model was modified 

to include some means of correcting for this. Instead of using the 

expression in section 4.5.5, the viscosities were evaluated from 

T + T 
— I.ti  = 	(y1)n-1  exp 	b

b 	m
- To 	(4.57) 

2 

and 
(T 	+ T 

shaft 	m — 
- T)] (4.58) p2 	40  (y2)

n-1 
 exp - b 

2 

thus introducing some degree of dependence of apparent viscosities on 

algebraic mean temperatures. 

In equation (4.58), however, T
shaft is not known when the shaft 

behaves as an insulated boundary. For the purposes of evaluating the 

viscosity at a mean temperature, an estimate given by 

U 2 

r2  + T
m 

T
shaft = 
• 2km 

(4.59) 

was adequate. 

A systematic trial and error method was used to select the correct 

value of 
Tshaft to satisfy both equations (4.58) and (4.59). 	Starting 

with an estimated value for 
Tshaft' 

4
2 was evaluated from equation (4.58) 

and substituted into equation (4.59). 	The value of 
Tshaft 

thus obtained 

was compared with the estimated one. 	If necessary, a new estimate was 

used and the evaluations repeated until a difference of less than 1% 

between the estimated and the finally computed values for 
Tshaft 

was 
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achieved. 	In this way the viscosity for melt film 2 was obtained. 

With this correction introduced into the advanced Newtonian model, 

results were obtained and plotted on the same graphs of Figure- 4.17 to 

4.19. In general, the correction proved to be effective and improved 

the Newtonian results considerably and these are now much closer to the 

more realistic non-Newtonian results. 

Note that with the conditions considered for the present case 

studies, in Figure 4.17 the Newtonian model without the correction 

appears to predict better agreement with the non-Newtonian results, at 

low shaft speeds, than if the correction was made. This better agreement 

actually originates more from the errors in estimating the values for the 

viscosities by neglecting their dependence on temperature rather than from 

the superiority of the model without the correction. For if the results 

were extrapolated to lower shaft speeds, the discrepancies between the 

results would again increase whilst if the correction was included, 

results close to the non-Newtonian ones would still be predicted. 

4.8 Conclusions  

In this chapter a theoretical study of the melting process in the 

annular shear cell of the machine where most of the melting was expected 

to take place was carried out. The aim was to derive an adequate 

theoretical model from which the results for different operating 

conditions, materials and geometry could be obtained by theoretical 

simulations. 

The melting mechanism was postulated with relatively little 

experimental evidence but should be the most likely one in practice. 

A simple analytical solution was obtained for a model in which many 

unrealistic assumptions were made. 	It served the purpose to illustrate 
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qualitatively the effect of the dominant parameters on the melting process. 

Two other more advanced models were developed for predicting reliable 

quantitative results. One was based on flow of Newtonian melt films and 

the other one based on flow of non-Newtonian power-law type of polymer 

melts. On the grounds of theoretical results only, the non-Newtonian 

model proved to be a more reliable model, though with adequate choice of 

values for the mean apparent viscosities, the advanced Newtonian model 

predicted results close to those for the non-Newtonian model. The 

non-Newtonian model was clearly preferable for materials whose melts 

viscosities exhibited a high degree of dependence on shear rates and 

temperature. 

The penalty for using the non-Newtonian model was the higher cost of 

computation. In the cases considered here, computational costs for the 

non-Newtonian model could be as much as five times that for the advanced 

Newtonian model. 

Although the dependence of viscosity on temperature for the material 

considered was small (small b), when this was included in the advanced 

Newtonian model considerable improvements were obtained. Provided local 

quantities were not required this model could be used for predicting 

overall melting performance at a considerably lower cost than the 

non-Newtonian model. 

• 
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Table 4.1  

Property Data used for Simulations  

Material: 	LDPE granules - ICI 'Alkathene' WNC71 

Viscosity: 
-0.577 

= 6274 (1 	exp [- 0.00537 (T - 145)] Ns/m2  
Yo 

measured at y = 145.7 to 1457.1 s 

and T = 140 to 150°C 

Yo = 1 s -1 

Thermal Properties: km = ks = 0.268 J/m s deg C 

cm = 2428.5 	J/kg deg C 

cs = 2512.2 	J/kg deg C 

X = 209.35 kJ/kg 

Densities: Pm  = 780 kg/m3  

Ps = 880 kg/m3  

= 570 kg/m3 
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Table 4.2  

Effects of Initial Film Thicknesses and  

Mean Solid Bed Temperature on the Analytical Solution 

Case 
Number 

H  
01 

(mm) 

H 
02 

(mm) 

T 

0C 

N1 
 

N
2 

Melting Zone Length 

(mm) 

1 0.1 0.1 30.0 0.0046 0.0031 208.8 

2 0.1 0.1 50.0 0.0050 0.0034 188.1 

3 0.1 0.1 80.0 0.0059 0.0042 157.2 

4 0.2 0.2 50.0 0.0050 0.0034 185.9 

5 0.4 0.4 50.0 0.0050 0.0034 176.8 

• 
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Table 4.3  

Expressions Used in Section 4.6  

Hi+ H) 
V sz 	A Hs + 	 / Dn 2 

• - M (11/H1  + 112/H2) / Dn  

A 	pi 	µ1 	P'2) f1 

	

D2 n H 2 	H1 

• 

H 
n 	1 

 

A 

	

P2 	

(1. 	

[/2) n  f
2n H1 

▪ 

H2 -2 
n 	2 
D 2 H 2 

A 
f3 	

Hi+ 

Dn
2 
	2 

	

s 	

1 

	

2 	
D1.1 

f 
Dn
2 	2 	s 	2 

Dn Hi+ HE)  2  
4 

 A 

PH1
2 

	

f1H1
3 	V 

F11 
__ sz 

4pi 	12pi  2 	2 f3 

f
2
H
1
3 

F
12 = 	+ 1 f - 1411  2 4. 

• 



- 206 - 

1 	6T1 	oTs 

Ys  
Fi3  = 	km p mAE1 Y1 =0 

- ks Mr 
(

s =H y Y1  

F21 = 

F22 = 

F23  = 

where: 

Dn 

D1 	= 

D2 

f1H2
3 	H2 + 

V s z 	H2 f4 

s - 

Pm 

H2  

(H i+ H2  ) 	 H1+ H2 

12p,2 	2 

PzH2
2 	f2H2

3 

4P'2 	14,2 

P' 

+ — 
2 	2 

ks (61.$) 
 Ys y 

42) 
C  2 

pmHi2 	
w1 

H 

 

pm 

P m 

C 

C 

Eprn  (6T2 

E2 	y2 
 12 

H 3 	H,3 
1 

C 	12p, 	+ 12-a 

	

1 	r-2 

	

pm  wi 	H 3 ( 
- 

123 

171  1 

H 

+ Hsps] (Is+ 
2 	 2 

) 

µ2 

H2  

P2 
H2  

12 	µ1i 

H — 

77- 

+ 	s 	p 	p  

2 	m 

P m P2 (1
3 

— — 

p,2  

p 

 s 

H
2 

/411 	Hi  

H 	+ H

i2  

+ 
s 

T_T 	2 
P  m-2 	111 

H 	a 12 	2 	'1. 

