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Abstrakt

Stabilita toku taveniny je dilezitou podminkou pro dlouhodobou a bezproblémo vou
produkci béhem procesu vytlaovani. Zminéna stabilita toku je zavisla jak na materialovych
vlastnostech (teplota, tlak) ovlivnénych procesnimi podminkami, tak i na pouzitych techno-
logickych parametrech, jako je design extruznich nastrojii (Snek, hlava). V mistech zizeni
geometrie ¢i hlavach obsahujicich trn je vyrazné spotiebovavan tlak. Pitomna mechanicka
energie je pak pomoci disipace pfeménéna na tepelnou, coz mize zpusobit nestabilni tok
taveniny. Pro pochopeni téchto jevii uvniti vytlaCovacich hlav jsou Casto pouzivany simulace

extruznich procest.

Uvod diplomové prace je vénovan teoretickému popisu extruzniho procesu a designu
zpracovatelskych nastrojii. Za ucelem pochopeni chovani zpracovatelskych materidli v pri-
béhu extruzniho procesu nestaci pouze znalost procesu a extruznich nastrojli, ale 1 osvojeni
reologického a tepelného chovani polymernich tavenin. Zavér teoretické reSerSe je vénovan

matematickému popisu zminénych jevii pomoci metody kone¢nych siti.

Experimentalni vyzkum v predkladané praci je zaméfen na pochopeni tepelnych jevi
vytlaGovacich hlav. Za timto uc¢elem byl tok taveniny danou geometrii simulovan 2D a 3D
modulem programu Virtual Extrusion Laboratory™ 6. 9. Simulace je nasledné ovéfena re-
alnym méfenim teplotniho spadu zvolené vytlaGovaci hlavy pomoci infratervenych detek-
tort a termoc¢lanku. Méfeni teploty taveniny uvnitf vytlacovaci hlavy pomoci infracervenych
senzoru je inovativnim a rozvijejicim se nastrojem v online-monitoringu vytlaovacich pro-

cesu.

Vysledkem prace je navrh nové okrajové podminky usnadiujici a zpfestiyjici vypo-

¢et simulaci vytlaCovacich hlav s trnem.

Klicova slova:

Extruze, vytlaCovaci hlava, trn, disipace, simulace, metoda konecnych siti



Abstract

For smooth, long term production is necessary to have steady polymer melt flow.
Stability of the polymer melt flow is depended on few parameters, such as material properties
(temperature, pressure) controlled by process conditions, and technology parameters as a
design of the extrusion tools (screw, extrusion die). Pressure is consumed in places where
dimensions of the geometry are decreased. Mechanical energy is present and due to the dis-
sipation mechanical energy is transferred into the thermal energy. It may have influence on
the quality of the final product or flow instabilities. Simulation of the extrusion process are

often used for better understanding.

Introduction of diploma thesis belongs to the theoretical background of the extrusion
process and design of the extrusion tools. Knowledge of extrusion processes and tools is not
enough for material behavior understanding. Rheological and thermal behavior of the poly-
mer melt is also important to know. Mathematical description of mentioned influences with

help of finite difference method is shown at the end of theoretical background.

Experimental research is aimed on understanding of thermal effects in the extrusion
dies. Polymer melt flow was simulated with help of 2D and 3D module in program Virtual
Extrusion Laboratory™ 6. 9. For verification of simulation results real measuring of the
temperature drop was made by infrared probe devices and thermocouple. Measuring of the
temperature gradient by infrared probe devices is innovative and modern way in the online -

monitoring of the extrusion process.

The main contribution of submitted thesis is developing of the new boundary condition. This
condition makes current module calculations in Virtual Extrusion Laboratory™ 6. 9. faster

and simpler. Mainly because during calculation mandrel will not be present.

Keywords:

Extrusion, extrusion die, mandrel, dissipation, simulation, finite difference method
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“Everything is theoretically impossible, until it is done.”

Robert A. Heinlein



Content-Theoretical Background

INTRODUCTION .....oooitiiie ettt ettt sttt st be e b sbe et e sneesreeeris 12
1. EXTRUSION PROGCESS.......coo ottt sttt sbe et v sra e 14
LLINTRODUCTION. . ..ottt sb ettt sre e sreenn e 14
1.2 PRETREATMENT AND CONDITIONING OF POLYMER RESIN............. 15
L3 EXTRUSION ... ..ttt e e e s s s e e e e e e e s s s asrreees 17
LAFINAL TREATMENT ..., 21
2. EXTRUSION DIES........coti ittt ettt ettt st sts s sraesre e 22
2. L INTRODUCTION......ctiitiitecie ettt sttt te e sraeste e sraesbeenee s 22
2.2 TYPES OF EXTRUSION DIES ......c.ooiiiitiiecee ettt 23
2.2.1 SHEETING DIES .....cviiiiitecie ettt ettt sttt sreeaeenaenbe e 23
A U= TN = = 25
2.2.3 PROFILE DIES......uiiitiiitiectie e e etee sttt ste et e st et s s ete s srae s saessnteesrassnteennee e 26
2.3 DESIGN OF EXTRUSION DIE......coiiiiiiiiiiee et 27
3. PROPERTIES OF THE POLYMER MATERIALS........c.coeiiieeiieceeeece e 29
3.1 INTRODUCTION......coiiiiitiecte ettt sttt ettt s sreetesraesbeenee s 29
3.2 RHEOLOGY OF THE POLYMER MATERIALS .......cc.ccoveieiieiiececeecie 29
3.2.1 SHEARFLOW ..ooitiiiiiiie ittt ettt sttt sttt raeebe et s baesbeenaesteeebeenne s 33
3.2.2 ELONGATION FLOW ...ttt ettt sttt ettt ve et 39
3.3 THERMAL PROPERTIES OF THE POLYMER MATERIALS................... 41
3.3.1 FIRST LAW OF THERMODYNAMIC ....ccuviiivieitreeitieiieeereeesteesaesssesseeessessssessseeesns 41
3.3.2 THE ENERGY BALANCE EQUATION. .....ccoiiirieitieiteeeteeeireeeeeesteesveesveesnreessee e 43
4. SIMULATION OF THE EXTRUSION PROCESS ........coooeieecececeecee e 47
4.1 INITIAL AND BOUNDARY CONDITIONS ......coeciiiiiiecececee e 47
4.1.1 THE BOUNDARY CONDITION OF THE FIRST KIND (DIRICHLET CONDITION) ......48
4.1.2 THE BOUNDARY CONDITION OF THE SECOND KIND (NEUMANN
(7] {51 0N TSSO SRPRSRR 48
4.1.3 THE BOUNDARY CONDITION OF THE THIRD KIND (FOURIER CONDITION)......... 49
4.1.4 THE BOUNDARY CONDITION OF THE FOURTH KIND ...cuveiviiivieieciieireeve e 49
4.2 FINITEDIFFERENCE METHOD.........oo ittt 50

4.2.1 TAYLOR SERIES EXPANSION ....cccuuiieiiiieeiiiieeitieesitieeesieeesiteeesnaeessnneesnnneeesnseeennns 51



Content-Experimental Research

5. MOTIVATION AND AIMS OF THE THESIS ... 56
S.LMOTIVATION i 56
5.2 AIM OF THE MASTER THESIS ..o 57

6. MATERIALS AND GEOMETRY ....ooiiiiiiiiiii e 58
B.LMATERIAL ... 58

6.1.1 RHEOLOGY CHARACTERIZATIONS ....ovtiiiiieiiieesiieeesieeesnireessinessssnessnsnessnseessnnns 59
T A |V = Ty T = S SRR 62
6.1.3 MELT THERMAL CONDUCTIVITY .teititeiiireiiieesieeesieeeesieeeessneesssaeessnneesnsneeennns 63
6.1.4 HEAT CAPACITY cooeeiiieeiiie e eiee sttt ettt e e et e e st e st e e st e e snte e e e snaeeassaeeennaeeeneeeennes 64
6.2 GEOMETRY ..o 64

7. EXTRUSION PROCESS SIMULATION ..ot 67
T.LINTRODUCTION.....cooiiiiitiiie i 67
7.2 3D FLOW DOMAIN ..ot 74
7.3 2D FLOW DOMAIN ..ot 79

7.3.1 THE ISOTHERMAL CASE OF THE 2D SIMULATION.......vvviiiiieeiiieesiieesieeeeseee e 79
7.3.2 THE ADIABATIC CASE OF THE 2D SIMULATION ...ooviiiieeiiieeeiieeeieeesiieeesivee e 82
7.3.3 THE DEVELOPED NEW BOUNDARY CONDITION FOR THE 2D SIMULATION....... 86

8. REAL EXTRUSION PROCESS. ... 91
B.LEXTRUDER ..o 91
8.2 EXTRUSION DIE......ccoiiii e 92
8.3 MEASURING TOOLS ...t 92

8.3.1 INFRARED PROBE DEVICES .....cccctiieiiieeitieesiee e s siteeesieeesstteessinessnsneessnneesnneeennns 93
8.3.2 THERMOCOUPLEWIRE ....eiiiiiieiiie e ctee e stee st e e stte ettt tae et aa e e e nnnaeenes 94
8.3.3 PRESSURE TRANSDUCERS .....cceeittieitiieesiteeesineesstneessssesssssesssnesssssssssssessssessnnns 94
8.4 EXTRUSION PROCESS PARAMETERS .......ccooiiii e 95
8.5 TEMPERATURE AND PRESSURE MEASURING.........cccocciiiiiiiiiiiics 95

9. RESULTS COMPARISON .....oooiiiiiiiiiiiiii e 98

CONCLUSION ..ot 101

REFERENGCES ...t 103

LIST OF ABBREVIATIONS ..o 107

LIST OF FIGURES ... 112

LIST OF TABLES ... oo 115



TBU in Zlin, Faculty of Technology 12

Introduction

Theoretical simulations of extrusion process, predecessor of the computer simula-
tions, were started in 1953 by Carley, Gore, Strub, Jepson, Mallouk and McKelvey in Indus-
trial & Engineering Chemistry magazine. (Carley et al., 1953, Carley and McKelvey, 1953,
Carley and Strub, 1953b, Carley and Strub, 1953a, Gore, 1953, Jepson, 1953, Mallouk and
McKelvey, 1953, McKelvey, 1953) Few years later the first melting theory was published
by Tadmor in 1966 which is one of the most significant theory in polymer science. (Tadmor
and Gogos, 2006) Computer-aided-design (CAD) is considered as a beginning of the com-
puter simulations and it was developed by Western Electric Engineering Research Centre
team in late 1960s and further development of computer simulations still continue.
(Patterson, 1968)

Traditional trial-and-error methods are domain of many engineers in field of polymer
processing. Computer simulations should be used for extrusion process to avoid errors dur-
ing extrusion process. Simulation is basically combination of a mathematical model and a
numerical method. Creating of the good simulation model is not simple, it requires complex
knowledge of material properties and behavior, transport and thermodynamic properties, etc.
Nevertheless, simulation is only theoretical and verification of the results with the real pro-
cess is desirable. For verification it is possible to use different kind of measuring tools, e. g.

infrared probe devices and thermocouples when temperature gradient is required.

The submitted thesis is focused on better understanding of thermal effects of the
mandrel inside the extrusion die. In cases when mandrel is not big enough for transferring
of heat out by convection and conduction transport, overheating is present. This overheating
can have crucial effect on the polymer melt flow behaving (such as viscosity). For this pur-
pose, measuring tools as infrared probe devices, thermocouple and pressure sensors are used
for a comparison between the developed new boundary condition in software Virtual Extru-

sion Laboratory™ 6. 9. and real extrusion process measurement.
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Theoretical Background
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Extrusion Process

1.1 Introduction

The basic explanation of extrusion process could be that extrusion is a technology
operation where polymer resin is fed into the feed throat, then this polymer resin is melted
inside the extruder and after melting the polymer melt is transported or continuously ex-
truded through the extrusion die into a free space. It is possible to imagine this process as

squeezing of toothpaste out of tube, mechanical energy is given and toothpaste is extruded.

The shape of plastic products is given by the shape of the extrusion die. Already

shaped polymer extrudate is then cooled by water, air or cold surface.

The last part of extrusion is a puller machine which regulates and controls the dimen-
sions of plastic products and also collects the final product. All these steps are part of extru-
sion process. Different extrusion lines are occurred according to the difficulty of extrusion

process. (Rauwendaal, 2014)

Extrusion process is classified by more steps as it is shown in figure 1. Each of these

steps is mutually important for the final products. Influence of each steps will be discussed
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below. For better clarity, this chapter will be divided to more subheads, namely Pretreatment

and Conditioning of Polymer Resin, Extrusion and Final Treatment.

Polymer
Polymer Material + dr){ed
received, blended Polymer fed
stored, and . G to extruder
inspected with additives } _)
|
[ e ision I 3‘ Shaped and ] 3 ‘ Solidification ] _)[ dir,";[;e;i;al J
drawn and cooling
control ‘
|
Secondary
operation— Inspect Package Ship
decorate

Figure 1: Schematic of a basic extrusion process (Giles et al., 2005)

1.2 Pretreatmentand Conditioning of Polymer Resin

Extrusion process, respectively pretreatment and conditioning, starts already when
raw materials are received by processing company. Incoming polymer resin can be imported
in many forms such as bags, fiber packs, containers, bulk packs, hopper trucks or rail wag-
ons. Received polymer resin is then stored in warehouses without environmental controls
(lack of heat or cooling). Polymer resin should be brought to the room temperature before
processing. If polymer resin is not brought to the room temperature, instabilities can be
achieved. Many properties of polymer resin such as the polymer melting point or the polymer

softening point are varying with temperature of pellets.

Another step is blending and mixing of raw material with additives. The problem is
that the most of materials are in different states of forms (powder, liquid, pellets, flakes,
fibers, etc.). Liquids can be, for example, fed to the feed throat through the feed pump. For
materials in a solid state there are two possible ways how to prepare final blend before the
extrusion process. The first variant is to use gravimetric feeders. In this way of feeding more
feed throats for different materials and additives are necessary to be used. Using of multiple
feeders is probably the best method to ensure a repeatable, homogenous distribution of pol-
ymer resin and additives together. Gravimetric feeders have few disadvantages. Such as tak-
ing up a lot of space and also not every form and state of additives are possible to be fed by

gravimetric feeders. Another alternative is to mix and blend all the material components in
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mixers. Mixers can possess low or high intensity. In case of high intensity mixers there is
serious disadvantage. This disadvantage is obtained during the mixing where a significant
amount of heat is generated. So care must be given not to initial melkting by the mixers. (Giles
et al., 2005)

The third step which has to be done for some specific kinds of polymers before ex-
trusion process is drying. There are two major kinds of polymers, the first is hydroscopic
type of polymers with strong affinity for water, for moisture respectively. The second is non-
hydroscopic type of polymers (polyethylene, polypropylene, polystyrene, polyvinyl chlo-
ride). Non-hydroscopic type of polymers does not need to be dried. Here only surface mois-
ture is accumulated and for most of the operations it is not problem. In the case of hydro-
scopic polymers (nylon, polyester, polycarbonate, polyethylene terephthalate, polybutylene
terephthalate, etc.) the moisture, respectively water molecules, is bonded by strong second-
ary bonds with functional groups of polymer. It means that water is not just on the surface
of polymers but even in the structure of the polymer chains. The danger consists from de-
polymerization which is destroying polymer chains to shorter and mainly lower molecular
weight polymer chains and it cause the final product defects (streaks, bubbles, burning, brit-
tleness, holes). (Grellmann and Seidler, 2013) Here is a lot of types of driers which processor
can use, final decision will always depend on properties of material and on the final product.
There are for example hot air dryers, desiccant dryers (gold standard), compressed-air dryers,
compressed-air micro dryers, infrared dryers or vacuum dryers. Neverless, every processor
should set right time and temperature of drying (prevention of overdrying). (Freire et al.,
2014)

Next step in the line of the process is feeding of polymer resin to the extruder. There
are several types how an extruder can be fed (flood feed, starve feed, crammer and melt
feed). Flood feeding is based on principles of gravity. It is the most common supplying de-
vice of polymer resin in polymer industry. The speed of feeding, respectively the throughp ut
rate is proportional to the screw speed. (Chung, 2011) Totally different way of feeding is a
starve feeding, most common in twin screw extrusion. Feed throats in case of starve feeding
have own screw and every material or additive have own feed throat with specific screw
speed. The speed of the screws in feed throats specifies the throughput rate. (Rauwendaal,
1991) Crammer feeding and melt feeding are less common ways of polymer resin supplying.