Hs 	, 
+ =(p - p ) 

2 	m 	s 

11 2 

-p s  

4'2 	H1  

H1+ 1-I 2 H 	+ s 
	 2 

• 



- 207 - 

and : 

Hs 	AR - H - H2 2 

• 

0 
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Table 4.4  

Fully. Developed Temperature Profile for Melt Films  

	

Ur Y 	[y 	02 4. 1  (y)3 	H4j 
T - 
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r  

	

H 	H 24H ET H 	H 	12 H pkm 

2 H P V z sz 

km  2  
(Y 

6H 2 H) 103] H (Tr  T)+ T mH .1 m 

where Tr . Tb 1 
, 2 
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Table 4.5  

Effects of II and
o 

and H on the Numerical  
2 

Solution for the Advanced Newtonian Model 

(i) 

z 

(mm) 
H1/AR H2/AR 

dp/dz 

(MN/m2/m) 

din /dz 1 

(kg/h/m) 

din2/dz 

(kg/h/m) 

T1  1 

(°C) 

T2  

(oc) 

0.0 0.0315 0.0315 - 65.67 298.0 175.5 140.17 122.63 

2.5 0.1094 0.0751 - 23.30 72.68 232.8 140.96 158.50 

5.0 0.1235 0.1237 - 20.50 57.68 65.18 140.41 136.38 

7.5 0.1353 0.1347 - 19.22 50.72 42.50 140.57 126.61 

10.0 0.1456 0.1417 - 18.30 44.82 23.75 140.59 125.15 

12.5 0.1545 0.1454 - 17.60 40.89 23.75 140.64 124.38 

15.0 0.1625 0.1491 • - 17.02 37.52 15.18 140.70 123.69 

20.0 0.1765 0.1539 - 16.04 33.21 13.21 140.73 123.69 

40.0 0.2195 0.1696 - 14.33 27.68 15.18 140.92 123.34 

60.0 0.2556 0.1874 - 13.27 27.86 19.10 141.09 123.40 

330.0 0.5914 0.4059 - 11.37 22.32 20.71 143.04 123.60 

• Error in energy balance = 7.0%; zL  = 330.0 mm; 	= 4.15 MN/m2 
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z 

(mm) 
H1/AR H2/AR 

dp/dz 

(nr/m2/m) 

din /dz 1 
(kg/h/m) 

an2/dz 

(kg/h/m) 

T1  1 
(°C) 

T2  

(oc) 

0.0 0.0630 0.0630 - 35.15 138.2 75.54 140.28 122.79 

2.5 0.0965 0.0796 - 25.14 82.86 78.75 140.48 127.18 

5.0 0.1149 0.0955 - 21.90 65.18 52.50 140.48 125.63 

7.5 0.1289 0.1054 - 20.14 55.53 40.89 140.55 124.52 

10.0 0.1502 0.1128 - 18.95 48.75 33.04 140.59 124.06 

20.0 0.1737 0.1319 - 16.47 34.82 21.96 140.72 123.48 

30.0 0.1977 0.1449 - 15.23 29.64 19.28 140.83 123.37 

335.0 0.5936 0.4062 - 11.40 22.32 17.86 143.06 123.60 

Error in energy balance = 1.7%; zL  = 335.0 mm; °PL = 4.19 MN/M2 
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z 

(mm) 
H /AR 1 H2/AR 

dp/dz 

(MN/m2/m) 

cIM1/dz 

(kg/h/m) 

din2/dz 

(kg/h/m) 

T1 
 

(°C) 

i,
2 

(°C) 

0.0 0.3150 0.3150 - 12.35 -15.71 -33.40 141.40 124.18 

2.5 0.3128 0.3121 - 12.37 -15.36 -33.57 141.39 124.11 

5.0 0.3106 0.3093 - 12.40 -14.11 -32.68 141.37 124.05 

7.5 0.3087 0.3064 - 12.43 -11.07 -29.82 141.36 123.99 

10.0 0.3071 0.3038 - 12.46 - 6.96 -25.74 141.34 123.93 

20.0 0.3064 0.2967 - 12.46 7.32 -10.54 141.34 123.76 

30.0 0.3127 0.2942 - 12.35 16.78 0.536 141.37 123.67 

40.0 0.3233 0.2951 - 12.21 23.04 8.57 141.42 123.63 

252.0 0.5789 0.4183 - 11.35 22.86 20.00 142.98 123.54 

Error-in energy balance = 2.9%; zL  = 252.0 mm; EpL  = 2.94 MN/r' 
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Table 4.6  

Initial Estimates for the Newton-Raphson Iterative Method  
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H
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H H
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H 
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An alternative improved x3  was obtained as 

(Tm  T
r 

x = 	= 	 2  V y cl) 	exp 	b 	- T 3  

	

sz 	2 

from the definition of 43 in equation (4.44) and using a mean temperature 

(T + T )/2. m r 
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CHAPTER 5 

THEORETICAL MODEL FOR THE CONTINUOUS RAM EXTRUDER 

5.1 Introduction  

In chapters 3 and 4, theoretical models were developed to describe 

the processes occurring in the feeding and melting zones respectively. 

Melt flow through the remaining section of the annular channel has been 

studied previously [62] and the flow behaviour of the melt through the 

die is relatively simple to analyse. 	In this chapter an overall model 

for the continuous ram extrusion method is considered. 	It is a 

combination of the individual models referred to above. 

In general, the end conditions predicted by each model served as 

starting conditions for the model of the following section of the 

extruder. For example, i4 the pressure profile along the flow channel 

was required for a given set of operating conditions, the pressure 

transmitted through the feeding zone was used as the starting pressure 

for the melting zone. Having computed the pressure drop across the 

melting zone and the remainder of the annular channel, the melt pressure 

at the entry to the die was obtained. Similarly the material temperature 

along the extruder and other parameters could be determined. 

A summary of the previous work on flow of polymer melts through the 

annular channel [62] is given in Appendix C, and the die characteristic 

is briefly considered here. 

In order to assess the validity of the theoretical model, predictions 

were compared with experimental results whenever possible. 	Before this 

could be done, however, minor modifications were introduced to the 

analysis presented in the previous chapter to conform with the 

experimental extruder's geometry. 
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Theoretical simulations were obtained using the model to study the 

- effects of operating conditions, different material properties and 

extruder geometry on the overall process. 	Also, scaling up of the 

process in terms of output rates has been considered. 

Some theoretical aspects of the mixing performance of the extruder 

are also considered. 

5.2 Modifications to the Melting Model  

In chapter 4, melting in an annular channel was studied. The 

channel was assumed to be a rectangular slit of width C it (R.+ R ) 
1 o 

and height AR = Ro- Ri  and since the annulus was cylindrical, C and AR 

were constant. In the actual extruder, the annular channel converges in 

the initial region as shown in Figure 5.1. Assuming that the convergence 

is sufficiently small for the lubrication approximation to be valid, the 

equations remain unchanged except where C and AR appear. The analysis 

was therefore modified by replacing AR and C by AR'(z) = Ro'(z) - R. and 

CI(z) = it (R.+ R o') - 2 Wk  respectively. 	The quantity Wk  is the width 

of each metal key used to create the separate feed chambers as shown in 

Figure 5.2. 	These modifications were easily carried out in the 

numerical solutions by specifying the variation of R
o' with z and hence 

defining AR' and C' at each axial position. 	It was assumed that the 

presence of the keys did not affect the melting mechanism postulated and 

that the solid material was strong enough not to break off and hence 

rotate when it entered into the barrel where the keys terminate. 

The presence of melt films adjacent to the keys was also ignored on 

the assumption that the effect of these on the melting process was 

negligible. Another effect that the keys could have was to promote 

the accumulation of melt into two pools as suggested in Figure 5.2(b). 
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This, however, was not expected to happen in view of the convergence of 

' the channel and the reduced scraping action of the keys due to large 

clearances between these and the shaft. The validity of this assumption 

was later confirmed experimentally. 

In general, the block remained at a temperature different from that 

of the barrel. In the computed solutions below, the relevant thermal 

boundary condition was changed to allow for,a linear temperature 

variation along the barrel reducer plate as indicated in Figure 5.1. 

5.3 Melt Flow in Breaker Plate and Die  

At the front end of the barrel, before the extrusion die, a breaker 

plate was used to, amongst other functions, break up the helical flow 

pattern of the melt as it emerged from the annular region, and to hold 

back any unmelted polymer. Figure 5.3 shows details of the region in 

question. The breaker plate consisted essentially of a perforated thick 

disc. The perforations were cylindrical holes whose dimensions are 

given in Table 2.1. Assuming the flow rate through each of the nh  holes 

to be the same, the relationship between the overall mass flow rate, A, 

and the pressure drop Apap  across the breaker plate is given by (see, for 

example, McKelvey [2]) 

1 
n n R h 	Rh  ApBp  

Pm % 3n + 1 	3) (
Po'  vo LB) 

(5.1) 

where Rh  is the radius of each hole in the breaker plate, 

LBP is the length of the breaker plate, and 

p
o = p

o exp [- b (T - To] with T as the mean temperature of the 

melt emerging from the annular channel. 

Similarly the pressure drop App  across the cylindrical die is given by 
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1 
(yo  n n RD3)  ( RD  APD  )n 

Pm 	3n + 1 	2po t yo  LD  
(5.2) 

where RD and LD are respectively the radius and the length of the lace 

die. 	Entry effects are ignored in both cases. Assuming that the 

pressure drops across sections a and b in Figure 5.3 are negligible 

compared with Apr)  and Apia:), the overall pressure drop from the end of the 

annular region to the exit of the die is 

n  
LD 	

L
BP  + 

Ap =---%.' App  + AP BP = 2P,0  "Y0 n
174(3n 	

v
1) 

n  TE 	 R  3n+1 ÷ 	n 	3n+1 
[ 

,._ m  ' 0 RD 
	

nh RBP 
(5.3) 

Thus, given the output rate of the extruder, the pressure drop in this 

region could be evaluated using equation (5.3). 

5.4 Procedure for Theoretical Simulations  

This section outlines briefly the general procedure for obtaining 

overall performance predictions using the theoretical models. 

Figure 5.4 shows a diagram of the extruder divided into a number 

of regions. 	The initial part consists of a cylindrical solids feeding 

zone (CFZ) followed by an angled feeding zone (AFZ). 	The material 

melts in the melting zone (MZ), flows through the remaining annular 

region (MF) and finally out of the extruder through the breaker plate 

and the die (DF). 	The procedure consisted of the following steps: 

i) The operating Conditions and material properties were specified 

as input data. 

ii) The pressure losses through CFZ were calculated using the 

appropriate model derived in chapter 3 for Coulomb and/or 
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viscous friction depending on operating conditions. The 

temperature of the solid plug was also evaluated. 

iii) The pressure transmitted through AFZ was computed and hence 

the overall pressure drop in the solids feeding zone evaluated. 

iv) Thg non-Newtonian melting model was applied to MZ with the 

modifications introduced in section 5.2. The length of this 

zone was determined amongst other parameters and hence the 

length of the following region MF obtained. 

v) The thermally developing flow of polymer melt through MF was 

then considered, applying the analysis described in Appendix C. 

vi) Finally, the pressure drop across region DF was calculated 

using equation (5.3). 

The outcome of these computer simulations were results relating the 

dependent variables such as output rates, melt temperatures, power 

consumption and degree of mixing to the operating conditions, for 

specified material properties and extruder geometry. 

5.5 Comparison of Theoretical Predictions with Experimental Results  

If computer simulations are to be of any use, it is necessary first 

to compare predictions with experimental results in order to assess their 

validity and accuracy. It has already been pointed out that the 

process is not a truly steady state one, though theoretical analyses were 

based on the assumption of steady state conditions. 	In the following 

comparisons, where fluctuations in a variable were sufficiently large 

and measurable, e.g. melt pressures, the mean of the maximum and minimum 

values was used. 	Other parameters like output rates were already 

averaged during the measurement. 	Because the number of performance 
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parameters and independent variables is large and little advantage was 

gained by using dimensionless variables, the number of comparisons 

presented can only be a fraction of all the results obtained. 	However, 

results have been chosen to include a representative range of conditions 

rather than to show best agreement between theory and experiment. All 

the results presented are related to extrusion of LDPE. 

5.5.1 Flow through breaker plate and die  

Figure 5.5 shows the variation of the pressure drop across zone DF 

with the output rate. The experimental values for the pressure drop 

was measured at the tapping shown in Figure 5.3 and the theoretical 

values calculated using equation (5.3), assuming mean melt temperatures. 

The agreement was considered to be satisfactory and therefore equation 

(5.3) could be used confidently for relating flow rates and pressure 

drops in this region. 

5.5.2. Pressure profiles  

Pressure readings were taken along the extruder. Two transducers 

giving a continuous recording of the pressure were employed. Figures 

5.6 and 5.7 show the mean pressures compared with the steady state 

predictions for a high and a low output rate respectively. As an 

indication of the fluctuation of the pressure recordings, the peak 

pressure at each position is also shown. 	In the predicted profiles, a 

straight line was drawn from the pressure just before the breaker plate 

to zero atmospheric pressure (gauge). 	These profiles were determined 

backwards from zero pressure at the exit of the die. Agreement between 

computed and experimental results is good, admittedly for very few 

pressure measurements. 	Only two cases have been presented, but 

• 



-232 - 

similarly good agreement has .been obtained for other cases. 

Pressures along the barrel only have been considered. 	In general, 

all the relevant data are accurately (I 55) known in this region, whilst 

predictions of pressure drops along the feeding zone depend to a large 

extent on the accuracy of frictional data and on the type of friction. 

Because very little information is available on this, and measurement of 

pressures in the feeding zone was not possible, comparisons of results in 

this region were not carried out. However, the ram pressures were known 

in both cases and an indication of the pressure drop through the solids 

feeding zone was obtained. These were 20.0 MN/m2 for the case shown in 

Figure 5.6 and 17.2 MN/m2'for the other case. 	These agree, at least in 

order of magnitude, with the results predicted in chapter 3 and also 

suggest that melt films must have been formed in the feeding zone. 

5.5.3• Power consumption  

The specific shaft power consumption has been plotted in Figure 5.8 

for a range of output rates. 	It can be seen that the experimentally 

measured values are considerably higher than those predicted (full line). 

The reason for this is that the predicted values are those for the power 

consumption in the MZ and MF zones only, whilst the measured values 

include the bearing losses and the power consumed in AFZ as the shaft 

rotates against the solid polymer. 	If the predicted results are 

corrected to include these power losses agreement in the results is 

improved. For the case considered, a reasonable estimate of an extra 

3 kW consumption produces the broken line shown in Figure 5.8 giving good 

agreement between theoretical and experimental results. 
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5.5.4 Melt temperatures  

An attempt to compare experimentally measured melt temperatures with 

theoretically computed bulk mean temperatures is shown in Figu:e 5.9. 

The predictions at high output rates were found to give values 

considerably lower than the experimentally measured ones. Above 

27.5 kg/h the melting model predicted the presence of solid polymer and 

the bulk mean temperature of the melt film adjacent to the barrel was 

plotted instead. In the results shown, the shaft speeds ranged from 60 

to 240 rpm for the experimental results and the computed values were 

based on a shaft speed of 180 rpm. 	It is worth noting that the band 	of 

temperatures measured lies around 200°C which was the temperature set. for 

the barrel. Clearly the readings were strongly influenced by the barrel 

temperature and therefore the comparison cannot be conclusive. 