Crammer feeding is used for materials with low bulk density, such as recycled flakes. Ma-
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terial is pushed due to pressure into the extruder screw, Pressure is generated by the addi-
tional screw located in feed throat. Melt feeding is based on supplying of the polymer melt
by another extruder directly to the main extruder screw. (Giles et al., 2005) Feeders described

abowve are shown in figure 2.

{ ) [ U

a) Flood feeder b) Starve feeder

p=

Q| : ,

¢) Crammer type of feeder d) Melt feeder

Figure 2: Classification of feeders for polymer materials

1.3 Extrusion

As it was written in the beginning of the chapter 1, extrusion process consists from
melting and transporting/pushing of the polymer melt through extrusion die. Every single
polymer resin has to go through this process in form of pellets, powder or flakes. For extru-
sion it is necessary to have extruder machine. There are basically two most commonly used
types of extruder, single screw (single-flighted, multi-flighted) and multiscrew extruders.
This thesis deals only with single screw extruders but the principles of melting are practically
based on the same mechanism. Both of mentioned extruders, single and twin screws, are
composed from three zones: Feed, compression and metering section as figure 3 shows.
(Drury, 2009) In the next part of the thesis the sections will be discussed in details.

Compression Metering section ‘
- |- =

‘ Fead section
- -

Figure 3: Basic screw zones of extruders (Rauwendaal, 2014)
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The main purpose of feed section is mixing, preheating, compression of polymer pel
lets and mainly getting rid of the air capsules - creating of the solid bed. The barrel is
stationary and the screw rotates. Due to this movement the polymer resin is transported to
oncoming section. It is important to feed the extruder by required amount of polymer resin
without fluctuations. This means that the amount of polymer resin has to be constantly same
in every single moment of extrusion. As it is displayed on figure 3, feed section has the
deepest channel cross section (depth). Air capsules are consisted between each pellet and
volume is then much bigger. Already compressed solid bed is achieved. For successful
transport it is important to achieve forward movement of material. To obtain good friction
between barrel and polymer resin (reasonable increasing of pressure) and good compression,
the barrel have to be cool down under the hopper. An opposite situation is between screw
and polymer resin, here it is important to have as small friction as possible (polishing of
screw). (Bralla, 2007)

Here it is assumption, the compacted bed of solid pellets flow down the screw chan-
nel as a plug. The balance of forces and torque determines the pressure build-up exerted and
it is usually expressed in the form:

P = P, x exp(const. f,, — const. f,) X Z, (1)
where Po is the pressure under the feed throat (normally very small), f, and fs are the friction
coefficients of the solid bed on the barrel and on the screw and Zy is the down channel dis-
tance at barrel surface. For forward motion, as explained, fo must be larger than f.
(Compuplast, 2003)

The source of the heat is generated in the feeding section by friction and heat con-
duction from the barrel walls (temperature is rising downstream). When the polymer tem-
perature is reached the melting point of crystalline polymer or the glass transition tempera-
ture of an amorphous polymer, a melt film forms at the barrel surface. (Manas and Vlcek,
2001) For homogenous melting during extrusion it is necessary to generate a shear force as
well as downforce. In case of polymer extrusion these shear force and downforce are pro-
vided by decreasing depth of the channel depth. Due to decreasing of channel depth shearing
of the polymer melt is generated which means generating of viscous heat (dissipation). These
requirements for melting are possible to be imagine as the candle on the hot stove. If down-
force is generated, the candle will start to melt. When shear force is generated as well as
downforce, faster melting of the candle is occurred. Solid bed is melted mainly with help of

viscous heat (dissipation) and particularly with help of heat conduction and friction heat.
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Tadmor melting model (shown in figure 4) will be here used for describing of melting

process in compression section. (Campbell and Spalding, 2013)

A T A\

Melt film

Melt pool

Screw root

Pushing flight flank Trailing flight flank
[T T I T I I ] [T TP T]

Figure 4: Tadmor melting model

Tadmor melting model from late of 1960s is displayed in figure 4. Assumption in Tadmor
model is that the model takes the screw as a cylinder, there are no flanks. Velocity speed is
then the highest atthe upper wall. Nevertheless, the mechanism of Tadmor model is possible
to express as: The solid bed is pushed against the leading flight of the screw as freshly melted
polymer is wiped from the melt film into the melt pool by the relative motion between the
solid bed and the barrel surface. The solid bed is decreasing its volume and volume of melt
pool is increasing. Shear force and downforce are present. This reduction of solid bed has to
be gradual otherwise it could create insulted film on the edges of solid bed and melting will
not be successful. In extreme cases solid bed is destroyed and little parts of non-melted solid
bed are present in melt pool. For effective extrusion, polymer has to be completely melted
before the end of the extruder. This is mainly the task of the screw design and processing

conditions. (Osswald and Menges, 2012, Stevens and Covas, 1995)

The last section is called a metering section or a melt pumping section. The melting
should be already complete at this stage. The main task of this section is mixing and con-
veying of polymer melt toward to the end of the extruder. In relation to the purpose of the
extruder screw the metering section can generate or consume pressure. According to pressure
profiles we recognize conveying or mixing types of extruder screw. During extrusion both
of flows are present, pressure flow and drag flow as well. Sum of drag flow and pressure

flow are significant. This sum gives final flow profile. Pressure flow is characterized by the
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forward movement. Drag flow is characterized that the polymer melt is pushed to the back-

ward in the channel, it cause mixing effect. Both flows are shown in figure 5. (Cantor, 2006)

_Barrel wall

Pressure[—=3 Esl ' Drag
flow [=* \“{, flow

“Screw root
4——— z-direction

Figure 5: Drag downstream and pressure upstream side by side (Cantor, 2006)

Drag velocity profile at the end of the extrusion screw can be modified also by chang-
ing of the channel depth. At first for finding the balance between pressure and drag velocity
profiles it is important to assume that friction coefficient is constant and Newtonian fluid is
present. That is also reason why curves in figure 6 are linear lines. During real extrusion
these curves are not so smoothed. Characteristic curves of the channel depth dependency of
pressure are displayed in figure 6. This figure also shows that a restrictive extrusion die
would clearly work most productive with a shallow channel screw. On the other hand, less
restrictive die would offer the highest productivity with a deep channel screw. (Osswald and
Menges, 2012)

e QOperating points

\ Less restrictive die

\ (Thick sheet)
\ . Deep channel screw

m \ Deep channel screw
\ - (Higher heater temperature)

L Shallow channel screw

Restrictive die
Thin film)

Ap
Figure 6: Screw characteristic curves (Newtonian fluid) (Osswald and Menges,
2012)
In the last section it is important to have dominant dissipation in the middle of the barrel.

This means to have the highest velocity speed in the middle. In order to ensure the highest

efficiency a compromise between all parameters in design of the screw has to be present.
(Zatloukal, 2015)
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1.4 Final Treatment

The last steps in extrusion process include shaping and drawing, solidification and
cooling, pulling, secondary operations and finally inspection, packaging and shipping. When
polymer melt is extruded through the extrusion die into the free space, it is called the extru-
date. After the polymer (extrudate) leaves the extrusion die, its molecules, which were ori-
ented in the die land area (direction of the melt flow), relax and re-entangle causing die swell.
Die swell can be also occurred because of the stored energy of the polymer melt. For orien-
tation of these polymer molecules and stabilization of the extrudate velocity profile it is es-
sential to use aforce. Force is provided by puller and then we talk about pulling force which
orients molecules in the direction of the extrusion line. (Kutz, 2011) Extrudate is drawn
down due to the puller machine and also shaped to the final product form. The speed of the
puller machine is equal to the intensity of drawing down, it is called draw down ratio. Draw
down ratio also says how polymer molecules are oriented. That is related with mechanical
properties of the final product (better tensile and flexural properties in extrusion line direc-
tion rather than in transverse direction). (Pethrick et al., 2011) Mechanism of die swell and

drawing down is shown in figure 7.