5.5.5 Melting mechanism  

One of the major processes occurring in the extruder channel is the 

melting of the solid polymer. Ideally the accuracy of the melting model 

should have been checked by a series of experiments with measurements of 

film thicknesses and amount of solid polymer present. The existing 

extruder is not suitable for such experimental work but further 

qualitative support for the validity of the theoretical model was 

obtained. The machine was run for a reasonable period of time for 

steady state conditions to be reached. 	The shaft and rams were then 

stopped and immediate cooling of the barrel and main block started. 

When the temperature of the polymer was sufficiently low, the barrel was 

removed.. The 'frozen' polymer was then inspected. 	In order to aid 

visual distinction of the original solid polymer granules from the melt, 

a coloured dye powder was dispersed into the granules prior to feeding 
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into the hoppers. The unmelted polymer could thus be detected by the 

presence of a coloured layer on the surface of the granules. 	It was 

observed that initially the presence of the keys tended to create small 

melt pools as suggested in Figure 5.2(b) but as the annular channel 

converged, the deformed solid bed spread into the pools and these were 

reduced into an insignificant amount. The film thicknesses, adjacent to 

barrel and shaft were of the same order of magnitude but at lower barrel 

temperatures the film adjacent to barrel was thinner than that adjacent 

to the shaft. In spite of the rapid deformation of the solid bed in the 

converging channel, it remained intact and was sufficiently rigid not to 

be broken up by the rotation of the shaft. Thus, most of the assumptions 

adopted in the derivation of the theoretical model can be considered to 

be valid. and as such the model should be acceptable, though it has not 

been verified quantitatively except for some measurement of pressures as 

presented in section 5.5.2. 

5.6 Distributive Mixing in the Extruder  

An important requirement from the extruder is the production of a 

homogeneous extrudate. Fenner [4] has discussed briefly different types 

of mixing with relevance to screw extruders. In the present work only 

distributive mixing is considered. This is the more important type of 

mixing in the laminar flow of polymer melt in the extruder. Distributive 

mixing depends on the total deformation of the system, which spreads the 

clumps of material and so reduces the average distance between them. 

The degree of mixing produced by this process can be expressed in terms 

of a ratio of initial to final striation thicknesses. 	The concept of 

striation thicknesses has been extended to three-dimensional flows by 

Fenner [4] and the degree of mixing M is given by 
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dM 
dt = 	(41

2)2  
(5.4) 

where t is time, and 12 
is obtained from the velocity profiles of the 

melt flow. 	Equation (5.4) was integrated along the path taken by a 

typical element of material and gave results for degree of mixing as a 

function of the initial position of the element in the flow channel. 

Figure 5.10 shows the variation of the degree of mixing across the 

annular gap at the completion of melting. The path of each particle of 

melt started where it first joined the melt stream as it changed from 

solid to melt. Whilst such a result is useful for investigating the 

local variation of degree of mixing, for example in Figure 5.10 the 

degree of mixing for particles adjacent to the boundaries tends to 

infinity since their downstream velocity is zero and that for the 

particle which has just melted is zero, it is not very convenient to use 

in practice. Instead, a bulk mean mixing parameter M has been defined 

by Fenner [4] as 

Equation (5.5) was integrated from z = 0 to the end of the annular 

channel and hence an overall degree of mixing M of the extrudate 

obtained. 

It is worth noting that this value depends on the solution of the 

flow equations which were solved assuming the melt to be homogeneous. 

On the other hand, mixing is a homogenising process. 	In general, the 

assumption of homogeneity must be retained if any progress is to be made 

at all. Where materials with different viscous properties are mixed 
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difficulties could arise in obtaining a solution. Though M has a purely 

- theoretical meaning, it should be a practical basis on which the mixing 

performance of homogenisers can be compred. As a reference, in single 

screw homogenisers it has a typical value of 4000. 

5.7 Theoretical Simulations  

Because of the nature of the process and the interaction of 

different parameters, a considerable amount of theoretical results could 

be presented. Accepting the fact that the main result is the computer 

program which can be used to simulate the operation of the extruder, a 

limited amount of sample results is presented to illustrate the usefulness 

of the analysis and at the same time to study the process in greater 

detail. 

5.7.1 Simulations concerning operating conditions  

For the results presented below, an extruder of the same dimensions 

as the existing one was considered. Also the parameters varied are in 

the practical range possible with the existing machine. 

Assuming that the ram pressures are adjusted accordingly to give a 

fixed output rate, the effect of varying the other major operating 

parameters namely the shaft speed and barrel temperature was studied. 

In chapter 4, the effect of these two variables on melting has already 

been investigated. Here it remains to summarise their influence on the 

quality of the extrudate in terms of the bulk mean melt temperature and 

mixing. Figure 5.11 shows the bulk mean melt temperature at the end of 

the annular channel plotted against bulk mean mixing with the shaft speed 

and barrel temperature as parameters. With the barrel set at a given 

temperature, mixing can be increased by increasing shaft speed. 	This, 
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however, leads also to an increase in melt temperature. 	In the 

relatively small size extruder considered, melt temperature can to some 

extent be reduced by lowering the barrel temperature without alrfecting 

mixing. 

The pressure gradient required to maintain a given output rate 

decreases with increasing shaft speed and barrel temperature as shown in 

Figure 5.12. The pressure drop plotted refers to the pressure drop across 

the annular channel only, i.e. zones MZ and MF. 	Given the die 

characteristics and reliable values of the coefficient of friction in the 

feeding zone, the pressure required at the rams could be predicted. 

Figure 5.13 shows the variation of the shaft power (consumed in zones 

MZ and MF only) with shaft speed. The effect of barrel temperature on 

shaft power is relatively small. The extra power consumed at higher 

shaft speeds is used for raising the melt temperature and increasing M. 

Figure 5.14 shows the variation of shaft power and bulk mean mixing 

with output rate when both shaft speed and barrel temperature are fixed. 

Whilst the mean melt temperature decreases with increasing output rate - 

shown previously in Figure 5.9 - which is beneficial, mixing becomes 

poorer. This is because the residence time of the material in the 

extruder decreases and hence is subjected to less shearing. 	The shaft 

power increases with output rate, but the specific power consumption 

• decreases as shown in Figure 5.8. 

5.7.2 Similations concerning some material properties  

The effects of some important physical properties of the material on 

the process was analysed. The physical properties varied were the 

viscosity in terms of the constants in equation (4.39) and the thermal 

conductivity of the polymer melt. 	Each parameter was varied whilst 
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the others were held constant for a typical set of operating conditions, 

i.e. barrel temperature and shaft speed. The properties which were held 

constant during each simulation were given the values shown in Table 4.1. 

Figure 5.15 shows the effect of varying the coefficient b which 

characterises the temperature dependence of viscosity. 	For the cases 

considered, an increase in .b corresponds to a reduction in viscosity. 

Thus, the pressure drop across the annular channel to maintain an output 

rate of 20 kg/h decreases; mixing decreases slightly; the output melt 

temperature also decreases slightly; complete melting of the material 

occurs further downstream; and the shaft power consumption also 

decreases. In general, the changes are relatively small and thus 

variations in the viscosity temperature coefficient b have minor effects 

on the performance. Figure 5.16 shows the effect of varying the power-

law index n. Here, an increase in n is equivalent to an increase in the 

apparent viscosity. Thus, the trend of the results is opposite to those 

shown in Figure 5.15, with the exception of mixing which decreases 

slightly with increasing n. The variation of the parameters plotted in 

Figure 5.16 with n, are, however, more significant. 	Similar results 

have been obtained in Figure 5.17 where the datum viscosity µ
0 
 has been 

varied. Again, the variation in mixing is small. 	In general, mixing 

is dependent on shear rates and residence time. Since both shaft speed 

and output rate were assumed constant the variation of mixing in Figures 

5.15 to 5.17 was expected to be small. 	The variations in mixing were in 

fact due to small changes in the velocity profiles from which 12  was 

obtained for use in equation (5.5). 	In Figure 5.18 the effects of the 

thermal conductivity of the polymer melt is shown. The melting length 

decreases as conductivity increases due to better heat transfer. 	The 

effect of this is to reduce the pressure gradient required to maintain 
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the same level of output rate. Mixing and shaft power consumption 

remain fairly constant, whilst melt temperatures increase slightly. 

5.7.3 Simulations concerning geometry  

The theoretical models have also been applied to studies on the 

effects of varying the physical dimensions of the existing extruder 

within a suitable range. In particular, the feed cylinder/barrel axis 

angle has been varied to study the effect of this on the pressure 

propagation through the granules in this region, and the length of the 

barrel and the shaft diameter have also been varied to assess their 

influence on the performance of the extruder. 

Figure 3.1 shows in detail the angled solids feeding zone extending 

from plane CC to BB characterised by an angle p and a mean length L. 

Figure 5.19 demonstrates the effect of varying the angle p on the ratio 

of the pressure at BB to that at CC. The cross-sectional areas at CC 

and BB were assumed to be constant, i.e. fixed feed cylinder and annulus 

sizes. The model used is that for flat plates presented in section 3.5 

and the internal coefficient of friction pi  was assumed to be the same 

as that for the polymer/melt interface pf. Figure- 5.19 shows the 

results obtained for three values of the coefficient of friction. A 

maximum pressure ratio occurs in each curve. This is explained by the 

fact that as the angle increases, the length LBc  reduces and hence the 

pressure transmitted to BB increases, but when the angle becomes 

excessive, the pressure transmitted to BB decreases due to the sharpness 

of the bend and hence the maximum pressure ratio occurs. It should now 

be clear that the conical geometry model presented in section 3.6 cannot 

predict these maximum points since a change in p would merely affect the 

separation of planes bb and cc in Figure 3.18 with Db  and Dc  constant. 
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For convenience, the coefficients of friction were chosen to be the same. 

This may not necessarily correspond to the practical case, but the results 

illustrate clearly the usefulness of the analysis for design a,Tlications. 

Figure 5.20 shows the effect of increasing the annular channel 

length. The pressure drop, mixing, melt temperature and shaft power 

consumption all increase with the length of the channel. 	Once the 

material is completely melted, the remaining length of the channel is 

merely used to impart additional mixing. All the quantities plotted 

increase approximately in direct proportion with the channel length with 

the exception of melt temperature. As the material flows along the 

channel, its temperature increases gradually until the flow becomes 

thermally fully developed when no further change in temperature occurs. 

The curve for melt temperature therefore tends to flatten out. In 

Figure 5.20 fully developed flow is by no means achieved. 	Figure 5.21 

shows developing temperature profiles in the material from z = 334 mm 

(where the material is fully melted). 	By selecting a suitable channel 

length, the melt temperature variation across the annular gap can be 

minimised. 

Figure 5.22 ,shows the effect of using shafts of different diameter. 

A change in the shaft diameter alters the size of the annular gap. A 

reduction in the annular gap due to the use of larger shafts leads to 

greater flow resistance and hence the pressure drop along the annular 

.channel must increase in order to maintain the same level of output rate. 

The higher shear rates produced in the smaller annular gap also result 

in a slight increase in mixing whilst both melt temperature and shaft 

power consumption increase significantly. Complete melting also occurs 

considerably earlier as the shaft diameter is increased. 



5.8 Scaling-Up  

This section considers the application of the theory to the problem 

of predicting the performance of scaled-up versions of the continuous 

ram extruder. Of particular interest is the maximum output rate 

obtainable from a particular size of the extruder. 

It has already been shown that when extruding a given material under 

a given set of operating conditions, the higher the output rate the 

further the unmelted polymer extends into the extruder channel. Clearly 

a major requirement is that the material reaches the die in a fully 

molten state. Thus, scaling-up has been considered in this work in 

terms of the melting performance of the extruder. For a given size of 

machine and set of operating conditions, the maximum output rate was that 

at which fully melting was just achieved before the polymer reached the 

die. Initially all the extruders considered were geometrically 

similar to the existing one. All the physical dimensions were varied in 

proportion with the internal barrel diameter D. Figure 5.23 shows the 

maximum output rate for a range of extruder sizes characterised by the 

diameter D operated at different shaft speeds. At a shaft speed of 

240 rpm, the output rate is approximately proportional to D1.25 
	

The 

length of the extruders considered were taken as 12 times the barrel 

diameter. Clearly, higher output rates could be achieved if the length 

of the extruder was larger and/or if the shaft speed was increased. 

This, however, could lead to mechanical problems such as whirling. 

Melting rate can also be improved by reducing the annular gap. 	An 

empirical rule of allowing the annular gap to vary with the square root 

of barrel diameter has been tried here and it has been found that higher 

output rates are possible even allowing the shaft speed to vary inversely 

proportionally with the square root of the barrel diameter. This square 
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root law has been successfully applied by other workers to scaling-up of 

single screw extruders [63,64]. 	Figure 5.24 shows the results obtained 

using this method for scaling-up. The barrel diameter of the existing 

extruder has been selected as the basis for scaling up and a reference 

shaft speed of 240 rpm was taken. For a barrel length to diameter ratio 

(L/D) of 12:1, the maximum output rates are approximately proportional to 

D1.7 showing a considerable improvement over the previous method of 

scaling-up. Also shown in Figure 5.24 are the expected maximum output 

rates for longer versions of the extruder with an L/D ratio of 20:1. 

The output rates were found to be approximately proportional to D
2.1

7 

suggesting that longer machines are preferable for higher production 

rates. Typical performance data for a short and a long extruder, with 

a barrel diameter of 200 mm, operating at Tb  = 200°C and shaft speed of 

113 rpm are: 

L/D = 12:1 	L/D = 20:1  

Maximum output rate (LDPE): 
	

620 kg/h 	1200 kg/h 

Bulk mean mixing M: 
	

8700 	8600 

Bulk mean melt temperature: 
	193°C - 	192°C 

Specific shaft power consumption: 0.151 kWh/kg 0.123 kWh/kg 

Pressure drop along barrel: 
	

13.1 MN/m
2 	

27.5 MN/m
2  

In terms of extrudate quality (bulk mean mixing and temperature) there is 

little difference between the two extruders. The longer version is, 

however, more economical in terms of specific power consumption. The 

hydraulic rams would have to be considerably more powerful in the long 

extruder in order to maintain the higher output rate through the longer 
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barrel. 

In general, maximum output rates also depend on other factors such 

as barrel temperature and limitations to the capacities of auxiliary 

equipment. 

5.9 Discussions and Conclusions  

In this chapter is was shown how the individual pieces of theoretical 

analysis can be used in an overall model for the continuous ram extruder. 

Though only relatively few experimental results have been compared with 

theoretical ones, these were conclusive enough to confirm the validity of 

the theory. The agreement between theory and experiment was found to be 

good in general. There is, however, plenty of room for improvement 

both on the theoretical and experimental aspects. For example, it was 

necessary to allow for additional shaft power consumption in the theory, 

and temperature measurements should be improved. It was unfortunate 

that the melting predictions could not be verified more quantitatively, 

but at least qualitative results proved the relevant assumptions to be 

valid. 	 . 

Similarly, relatively little attention has been paid to the solids 

feeding process in this chapter mainly due to the lack of knowledge and 

data on frictional behaviour. However, the analysis is available and 

has been shown to be valuable for at least estimating pressure losses. 

It should also be useful for design applications in selecting the 

appropriate ram capacity. 