I Die Extrudate swell Drawdown

L=
Extruder >‘=—;:\ =

ie
land

TYYY

Figure 7: Die swell on exiting the extrusion die (Pethrick et al., 2011)

Cooling of the extrudate is located between the extrusion die and the puller. There are several
types of cooling media, the most common are water, air or contact with cold surface. Cooling
of materials depends on their thermal properties. However, it has to be always possible to
cool down materials to the temperature bellow melting point (semicrystalline polymers) or
glass transition temperature (amorphous polymers). Temperature of cooling is depended also
on the production rate of an extrusion line and on degree of crystallinity which the processor
wants. Shrinkage and warpage of the final product are possible to reduce by uniform cooling
on all sides of the product. (Erhard, 2006, Giles et al., 2005, McCrum et al., 1997)

At the end there is an inspection, packaging, shipping and secondary operations
such as cutting, drilling, punching holes, corona, flame treatment, decorating. (Giles et al.,
2005)
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Extrusion Dies

2.1 Introduction

This chapter will be focused only on extrusion dies for thermoplastic materials. The
two major components of the extrusion dies are the extrusion die itself and the breaker plate.
The breaker plate is formed by a plate and sieves with many holes. These sieves are a cleaner
between the screw and the extrusion die. The main purpose of the breaker plate is to provide

homogenous melt flow without any impurities from the extrusion screw to the extrusion die.

Also rheological and thermodynamic processes in the extrusion die must be taken
into account. For example, these thermodynamic and rheological processes can have signif-
icant influence on the actual distribution of the polymer melt, mainly flow properties of ma-

terial, the flow rate through the extrusion die and temperature profile.

Pulsation-free, thermally and mechanically homogenous melt stream with sufficient
distribution is required to flow through the extrusion die. When all these required properties
are respected, the extrusion die can ensure uniform velocity of the melt flow. When uniform
velocity is present then with help of the calibration unit it is possible to produce stabilize

dimensions of the semi-finished products.
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Due to extrusion die design failures, the flow instabilities can be presented and these
instabilities can make the product to become unacceptable. Some of these instabilities could
be the channeling, shark skin, die drool, the extrudate swell, die fracture or for blown film
extrusion draw resonance. (Kostic and G., 2006, Michaeli, 2004, Osswald and Menges,
2012, Rauwendaal, 2014)

2.2 Types of Extrusion Dies

The extrusion dies are possible can be categorized according to several rules but the
most common classification is according to the shape of the extrusion die (figure 8). More

information about each type of the extrusion die will be described below.

Sheeting

/ = -
Inline dies
Extrusion | /
dies

Tubular dies
: J\
dies

Figure 8: Distribution of extrusion dies

Profile dies

2.2.1 Sheeting Dies

Due to the sheeting dies we can produce films (<0.5 mm) or flat sheets (>0.5 mm),
which can be just several microns thick and up to several meters wide. Product require-
ments are mainly constant thickness and free of surface defects. Uniform flow distribution
across the width of the die is desirable to keep. There are two commonly used techniques
for minimization of thickness variations. The first technique is to use the flex lip adjustment
with a lot of the bolts along the whole width (e. g. led by piezoelectric sensors react on the
pressure, hydraulically controlled). An alternative solution with the same mechanism is
using of the choker bar. These techniques are based on the regulation of channel depth.
Another solution could be also using of local heaters or coolers which affect temperature,
respectively viscosity of polymer flow. The flex lip, the choker bar and pressure distribu-

tion in die channel are shown in figure 9. (Rauwendaal, 2014)
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Figure 9: Cross section and pressure distribution of the coat-hanger die (Osswald and Menges,
2012)

There are three most common types of sheeting dies: the T-shape die, the fishtail die
and the coat-hanger die (shown in figure 10). The first most common type of sheeting die
is the T-shape die. It is mainly used for extrusion coating. The geometry of a T-shape flat
die is easy to be machined. The polymer flow rate is not constant in the channel and that is
the reason why T-shape extrusiom die is not appropriate for thermal unstable, high viscos-

ity materials.

The fishtail sheeting die has already better polymer flow rate uniformity but still it is not
an optimum. The best polymer flow rate distribution with streamlined flow and gradual
leakage can be probably reached by the coat-hanger type of die, commonly used for sheet

extrusions. The geometry of the flow channel is more difficult to machine in comparison

with the previous two types. (Michaeli, 2004)

Fishtail-manifold

Figure 10: Types of sheeting die:
a) The T-shape die; b) The Fishtail die;
c) The coat-hanger die (Rauwendaal,
2014)
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2.2.2 Tubular Dies

Tubular dies are used for manufacturing of tubes (< 10 mm), pipes (>10 mm) and tubular
films (blown process). The melt leaves the tubular die through an annulus, this annular
product can be then extruded on inline or cross-head dies. Examples of these dies are shown
in figure 11. Another way how tubular dies can be categorized is according to the applica-
tions. We recognize the spider dies, the slide fed dies, the spiral mandrel dies and the flat

spiral dies.

b)

Housing Air hole  Die centering bolt
Flow splitter
\‘\ (helicoid )

Die holder

Y, VS Mandrelipin
,

Breaker plate recess Topedo  Retainingring ~ Core tbe

Figure 11: Examples of a) in-line die; b) cross-head die (Rauwendaal, 2014)

The easiest tubular die is a spider die. The spider die consists from the axisymmetric
mandrel which is fixed to the other body through legs (3 or more). The polymer melt has
to flow around these legs and the weld lines are then made. The weld lines, representing
the weakest area of the product, are created when entangled polymer statistical coils have
to break own bonds and then recreate those entangled bonds between the statistical coils.
The time necessary for entangling is called a healing time. Healing time can be modified,
on one hand increased by the temperature, on the other hand decreased by the molecular
weight of the material. Another modification can be occurred by the pressure or the time.

The weld lines are practically unavoidable for this type of the die. But in case of the
weld lines should be trend to minimize them in every product. Examples how to try to
minimize the weld lines are shown in figure 12. The polymer melt has to have healing time
to make new entanglements after melt flows along those legs.

Problems with weld lines are particularly solved by the spiral dies often used for
extrusion of films in blown process. (Kostic and G., 2006, Michaeli, 2004, Osswald and
Menges, 2012, Rauwendaal, 2014)



TBU in Zlin, Faculty of Technology 26

Figure 12: Examples how to avoid weld lines (Michaeli, 2004)

2.2.3 Profile Dies

Besides films, sheets, pipes or tubes there are many other difficult product shapes.
For this complex types of products, the profile dies are used. The extrusion of profile prod-
ucts became one of the most difficult type of extrusion. Mainly because it is difficult to
predict the required geometry for the flow channel and which dimensions will product

achieve. Simulation software has to be used. (Figure 13)

According to the wall thickness we have profiles with relatively thin walls (easy for
modeling using simplified techniques) and profiles with relatively thick walls (difficult,
3D modeling with 3D flow effects included). In case of profiles with different wall thick-
ness one big problem arise. The most volume of the material wants to flow preferably
through more thick walls (high speed of the melt) and until then through thin walls (lower
speed of the melt). Thus pressure resistance is not linear and material flows through the

path of the least resistance. It can be described by equation 2:
Q=5xv )

Where Q is polymer flow rate, S represents channel area and v is speed of the melt.
Variables as the polymer flow rate, stress rate, viscosity, etc. can be affected by varying in
thickness. In equation 2 the variation in thickness is represented as an area. Instabilities, as
an undulation of the extrudate profile, can be caused then by the different polymer flow
rates. Troubleshooting is based on the linear resistance at the end of the extrusion die.
(Kostic and G., 2006, Osswald and Menges, 2012, Rauwendaal, 2014, Zatloukal, 2015)
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Figure 13: Difficulty of profile die designs (Kostic and G., 2006)

2.3 Designof Extrusion Die

According to the Michaeli’s diagram (Appendix 1), there is seven section of design-
ing of the extrusion dies. They are based on few input information such as: the geometry of
the product to be extruded (e.g. pipes, flats, films, profiles), type of extrusion die which
processor should use (angles, longitudinal, transverse, single/multi extrusion die), materials
and combination of materials, rheological and thermodynamic behavior of materials,
throughput and temperature inside the die.

After solving input information of the Michaeli’s diagram requirements it continues
to the second section. The second section is aimed on selection, calculation and design of
the flow channel (pressure drop and geometry of the flow channel). As well rough idea of

the tempering system of the extrusion die is mentioned in section two.