It was not intended to present large amounts of theoretically 

simulated results, but rather to present comparatively few in order to 

illustrate typical applications of the theory and also to study the 

process in greater detail. Thus, the effects of some major factors 
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affecting the operation of the extruder namely the operating conditions, 

material properties and extruder geometry, have been investigated. 

Because of the large number of variables involved and their interaction 

it is not possible to state what is an optimum set of operating conditions 

or extruder design. In general, compromise solutions must be accepted. 

For example, at a given output rate, melt quality can be improved by 

operating at a low barrel temperature and high shaft speed (see 

Figure 5.11) but power consumption increases (Figure 5.13). Though not 

directly apparent, it should be noted that neither of these changes (shaft 

speed and barrel temperature) affects the output rate as long as the 

pressure gradient maintained along the extruder is accordingly adjusted, 

in practice, by altering the ram pressure. The advantage of separating 

plasticating functions from the output rate is thus clearly demonstrated. 

The square root law for scaling-up was shown to be a better one than 

by just allowing the extruder size to vary in proportion with that of 

the existing model. It was also shown that considerably higher output 

rates can be obtained by using longer machines, but their physical size 

would be limited by mechanical restrictions. 
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FIG. 5.23 - PREDICTIONS FOR MAXIMUM OUTPUT RATES FOR 

GEOMETRICALLY SIMILAR EXTRUDERS 
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CHAPTER 6 

GENERAL CONCLUSIONS 

6.1 Some Economical Considerations  

It is appropriate at this stage to consider some economical aspects 

of the process. The single screw extruder has been selected as a basis 

for comparison since this is the most widely available machine performing 

similar functions. A complete economical comparison is not possible as 

this would have to include amongst other factors, the running costs, 

ability to process different materials and the flexibility of the process, 

all of which are difficult to quantify. The comparison presented below 

is thus limited to capital costs only which are relatively simple to 

estimate. 

The cost of manufacture of the existing extruder has been estimated 

at £4000 (at 1972 prices). The details of this estimate are given in 

Table 6.1. In order to extrapolate the costs of similar machines of 

different sizes, a simple formula applicable to the machinery 

manufacturing industry has been used. This states that the costs of 

similar types of machinery rise according to the volume of the machine 

raised to the power 0.6. The volume of the machine in the present case 

has been taken as proportional to D2L. Table 6.2 shows the cost of 

different extruders obtained using this rule. Also shown in the Table, 

for comparison, are the costs of typical commercially available single 

screw extruders. These apply to fully equipped extruders with a length 

to diameter ratio of 25:1 but do not include any specialist equipment. 

For certain applications, additional equipment costs might upset 

considerably these figures. 	It is worth noting that these cost figures 

fit closely the extrapolation formula used above. The performance 
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figures for the ram extruder have been taken from the results presented 

in Figure 5.24 and the longer version of the machine has been assumed. 

It can be seen that the capital costs for extruders tend 	be 

higher than those for single screw extruders. 	It should, however, be 

pointed out that the output rates considered are comparatively modest in 

that the shaft speed was relatively low and that higher output rates 

could be obtained from each machine if the shaft speed was increased. 

Also, against the capital costs must be offset other factors. For 

example, considering the output quality in terms of mixing, an L/D = 12, 

D = 200 mm ram extruder giving an output rate of 620 kg/h would yield 

M = 8700 whilst a screw extruder would impart about half the mixing only. 

6.2 Conclusions and Suggestions for Further Work  

Throughout this thesis, where appropriate, discussions and 

conclusions have been presented at the end of each individual section 

and chapter. It remains now to summarise some general conclusions about 

the work done. 

The major aim of the project in developing a process in which 

control of plasticating functions could be isolated from that of output 

rate was successfully achieved in the form of the continuous ram extruder. 

In its present state, minor improvements to the extruder are 

necessary before it may be used commercially for product extrusion, in 

particular the output uniformity must be improved. Further work on 

this aspect could involve an assessment of likely improvements by the 

use of multiple feed rams. However, lack of output uniformity should 

not limit its application to operations such as plastication in moulding 

machines and homogenisation during polymer manufacture. 	Another 

forseeable application for the ram extruder is in the reprocessing of 

r 
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scrap polymeric material largely due to its ability to accept feedstock 

under the most varied form. Its versatility should also make it ideally 

suited to other 'difficult to process' materials. 	A suggestion for 

further experimental work would be to investigate its suitability for 

processing thermosets (the extruder would have to be cleared with an 

adequate material at the end of each run). 

A simple economical comparison with screw extruders based on 

capital costs only has shown that the ram extruder tends to be more 

costly than a comparable screw extruder. However, capital costs are not 

the only costs in which comparisons should be based. For example, it 

has been pointed out that the ram extruder can be more economical in 

terms of specific power consumption. 	In fact, capital costs may only be 

a minor fraction of the total cost involved in processing unit mass of 

material. 

In conclusion, the prospects of commercial success for the process 

are high, at least in applications where the screw extruder has been 

proved to be unsuitable. 

The bulk of this thesis was devoted to theoretical studies of the 

processes occurring in the ram extruder. This was a necessary part of 

the development work if further progress was to be made. It gave an 

insight to the method and the outcome of this was a model by which the 

operation of the machine could be simulated. The usefulness of the 

theoretical model for predicting performance and for design applications 

was demonstrated by the selected set of examples. 

Though the theory was derived mainly related to the ram extruder, it 

is thought that some of the ideas formulated and methods used are of use 

to other workers in related fields of study. 	In particular, some 

aspects of the analyses of pressures in granular material and melting of 

• 
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polymers should be relevant to other polymer processing equipment. 

Further work on frictional behaviour is suggested here. It has been 

seen that frictional losses are very critical on the coefficieits of 

friction. Measurements of these have been proved to be unreliable in 

that under similar conditions their values can vary by a factor of 2 to 3. 

The theoretical analyses can be further improved by relaxing some 

of the assumptions in the models, for example, the geometrical and other 

simplifications introduced in the solids feeding analysis. 

The initiation of the melting mechanism should also be investigated 

in future. This will not only be valuable to the present work but also 

to work related to melting in screw extruders and other processing 

machinery. 
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Table 6.1  

Estimated Cost of the Prototype Continuous Ram  

Extruder (1972)  

Materials and components 
	

£1,000 

Hydraulic system 
	

£1,000 

Manufacturing costs 
	

£2,500 

Total 	£4,500 

This does not include instrumentation other than that required for 

control functions. Manufacturing costs are a considerable proportion 

of the total cost of the prototype. It includes the labour costs at 

the College workshop and also overheads. Under commercial production 

conditions, a reasonable manufacturing cost saving of about £500 is 

estimated and hence a final cost of about £4000 is derived (at 1972 

prices). 

• 

• 
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Table 6.2  

Capital Costs of Single Screw Extruders  

and Ram Extruders 

Output 
Rate 

(kg/h) 
LDPE 

SCREW EXTRUDERS RAM EXTRUDERS 

Screw 
Diameter 

(mm) 

Length 

(m) 

Cost 

£ x 1000 

Barrel 
Diameter 

(mm) 

Length 

(m) 

Cost 

£ x 1000 

80 

250 

500 

1000 

65 

115 

150 

210 

1.6 

2.9 

3.8 

5.3 

6 

12 

18 

40 

50 

90 

120 

170 

1.0 

1.8 

20,4 

3.4 

6.7 

19 

32 

58 

• 

• 
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APPENDIX A  

EQUATIONS FOR PLANE EQUILIBRIUM OF A GRANULAR 

MEDIUM IN CRITICAL STATE 

This appendix describes the derivation of the set of hyperbolic 

partial differential equations (3.10) used in chapter 3. 