In section three the basic dimensions of extrusion die are established, such as types
and placing of the bolts or types of materials according to strengthens of the die body. Last
four steps of the Michaeli’s diagram are about feasibility, manufacturing aspects, calcula-
tions of tempering system, precise design and dimensions of the die until the die acceptance.
(Michaeli, 2004)

In summary for designing of extrusion dies here are some specific general rules:

e Reasonable pressure drop for single screw extrusion is 5 MPa < p < 20 MPa. The
lowest value 5 MPais due to the sensible polymer melt flow speed, suppression of
degradation. On the other hand, value 20 MPa is limited mainly because of energy

saving during extrusion process. Relevant pressure is expressed:
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_ _bp
AT = oxc, ©)

Where AT is temperature difference between temperature at the wall and in the middle

caused by dissipation, Ap is pressure loss, p and Cp are density and specific heat capacity,

respectively.

The temperature of the melt increases beyond the set values on the die wall due to
viscous dissipation. Designer must examine these places for potential hot spots,
which should always be avoided - steady velocity profile across the entire die exit
is required

No dead spots in the flow channel, minimization of residence times which they cause
degradation of materials

Easy assembly and disassembly of extrusion die and cleaning

Shear stress at the walls in area of 30 kPa — 140 kPa

The count of the weld lines must be the lowest as possible with optimal orientation
Functionality for more materials (Kostic and G., 2006, Michaeli, 2004, Zatloukal,
2015)
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Properties of the Polymer Materials

3.1 Introduction

For understanding of the extrusion process it is not important to know just the extrusion
tools, but also the properties of the polymer melt. This chapter is focused on the main rheo-
logical and thermal properties. Rheological properties show the behavior of the materials
when stress is applied. On the other hand, thermal properties show the thermal dependence of

polymer melt. These properties are discussed below.

3.2 Rheology of the Polymer Materials

Rheology as a field of the science is focused onflow and deformation of matter after applied
force with time. From the perspective of very long time even glass can flow. Martin Reiner
expressed this with help of bible “Mountains flowed before the Lord”. The variable which

determines how much the matter flows is so called Deborah number:

A
De = 7 4)
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Here Ais relaxation time and & is observation time. Each material has different Deborah
number. The water, for example, has 1=10"12s and the De is then approaching zero value.
The glass has A= 100 years and then De is getting large (practically to infinity). Polymer
materials have A between liquids and solids and then we can observe them behaving as it
would be both states of matter, it is called viscoelastic behaving. Such a behavior can be
approximated by simple Maxwell fluid model, which combines the simplest fluid model

(Newtonian model) and the simplest solid model (Hookean model):

V=7 swia 1 7 solid (5)

=4l ©)
u G
lLl L] L]

T+ xr=ux 7
G uxy (7

Then g is replaced by relaxation time A and we got Maxwell fluid model:

r+ﬁ><z.':,u><7./ 8)

Where 7 is stress tensor, z can be determined as d—: , u is material coefficient and y is

. . * dv
shear rate possible determined as y = q .
y

In many flow situations we can recognize two simple types of flow, the shear flow and the
elongation flow. In both cases the deformation rate may be dependent or independent of time.
For example, when steady flow is present, the flow is time independent, the deformation rate
IS constant in time. In case of transient flow, the deformation rate is time dependent. When
we assume for a while that the polymer in molten state is a system of elements (molecules,
chains), then we can imagine these two flows as being composed from two different systems
with different responses and different relative motion of their elements. The shear flow rep-
resents the forward motion of elements having the same or different velocity, while the elon-

gation flow is a motion of elements toward each other or away from each other.

It is useful here to describe the particular stress and deformation components in Cartesian

coordinates (Figure 14).
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Figure 14: Divided flow system into Cartesian coordinates

The force causing the stress on a reference, infinitesimal cube can be acting in any direction
but we can express its influence in the Cartesian three direction. As such the force acts on
particular Cartesian planes — in the particular Cartesian directions. In total of nine stresses,

three of which are the normal stresses and six are the shear stresses.

Using these parameters, we can analyze flow behavior inside the matter. This behavior is

monitored with the help of the total rate of the deformation tensor Dij (general form):

oV, v, ov, ov, oV,
2 + +
OX oXx oy ox oz
ov ov ov
2xD; = 8VX+—y 22 aVZ+ Y 9
oy o oy oy oz ©)
ov, ov, OV, ov, ov,
+ + 2
oz ox 0z oy oz |

The total rate of the deformation comes from velocity gradient tensor L.:
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(=200 (10)

]

Velocity gradient tensor can be decomposed into symmetric (d) and asymmetric parts (o),

where symmetric part is responsible for shearing and asymmetric part for rotation:

L=d+w (112)
Symmetric part is then expressed as:
ov, av
—) (12)
OX; ax
And asymmetric part as:
1 v, v
= P 13
Oy = (6x ax.) (13)

With knowledge of these equations the total rate of the deformation can be written as:

IGY, T N, 1 v, ov,.
0 0 0 + ) ox(C )
X ox 2 0L oX

ov ov ov
D,=| 0 — 0 +£><(8VX+—y 0 l><(—"+8VZ)+
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Where each matrix represents specific motion. The first matrix represents stretching, the sec-
ond matrix shearing and the last matrix represents rotation. As the rotational part does not

cause any flow deformation, it is usually omitted.
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Another useful variable monitoring the flow behaving inside the matter is the stress tensor

7;; Which is in general form expressed as:

Ty — p z-xy Ty
Ti=| Tw  Ty—P Ty (15)
X sz Ty — p

Here indexes iand j represent orientation of the force and the corresponding surface, respec-
tively, pis the pressure. Diagonal elements of this matrixz,, — p,z,, —pand 7, —p represent

normal stresses and the rest of elements represent shear stresses.

3.2.1 Shear Flow

In this chapter we will assume that the polymer material melt is incompressible and isotropic.
Shear flow can be then divided into two types of flow, the drag flow and the pressure driven
flow. In the first case, the speed is invoked by moving one of the channel walls and velocity
profile has a shape of right angle triangle (highest speed on the moving wall). In the case of
pressure driven flow the velocity is invoked by pressure difference and the velocity profile

has a shape of semi parabola (highest speed in the middle).

The first case, drag flow, is possible to be imagined as moving polymer layers, each having
constant velocity in the direction of the polymer flow, the dragged plate moves. The move-
ment of the next plates, due to internal friction between the plates, will lead to the motion. It
can be understood by studying a single infinitesimal element being dragged on the top surface
with the bottom surface fixed. As it is shown in figure 15 the layers in-between move each

with their own speed.

The second case, pressure driven flow, is based on the pressure gradient. The polymer melt
flows from a section with higher pressure to the section with lower pressure. It is known as
Poiseuille flow. (Bird et al., 1987, Musil, 2008, Tadmor and Gogos, 2006, White and Potente,
2003)
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e

Figure 15: Shear flow deformation

Difference of speed between imaginary plates is:

. X:>vx:;/.><y (16)
dy

And velocity profile in shear flow is given as:

Vv.=yxy, V,=0; v, =0 (17)

y z

Because of zero velocity in y and z direction, the deformation rate tensor becomes:

0 5 0
1 °
D; :EX y 0 (18)
0 0
And stress tensor has then a form:
Ty — P Ty 0
Tij = Tyx ‘[yy — p O (19)
0 0 T,—P

But during the shear flow of polymer melts we can observe also normal stresses (N1 and N2).
N,=7,—7 (20)
(21)

Since normal stresses are not equal to zero in case of the polymer melts, it leads to unusual
behavior of the polymer melts. The normal stress differences N1 cause effects known as Weis-

senberg effect.
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We can define viscosity as a dependency of shear stress on shear rate (similarly as it has been
defined for Newtonian fluids):

n=-7 (22)

For normal stresses the coefficient of the first and the second normal stress difference can be
defined:

N
Vi = ﬂ (23)

2

/4

Thus coefficient of the first and the second normal stress difference can be expressed in terms

of shear rate as:

To =Ty =¥ %7’ (24)

And

Ty =T =V, X}/Z (25)

For shear flow the most critical material factor is the shear viscosity. Viscosity is influenced
by many parameters. The main variables influencing viscosity is the temperature in close

relation to dissipation, shear rate, polydispersity and pressure.