The equations for equilibrium are: 

	

bcrx 	of 
0 

	

Ox 	by 

6T 

	

Ox 	by 

and the critical state condition gives: 

2 sin 5. 
1  7.1  (cx 

 - a )2 + T
xy 

 2 = 	 (Cx  + c y)
2 

y  4 

or 	(a1 - 2) = (C1 + a2) sin 5. 

(A.2)  

(A.3)  

 

where Cl- (ax+ ay) 	4 CIx ( - y  )2 + T 
xy a 	
2 

2 

 

+  
Cox = 2 (0.1+ c2) - 	1.  (cl- 02 ) cos 20 
y 

T
xy 	2 = — (C1  - 02) sin 20 

(A.4)  

• 

or 

and 

(A.5)  

where 0 is the angle between the direction of the major principal stress 

a
1 

and the x-axis. A new variable a is introduced and is defined as: 

= 1 — (a1  + a2) 	(A.6) 2  

•:1 

0 

A.1) 

0 

0 
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From equation (A.3), and using the definition for C, 

(c
1 
- c

2
) = 2 a sin b. 

.1 

Substituting equations (A.6) and (A.7) into expressions (A.5), 

,A.7) 

(A. 1: sin b.1  cos 20) 

(A.8)  

and 	xy 
	Cf Sill b. sin 20 

Note that the three stress components cx  , cy  and T 
xy are now expressed in 

terms of two variables, c and 0 in equations (A.8). 	Also, equations (A.8) 

identically satisfy equation (A.2). The two equations are obtained by 

substituting equations (A.8) into the set (A.1), 

(1 + sin b. cos 20) bx 	bY 1 + sin b. sin 20 	- cos b. 
1  

(: 

 

sin 20 b 	1 - cos 20 9---i 	= 0 

	

x 	by 

sin bi  sin20 -6-1-(  + (1 - sin b.1  cos 20) -61- + cos b. 

	

bx 	OY 	1 

cos cos 20 -) 	IL15  L5  + sin 20 . = 0 

	

bx 	OY 

 

(A.9)  

cot 5. 
where = 	 £n —and co is an arbitrary constant quantity with units o 2 
of stress. 	Equations (A.9) are still complicated and further 

simplifications are made by defining the following variables: 

• 
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a = 4 
2 

 

and X 	0 

  

or 	2X = 7 + n 
	

20 = 

Substituting these definitions into equations (A.9) and multiplying the 

first one by sin (0-a) or sin (0+m), the second one by -cos (0-a) or 

-cos (0+m), and adding, 

Ox 	a
+ tan (0 - a) 	= 0 

OE 	
by 

+ tan (0 + m) 	0 
OE  

• 
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APPENDIX B 

NUMERICAL METHODS 

B.1 Solution of the Energy Conservation Equation  

The energy conservation equation is of the form: 

oT = a o2T 
v — 	+ G 
z oz 	m 2 ay  

The solution domain is divided into a grid as shown in Figure B.1. Note 

that the two boundaries need not be parallel and the error introduced as 

a consequence of using the distorted grid from the truly rectangular one 

is small as long as the taper is slowly varying. 	The partial derivatives 

in the energy equation are replaced by the following finite difference 

expressions: 

(0) 	(Ti+1,j  - Ti,j) 	(B.1)AZ  i,j 

and Ti+1,j-1) 	

1
-  7)2 Pi+1 	2T  ,j+1 — 

OY
2 	2(L 	1+1,3 +  

+ (Ti 
,j+1 
 - 2T. . 

+ 
	. ,d 

1,34.1 	1,3 
(3.2) 

where i,j, etc., refer to the grid points as shown in Figure B.1. 	The 

truncation errors in expression (B.1) and (B.2) are of the order of (Az) 

and (Ay)2  respectively. 	Equation (B.2) is commonly known as the 

Crank-Nicholson average and is used for stepping downstream to evaluate 

the temperatures at i+1. Because Ay changes with z, a mean value 

Ay = (Ayi+ Ay.1+1 )/2 is used in equation (B.2). 	Substituting the 

expressions (B.1) and (B.2) for the partial derivatives, the energy 

• 
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• 

conservation equation becomes 

(T. 	. - Ti.) 1+1,J 	1,3 	a 
v . . 	 m  rm 

2(1-g)2 kli+1,j+1 	2Ti+1,j 	Ti+1,j-1)  z 1,3 
Az 

am  (T 	G. . 
2(TD2  2"J+1 17) 17J+1 	1,3 

which can be rewritten as 

-a. T. 	+ b. T. - c. T. 	='d. 
J J-1 	J J 	J J+1  

(B.3) 

where T. = T. 	. 
+1,3 

am 
a. = c. - 

	

J 	J 	2(Ay)2 

am 	v . . z ,3 
b. - 	

1  

	

J 	(E17)2 	Az 

v 	T. 

	

d. 	i,j 17j + and 	 rm G. 	+ 	m 	kl. ,- 2T. 	T. 	) 
Az 	17j 2(Ay)2  ' 1"4+' 	17J 	1/j-1 

 and dj  can Given the solution at the step i, the coefficients J 
	J 	J 

all be evaluated. 	Equation (B.3) is then used to solve for the 

temperatures at the following step, T
+
. 

Equation (B.3) gives rise to a tridiagonal matrix equation and a 

simple elimination method is used to solve exactly the matrix equation. 

Two formulae are used to solve the tridiagonal system of equations 

according to the two types of boundary conditions: 
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(i) Both boundary temperatures specified  

+ T. = Q. T + *. 

	

3-1 	j-1 r 	- j-1 

	

for j = m, m-1, 	, 2 

	

where Tr 	T (y = U) 

	

1 	
T (y 	0) 

	

Si
1 	0 

c. 
and 	Qj - b.-- a. Q. 

1  

	

j = 2, 3, 	 7 m 
d. + a

J  . tJ-1 t. a. R. 
J J-1  

(ii) Temperature specified at one boundary and temperature gradient  

at the other  

- 
+.+1 _ T. T
7 	

-3 	 
Sly 

for j = 1, 2, 	, m-1 

where T
+
1 	T (y = 0) 

 = - Ay 6 T(T) 
y=H 

J 

• 
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t. (b. - a. Q.
-1 

 ) - d. 
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b. - 	 JO. 
and St.3 	3 J-1  

J-1 	a. 
3- 

j = M, M-1, 	, 2 

4 

Full derivation of these formulae can be found in [62]. 

B.2 Temperature Gradients at Boundaries  

The temperature gradients at boundaries such as the melt/solid 

interface and barrel and shaft - e.g. point A in Figure B.1 - were 

evaluated numerically using the temperatures at the three points adjacent 

to the boundary. 

i.e. 
-3TA + 4TB - T (NIT) 

°Y  A 	2Ay 

with a truncation error of the order of (Ay)2. 

B.3 Solution of the Melting Equations  

A simple Euler's method was used to solve for the differential 

equations of melting. H Typically d- z= F was replaced by: 

H. - H. 
F. 

Az 	1  

with a truncation error of the order of Az. Given the solution at i, 

H. 	= Az F. + H. 1+1 	1 	1 

A 

• 
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B.4 Newton-Raphson Iterative Method  

Let 

	

F. = F. (x1, x2, 	, x ) = F. (xi) 

	

1' 2' 	I a. 

Thesolutionsx.of the equation 

F. (x ) = 0 	 (8.4) 
1 1 

are required. Ifx.areclosetothesolutionx1„then in general 

x..x.+h.whereh.are small changes in the values of x.. 	Using 
1 1 1 1 

Taylor's expansion up to the first derivative only, 

OF. F. 

	

F.( 	+ hi) = F.(x°
) + h (--1) 	h  (6,  x. 1 a. 	1 1 	1 Ox o 	2 Ox o 	hn Ox n  xo 

	

1 x. 	2 x. 	. 