Viscosity dependency on temperature may be described for example by an exponential equa-

tion:
-A
n~e’ (26)

Or expressed in a form of Arrhenius equation:

Ea 1
(=(-=)
=1 xe " A 27)

Another form of Arrhenius equation could be:

e(ﬂXAT)

77 = 77ref X (28)
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Here Ea is an activation energy (for polymers 25 to 85 kJ/mol), R is gas constant and [ is
thermal sensitivity constant for polymer. Basically each of these equations (Eq. 27 and 28) are
saying the same, with increasing temperature the viscosity decreases (Figure 16, polymer with
three different temperatures). Here, the type of polymer and its internal structure maters. In
some cases, the polymers at processing conditions do not depend on temperature too much,
while for some other polymers the sensitivity of the viscosity to temperature is strong. The
polymer melt at flow also dissipates energy:
D=nxy’ (29)
Dissipation is transforming of the mechanical energy into thermal energy. With the
fact that the shear rate at the walls reaches its maximum value we can assume that the highest
dissipation occurs at the walls, too. That means we may reach high temperatures and low

viscosity, there.

Shear rate dependency of viscosity is significant. It is shown on figure 16. In this
figure we can divide each of these three curves made by nodes on three regions. The first
region is called Newtonian plateau where the viscosity is relatively constant. The second re-
gion of these curves is the processing region (shear rates during extrusion). This represents
the typical processing extrusion conditions. It starts to decrease the viscosity with the shear
until it reaches some limit value. The third region is called the second Newtonian plateau and

it is characteristic with nearly constant viscosity again.

Curve shape in figure 16 is also possible to be described according to disentangling
and entangling speed of statistic coils of polymer chains in dependency of viscosity on shear
rate. With higher speed of shear rate it is harder for statistical coils to get entangled cause of
energy which is necessary for entangling. In the first region the speed of entangling is equal
to speed of disentangling, viscosity is then stable and it creates a plateau, shear rate is here too
low. In the second region the speed of disentangling is higher than that of entangling due to
transcending of critical shear rate. The viscosity in the second region is dramatically decreas-
ing. The third region is a Newtonian plateau again, because there is such ahigh shear rate that

entangling of statistical coils is not possible for polymer chains.
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Figure 16: Influence of temperature and shear rate on viscosity

Preparation of raw materials (polymerization) has significant influence on polydispersity (mo-
lecular weight). During standard polymerizations without any sophisticated control, the
chains lengths varies a lot, having broad distribution. On the other hand, when controlled
polymerization is presented, length of the polymer chains is also controlled (narrow molecular
weight distribution). We recognize two types of polydispersity, first type is with narrow mo-
lecular distribution - small polydispersity, characteristic with similar chains which then ex-
hibit much longer Newtonian plateau and less sensitivity to shear. The second type is the one
with broad molecular distribution, characteristic with a lot of non-similar large and small pol-
ymer chains. Such a melt exhibits strong sensitivity to shear. It is because of energy which is
necessary for disentangling of polymer statistical coils. In case of similar chains, it is needed
to get more energy for disentangling then in case of non-similar large chains which they need
much smaller energy for disentangling. (Masoco, 1993, Chhabra and Richardson, 2008, Han,
2007, Malkin and Isayev, 2012, Osswald and Rudolph, 2015)

Equations describing the dependency of viscosity on molecular distribution is:
n=KxMy (30)

Here K, o are material constants and My is an average molecular weight.

Polydispersity can be calculated as:

Polydispessity _index= k/l/lw (31)

N
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Where Mw is weight average molecular weight and My is number average molecular weight.

For proper characterization of viscosity behavior and subsequent use in modelling, it is useful
to fit measured data with appropriate viscosity models, which represent the behavior of poly-
mer materials at flow. Most common viscosity models are the Power-Law Model, White-

Metzner Model and Carreau-Yasuda Model.

Equation for Power-Law Model is:

77(T1}.’)=m><05><7;_1 (32)

Here mis index of consistency, & is temperature sensibility from Arrhenius equation and nis
index of Newtonian behavior. This equation fits very well the segment of the viscosity curve
which has, in the logarithmic scale, a straight shape. This is the most important shear thinning,

processing region.
Carreau-Yasuda Model is more capable to describe the whole viscosity curve as:

* X
n(T,7) = T = (33)

{“(Wx;)a} a

Where a is coefficient of transition from Newtonian region to the pseudoplastic one.

Equation for White-Metzner Model is:

T+ Al T)xz=2xn(ll,,T)xD (34)
Here Il, is second invariant of velocity-deformation tensor. For calculation of White-Metzner
Model one needs the relaxation time (35) and viscosity from (22) as well.
K, xa

1+K, x /1y (35)

Here K1 and Kz are constants. (Compuplast, 2003, Morrison, 2001, Osswald and Rudolph,
2015)

AN, T)=
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3.2.2 Elongation Flow

In previous case of shear flow the velocity was changing in the perpendicular direction (mov-
ing plates). Elongation flow is characteristic that the velocity of elements (rate of streamline)
is being changed in the direction of the polymer melt flow, in the longitudinal direction. Most
often the particles increase or decrease their speed because they are forced to flow through
the narrowing or the diverging part of the channel geometry. Elongation then can take place
in one or in two directions. According to the melt flow it can be uniaxial elongation flow, a

planar elongation flow or biaxial elongation flow. Elongation viscosity can be expressed as:

Where ¢ is elongation rate.

In contrast to shear flow, the velocity of elongation flow in the other main directions is not

zero. Velocity field here is:

vx=;x¢;x(1+b)xx; vy=;x¢;x(1—b)><y; vz=—;xz (37)
Here b represents elongation parameter. According to type of flow the parameters ¢ and b
can reach different values:

e Uniaxial elong. flow: b= 0; <::>O

e Planar elong. flow: b=1
e Biaxial elong. flow: b=0; £ <0

As well as in shear flow the normal stress differences are present (7, —7,,;7,, —7,, ). HOW-

LAV
ever, in case of uniaxial and biaxial flows (elongation parameter b equal to zero) only one

normal stress difference is important, namely 7z, —7,,.

In the uniaxial elongation flow the material is stretched just in one direction and in the other
directions it is compressed. (Figure 17) This type of flow occurs for example in fiber spin-

ning and injection molding.
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Figure 17: Uniaxial elongation flow

For such a situation the deformation rate tensor simplifies to:

& 0 0
D;=|0 -05¢ 0 (38)
0 0 -0.5¢

Since the elongation rates in direction y and z are the same, we can write both of them as -0.5

£ . Negative value of & is because in these directions the material is compressed.

The stress tensor then can be expressed as:
;= 0 7,-p O (39)

Planar elongation flow is another case of elongation flow when a reference volume is

stretched in one direction, in another direction it is without any response (éyy =0) and in

third direction it is compressed. For this case the equation for stress tensor is the same as in
previous case and the deformation tensor is:

D.=(0 0 0 (40)
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Biaxial elongation flow is characteristic by stretching of the reference volume in two direc-
tions, in the third direction the cube is compressed. Stretching in two directions can be the

same but can also be different.

Stress tensor here has same form as in previous cases, the equation for the deformation rate
tensor is (Halley and George, 2009, Malkin, 1984, Zatloukal, 2015):

£ 0 0
D,=|0 & 0 (41)
0 0 —2¢

3.3 Thermal Properties of the Polymer Materials

In the extrusion process the polymer is heated up, melted, processed at elevated temperature
and then cooled again. For that reason, the thermal properties are very important. For poly-
mer engineers it is probably one of the most crucial parameter of polymer materials. Struc-
ture of the used polymer (molecular structure) is crucial for final thermal properties. In ther-
mal properties are orientation and length of macromolecular chains, molecular weight, num-
ber, size and distribution of side chains, crystalline ratio, mobility of polymer chains and
energy of the present bonds the most significant parameters (Torres et al., 2011, Ibrahim and
Kadum, 2010)

This law is closely connected with thermal energy balance equation which is crucial for our

thesis.

3.3.1 First Law of Thermodynamic

Thermodynamic is a field of science which is focused on macroscopic objects and
relations between them, mainly energy transformation relations. Classical thermodynamic
perceive those macroscopic objects as a continuum and not as individual particles. Another
simplification is that those macroscopic objects will be closed to the thermodynamic system
with bonds and walls with specific properties. Sometimes a wall is no more than an imagi-
nary 2D closed surface through which the connection to the surrounding is direct. We rec-
ognize impermeable, permeable, semipermeable, diathermal and adiabatic walls. These
walls say which system is defined, close system, open system or isolated system. lIsolated
system is characterised by no transport of matter or energy with surroundings. An open

system is a system that freely exchanges energy and matter with its surroundings. A close
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system is such a system where it is possible to transport only energy and not the matter. In
all the systems we can recognize two groups of variables. The external variables, these are,
for example, volume of the system or external forces. The internal variables are for example
pressure, temperature, density or internal energy. External and internal variables together
are called state variables and they describe actual conditions of the system. (Rathakrishnan,
2005, Kolat, 2001)

When state variables change their values, then system is going from initial conditions

to the final steady conditions. Thermodynamic process is then present.

The first law of thermodynamic is a statement of the principle of conservation of
energy. Conservation of energy means that the energy cannot be created or destroyed; en-
ergy can be only transferred or converted to another form of energy. In asystem, the internal
energy has to be equal to the sum of energy entering and exiting the system. It means it must

be equal to the heat added to the system and the work done by the system:
AE =W —-Q (42)

Here AE is the change of internal energy, W is the work done by the system and Q is the
heat absorbed by the system from its surroundings. Unlike AE, the variables Q and W are

not depended on the transformation from the initial condition to final condition.

The total internal energy is possible to be split into three components:
AE =AU +AE, +AE (43)

In equation 43 AU is internal change of energy, AEk is kinetic energy change and AE; is
potential energy change. However, AU represents all energies in microscopic scale which
are the kinetic and potential energies of molecules, atoms and subatomic particles. Equation

is also possible to be expressed as:
AU +AE, +AE =Q-W (44)
When sum of AE, + AE  does not change, then equation 45 can be expressed as:
AU =Q-W (45)
And in differential form as:

dU =3 - W (46)
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Variable U is in differential form dU because it is a variable dependent on the state of the
system. Integration would then give the difference between the initial and final states. Values

Q and W have the form of differential equation SQ and AW because these values are not
properties of the system but they are dependent on the process, integration of 5Q and JW is

giving then just values Q and W.

For better explanation of the energy equation balance it is necessary to imple ment

another variables, enthalpy and heat capacity. Equation for enthalpy is:
H =AU + pxV 47)
Where H is enthalpy, pis pressure and V is volume.

Heat capacity can be expressed with constant volume or pressure. The equations for these
heat capacities are (Lyons et al., 2016, Rauwendaal, 2014, Roos and Drusch, 2016, Tannous,

2015):
Cv=(an; sz[a*j (48)
or ), o ).

3.3.2 The Energy Balance Equation

The Energy balance equation is based on the first law of thermodynamic. This law is also

called the law of energy conservation.

The sum of right side terms of equation 49 has to be equal to those of the left side. Right side
is represented by the sum of rate of the energy accumulation with rate of the energy convec-
tion due to motion. Left side is represented by the sum of the conduction energy with rate of

the energy dissipation and the sum with energy source term:
Eacc+ Ecow = Econd + Ediss+ S (49)
The particular components of this equation are expressed in equations 50 — 54.

Energy of accumulation:

. oT
Eae = pxC, x —
P P ot (50)
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Convection energy:

I.E =pxC, x|V xa—T+V X6l+v X@l
o =P X X G T X gy TV (51)
Conduction energy:
Eans =k V7T = Lok Ty 4 Lo Dy + Loen )
OX oxXx" oy oy oz 0z
Dissipation energy:
. [ 2 av 2 2
Ediss =7:V=2xpux (avxj +(yj +(6VZ) }_,_
OX oy 0z
. ) ) (53)
Havx avyj v, 8vzj [avz avxj ]
+ /,IX =+ + + + +
oy  OXx oz oy ox 0oz
Energy source term:
‘ oc
S=H, — 54
"ot (54)

Energy source term represents the rate of energy entering the system in a form of dielectric
heating, chemical reactions, etc. Unit ¢ in equation 54 represents the degree of cure and unit
Hr represents amount of heat per unit volume. (Chung, 2011, Compuplast, 2003, Gordon,
1987, Rauwendaal, 2014, Wilkinson and Ryan, 1998, Tucker, 1989)

From equations 50 — 54 we can construct the energy balance equation, which can be expressed

as:

0 or, 0 oT
+@x(kx5)+§x(kxg))+

oT oT oT oT
xCpo x—)+(poxCp x|V, Xx—+V X —+V, x—
(:0 P 8’[) (,0 P [ X 8X y z az

oy
2 2 2
avx aVy aVy aVz aVz an
+—| +|—+ + + +H
oy oX oz oy ox o1

+2X [ (avx 2+ il 2+[6VZJZ + UX
a X W 1674 a

According to Charles Tucker (Tucker, 1989) the energy balance equation can be expressed

ay

0

ac
"ot

(55)

as.

px[[))Lt’:—(v.q)—P(v-v)+(T:vV)+é (56)
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Here in equation 56, P means the rate of reversible work associated with volume changes, =
represent dissipation energy (irreversible work). From equation 56 internal energy can be

eliminated in favor of temperature as (equation 48):

pxCngi-:—(Voq)—Tx[Zl:J X(VOV)+(T:VV)+é (57)

With an assumption of a constant material density, the term [2] is zero and we can neglect
\%

right side of equation. Constant density is a practical simplification of the complex pVT rela-
tionship. In the modelling of the melt flow the incompressibility assumption is reasonably

adequate.

With this assumption equation 57 becomes:
pxCPx[gl-:kaZT+;xyx(;./:;./)+é (58)

Now we will discuss each term of the energy balance equation and its meaning for polymer

materials.

3.3.2.1 Convection energy

This form of energy is present due to the bulk motion of the melt stream, heat is moving with
the flowing melt. So here it is very important to know the material properties such as density
and heat capacity and also the speed and temperature gradient of the moving melt at the be-
ginning and at the end of the flow. Then, the difference between initial and final conditions is

aresult of the final convection heat. (see eq. 51).

3.3.2.2 Conduction energy

From equation 52 is obvious that conduction energy (heat flux) is strongly depended on ther-
mal conductivity and temperature gradient. For polymers is thermal conductivity usually very
low. Temperature is a scalar and in abody is given by value. Heat flow is given by numerical
value but also by direction, it is a vector. The heat flow, respectively its magnitude and direc-
tion are dependent on the temperature distribution. Then heat flow vector is in direction of
decreasing temperature. Heat flux is usually marked as g and in equation for conductivity k is
the thermal conductivity which is material constant. Equation (52) for conduction was found
by J. B. J. Fourier. (Ozsik, 2002, Paviou, 2015)
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3.3.2.3 Dissipation energy

During polymer processing it is necessary to transport the polymer melt from the feed throat
to the extrusion die. As the deformation is present, all of these processes require source of
energy. The energy comes from the extruder machine, it means mechanical energy. This me-
chanical energy is during extrusion transformed due to friction, dissipation and other form of

work to the internal energy, respectively heat energy (equation 53).

The energy necessary for deformation of the viscous material is irreversibly converted into an
internal energy. The deformation of elastic and viscoelastic materials is particularly reversible;
it can be transformed in form of potential energy and then transformed to mechanical energy.
In both cases the equation 53 can be used. The dissipation in case of viscous material is posi-
tive, in case of elastic and viscoelastic materials is positive or negative. (Gordon, 1987, Singler
and Pollock, 1992)
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Simulation of the Extrusion Process

4.1 Initial and Boundary Conditions

For solution of the energy balance equation it is necessary to know the initial and boundary
conditions. These conditions define temperature distribution inside and on the surface of a
body. Inside a body we have to assume that the temperature is a function of directions X,y, z

and also a function of time.

Initial conditions, respectively the state of a body on the beginning of the process (start of the
heat flow), are necessary to be specified when unsteady problem is presented. Such a condi-
tion is usually expressed as a prescribed value. Initial temperature for all points of body is
(Ghoshdastidar, 2012):

IitmOT(x, y,Z2,t) =T(X,Y,2) (59)

Boundary conditions are used to complete the description of the boundary limits of a body
during experiment. If we want to set a simulation project we have to know parameters of a

body and surrounding space, the particular flow equations, the size and shape of the system
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(body), initial conditions and physical and chemical properties of a body. Boundary condi-
tions which are describing the conditions at the surface or inside a body can be linear or
nonlinear. We recognize four kinds of linear boundary conditions: Dirichlet condition, Neu-
mann condition, Fourier condition and boundary condition of the fourth kind. In subheads
below we will focus just on linear type of boundary conditions. (Ozsik, 2002, Poehls and
Smith, 2009)

4.1.1 The Boundary Condition of the first kind (Dirichlet condition)

The Dirichet condition basically says that the temperature of the body surface is prescribed
by temperature distribution. It means a value of heat transfer coefficient o at the interface

between two surfaces is very high.