	

1 	1 	 1 

	

Since x. 	hi are the solutions of equation (B.4), F.(x. + h.) 1 0 and 

	

1 	 1 1 

hence 

	

(O, Fi 	(O, F. 	(O, Fi  

	

0 = F. x + h. ° 	— 	 — 
1 	1 Ox o + h 2 Ox o + 

	+ h n Ox o (B.5) 

	

1 	1 	
i 

	

1 x. 	2 x. 	n x 
 

Expanding equation (B.5), the following matrix equation is obtained 

OF1  OF1 	
OF
1  

	

xl  Ox
2 	

Ox
n 

	

OF2 
OF2 	

OF2 

	

6x
1  Ox

2 	Oxn 

F
1  (x°) 

F
2 
 (x0) 
 i 

(B.6) 
• 
• 
• 

	

OFn OFn 	OF  
Ox 

	

1 Ox2 	
Oxn  

F (x?) 
n 
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The iterative method consists of: 

(nEstimating valuesfor2and evaluating F.(xoi) and all the 1 	1  

derivatives. 

(ii) Solving for h. in equation (B.6) using a Gaussian elimination 

method. 

(iii)Improvingthesolutionsbyx.=xo + hi and using these values of 

xi  to start a new cycle of iteration. 

(iv) The procedure was continued until convergence in the values of x. 
1 hi  

x occurred when max — <0.00001. 
1 

Note: The evaluation of F.(x.) was straightforward given the functions 

F.(x.). A numerical method was required for evaluating the derivatives, 

for example, 

oF 	Fx + 6x ,,O  ...., x 	- Fx 	x 	...., xn, 
( o 	o O. 	, o 	o 	o N  i   

( 
bX1 x0 

i 

where bx was a small number, e.g. 0.00001. 

bx 

Z Az = m 

j = m-1 

• 

• 

• H 

y 

B 

j = 2 

= 

FIG. B.1 - GRID USED FOR NUMERICAL SOLUTION METHODS 
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APPENDIX C 

NON-NEWTONIAN POLYMER MELT FLOW IN AN ANNULAR SLIT 

The contents of this appendix are a summary of part of previous 

work [62] on polymer melt flow in the annular channel of the continuous ram 

extruder. For a narrow annular slit, a rectangular coordinate system was 

used and the flow region was assumed to be bounded by two flat plates. 

The coordinate system was, however, not truly rectangular in that a small 

degree of convergence or divergence of the plates was tolerated. The 

geometry and the grid used for the numerical solution of the equations 

were therefore similar to that shown in Figure 13.1, with the x-direction 

perpendicular to the plane of the diagram. 

The relevant equations of motion were 

d  ( dvx  dv) 
Ty- p 	0 and c7r- p 	Pz  

dy 	dy 

with boundary conditions vx(y=0) = 0 and vz(y=0) = 0 

vx(y.H) = V 	vz(y.H) = 0 

The equation of energy conservation was 

\ 

	

OT 	O2T 	[(d,vX)2 	2] 
p c v 	km 

"' 	
4. 

m m z oz 	
OY
2 	

cvz 

dy 	dy 

(C.1)  

(C.2)  

with boundary conditions T(y=0) = Tb(z) 

T(y=H) = Tshaft(z) or (11).H 
 = 0 at all z 

bY y 
and 	T(z.0) = T'(y) 

Equations (C.1) and (C.2) were coupled by 

n-1 
(dvz)2 (dvx)2 
— + — 
dy 	dy  

exp [ b (T - To)] 	(C.3) 
2 

= Po 
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The solution for the velocity profiles vx and vz was carried out in terms 

of dimensionless parameters. These were defined as 

V 	 V 

W - Z 	 = X 	 y 

" H 
V 	V 

(C.4) 

T* = b (T - T
bo 
) and n - 

where Tbo = T
b 
(z = 0) 

Pz H 

T 

and 	T = 1.1 
0 

V 
H 

n 
exp 	b (Tb - Tod 

    

    

Because H could vary with z, some of the dimensionless parameters were 

also defined with reference to H
o 
at z 0, 

P H 
e.g. 	np 	

z 0 with T
o 

= 
0 	T

O 
wo 

V 

H 

n 
exp E- b (T

bo 
- T

o
)1 

    

Substituting equations (C.3) and (C.4) into equations (C.1) and after some 

rearrangement 

np = d-c7 
[ 

	

1y- ccIT-Wy (1j41-72)n-1 exp (- T*) 	exp (TL) 

	

]0 = dY [dY i-_J (NI-41pri-1 exp (- T*) 	exp (Ti) 

(c.5) 

2 2 
dW 
	

dY) 
where 4I2 = TT + 

dY
!

Y 

Integrating equations (C.5) and after some algebraic manipulation, 

dW 
dY = Tcp (Y - Yo) G 4-Y4 

dU 
(I) G 4-Y4 dY 
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[ 	

n-1 (T* - T9 
Where G 4.-Y4 . 	(nP  Y - nPYo)

2 + (1)2 2n exp 	(C.6) 
n 

and 	Yo and f 
 are constants of integration. The velocity profiles were 

obtained as 

Y 

W = nP jr 	- Yo) G 4a v  4 day  + A 
0 

(c.7) 

and 	U 
	

jr G v4 day  + B 

where av is a dummy variable and A = B = 0 because U(Y=0) = W(Y=0) = 0. 

The dimensionless volumetric flow rate nQ was obtained as 

Q -  C H 	V 	itp[1-+Yo"1 	o - 	- Y JoJ 	
(C.8) 

where Q is the volumetric flow rate, C is the mean circumference of the 

annular slit and 
1 

j
m 	

jr am G
v
4 dav 

0 

In order to evaluate the velocity profiles in equations (C.7) it was 

necessary to determine np, Yo  and 4 beforehand. Given the volumetric 

flow rate, equation (C.8) expresses a relationship between the three 

variables nP,  Y0 and 43. Two further equations were obtained from 

equations (C.7) using U(Y=1) = 1 and W(Y=1) = 0 as 

(C.9) 
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and 
	1 = 0 

	 (C.10) 

Equations (C.8), (C.9) and (C.10) were then used to solve for the three 

unknown parameters for a given nQ
. These were rewritten as 

N  F1 . 0 	
n+Jo nQ/Jo  J2  - J1

2  ) 

F
2 
 = 0 = nP Yo + J1 

not/(J
o 
J
2 - J12) 

F3  = 0 	- 1/Jo 

F.(x.1) 	0 where x
1 
 = 	x

2 
0 and x3 	nPYO. 1  

Giveninitialestimatesx.,the solution was obtained using the 

Newton-Raphson iterative method described in Appendix B. The initial 

estimates were obtained from a Newtonian analysis and these were [62]: 

nP  = - 12 nQ  

.n
P  Yo 	

- 6 n
Q  

and 	= 1 

Note that in equation (C.6) the temperatures T* were required. At 

the start, i.e. at z = 0, these were specified as a known boundary 

condition T'(y). 	Thus, the equations of motion were effectively 

uncoupled from the energy conservation equation. The velocities 

therefore changed with z only because T changed with z due to the thermal 

OT convection term (pm  c m  vz Oz in equation (C.2). Further discussion on 

and 

i.e. 
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this topic can be found in [62]. 

Before the velocity profiles could be evaluated at the following 

downstream position, the temperature profile was required at tae new 

position. This was obtained by solving equation (C.2) with the 

appropriate boundary conditions using the numerical method described in 

Appendix B. The solution was then propagated until either the changes 

in the temperature profiles at two successive steps were negligible when 

thermally fully developed flow was achieved, or when the length z exceeded 

the physical length of the flow channel. 

• 