In submitted thesis Dirichet boundary condition has meaning as an isothermal boundary con-
dition.

In general case the temperature is function of time and position:

T = f.(r,1) (60)

Here ris a position.

Special type of Dirichlet condition is when temperature is constant or zero, then we speak
about homogenous boundary condition of the first kind. (Ozsik, 2002, Pal and Bhunia,
2015)

4.1.2 The Boundary Condition of the second kind (Neumann condition)

When the normal derivative of temperature along the body surface should be prescribed, we

can use Fourier law equation:

q:—kaT:—kx(Z; (61)

Here g is heat flux, k is thermal conductivity and gﬁ is atemperature gradient along abody

surface. Then, the magnitude of heat flux is prescribed by temperature drop of a body sur-
face.

Neumann boundary condition has for submitted thesis meaning as an adiabatic boundary

condition.
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Special type of Neumann condition is when surfaces of a body are insulted, then temperature
gradient is zero:

or

=0 (62)

Another special state of Neumann condition is an effect of the radiation:

—kxgzgxax(T“—TS‘l) (63)

Where T and Ts are absolute temperatures of the heated surface/of the source of radiation,

£ is the emissivity and o is the Boltzmann constant.

4.1.3 The Boundary Condition of the third kind (Fourier condition)

The third kind of boundary condition is based on principle of energy balance, respectively
on mechanism of continuous flows. It means that input in form of conductive flow has to be
in balance with output in form of convective flow from medium. Then we can use an equa-
tion, where conductive heat flow variables are in balance with Newtonian’s law variables

(heat transfer is proportional to temperature difference) of cooling:
kx D — (T -T,) (64)
on
or

kameT:ame:fi(r,t) (65)
n

Where Tm is temperature of medium surrounding the body and a is heat transfer coefficient.
In case, when a is high, respectively significant, then third kind of boundary condition is
changed to the first kind of boundary condition. Another case could be homogenous bound-

ary condition, when heat energy by convection from the boundary surface into a medium at

zero degree Celsius. Then element o xT,, =0 in equation 65 is equal to zero.

4.1.4 The Boundary Condition of the fourth kind

The last kind of boundary condition is based on mechanism of two material surfaces which
they have perfect contact each other. Both of them have own thermal conductivity and dif-
ferent temperature, respectively different temperature gradient. It is possible to expressed

that as:
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: T
k.><-r—':kj><—J (66)

i
n, i

The boundary condition of the fourth kind could transform into the boundary condition of
first kind when surroundings has much higher thermal conductivity than a body.
Then out body will have temperature gradient same as surrounding medium. (Bird et al.,
2007, Ozsik, 2002, Placek, 2002, Pepper and Carrington, 2009)

4.2 Finite difference method

The polymer process simulations use various numerical methods. When it is neces-
sary to solve any flow model a series of differential equations is presented. These differential
equations are discretized. This process converts those partial differential equations into a
series of algebraic equations (techniques of linear algebra). There is several ways how to
divide domain to many little subdomains (elements) as it is shown in figure 18. Namely the

finite element method, the boundary element method and the finite difference method.

__ — Control Wolume
— Finite Element

Traditional Finite :
Numerical Boundary | Difference Integration cell

Methods Element

— Taylor Series

Finite Difference —

Algebraic
| | Transformation Transformation
Techniques Numerical Grid

Generation

Figure 18: Schema of numerical methods

The simulations used in our thesis will use commercial programs based on Finite
element method. For our study of the heat conditions inside the mandrel, we will also use a

simple energy balance equation. In this case we will exploit the finite difference method.

Solution with help of finite difference method in general incorporates three subsequent steps.

First it is necessary to build a grid over solved domain (figure 19). This grid divides the
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domain (geometry of solved body) into many little domains and nodes. Each node has some
unknown variables and we need to get corresponding set of algebraic equations through dis-
cretizing the partial differential equations. Based on the real shape of solution domain dif-

ferent coordinate systems (non-orthogonal, Cartesian, etc.) can be used.

The second step is to transform the partial differential equations into algebraic equations
with help of discretization. Then the last, step is to solve the algebraic system numerically.

Here it is important to respect the nature of algebraic equations.

In this work we choose for modeling of energy balance inside a mandrel the Taylor
series approach which is usually considered as a traditional finite difference method. This

type of approach is restricted to regular/simple geometries.

The grid coordinates of function value, respectively node coordinates of function value, will

be written by subscripts separated with a comma, it means node with location (i, j) will be
written as fij. (Nicoud, 2015, Schubert, 2015, Pal and Bhunia, 2015, Tucker, 1989, Civan,
2016, Osswald and Hernandez-Ortiz, 2006)

4.2.1 Taylor Series Expansion

This method helps us to analyze the order of the approximation. It can also estimate trunca-
tion errors to compare the accuracy of different discretization formulas. In figure 19 the

typical discretization grid is shown.

a

y
fid o1 | figer | i o
vol fi,j fi,j fis1, j
Ay
fid,j1 [ fija fir1, j4
Ax
Xo X >

Figure 19: Construction of a grid for finite difference approximations
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The grid is divided into many nodes, located by X, y coordinates (nodal location). When a
node in the middle, with coordinates Xo, Yo, is marked as a function with the indices i, j (fi j),
then the nodes surrounding can be similarly marked as fi+1j; fi-v,j; fij+1; fij-1. If the function f
is continuous over the domain, then the value of fi+1, j, which expands the function fin the

positive x-direction, can be expressed in terms of fi j by a Taylor series expansion as:

of o’ f| (A 8% (a%)?
fo.o.=f + AX) + + 67
i+l 1] aX . X( ) 6X2 . X 2! ax3 . x 3! ( )
Then the first derivative of fi; at the location xo, Yo can be expressed as:
fooo—f 2
ap =y 1O (69)
OX|; AX 2 ox
or as
fo.—f.
o _ T 7N ogax) (69)
OX | ; AX

Here O(Ax) means the order of the additional terms in the series. If we neglect the high order

terms O(Ax), the equation 69 will be expressed as:

fi+1j - fij
=7 7 70
Ax (70)

of
OX

ivj
Equations 70 is called a forward difference expression for the first derivative. Forward be-
cause it expands in positive X-direction. Hiding of O(Ax), respectively elimination of higher

order terms, is called truncation error.

In similar way the function f can be expressed also in the negative x-direction, this is called

a backward expansion:

3
x (AX)2 —éx zxz

i i

1 o%f
AX) + —
.X( ) 2Xaﬁ

i]

of
f. .. =f. ——
L OX

L]

x (AX)®... (71)

And again, with dropping of O(Ax) the equation 71 is expressed as backward difference

expression for the first derivative of the function fat (o, yo):

fo.—f_ .

ij i-1,j
= 72
Ax (72)
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The difference between forward (67) and backward (71) equations give central difference

expression for the first derivate:

i — fi+1,j - fi—l,j (73)
OX|; 2 x AX

L]

Central difference expression has an exception that the truncation error is not expressed as
O(Ax) but as O(Ax)?. Equations 70 and 72 are then called as first order expressions for the
first derivate, unlike of them equation 73 is called second order expression for the first deri-

vate.

Central difference is possible to be expressed also for second derivate at Xo, Yo:

2 f... —2xf  +f ..
cnipen (ZX)"Z’+ 11 of(ax)?] (74)

By dropping of element O[(Ax)z] in equation 74 we can express the second order, central

difference expression for the second derivative of the function f at Xo, Yo.

For better understanding we will discuss here also the derivative expressions for y-direction.
First order, forward difference as:

ﬂ _ fi,j+l - fi,j (75)
8'y i'j Ay

First order, backward difference as:
ﬂ _ fi,j - fi,j—l (76)
8y ij Ay

Second order, central difference:
ﬂ _ fi,j+1 - fi,j—l (77)
;| 2x Ay

Last but not least examples of Taylor series will be for the function values at nodes fi+2 and

fi-2 because casual grids consist from more than just two nodes:

of

f :fij+—
NS¢

o2 f (@xAx)? o°f] (2xAx)°
X + X +...
ox? | . 21 ox® 3

]

(78)

x (2x AX) +

]

i+2,]

i
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2 2 3 3
fi—2j=fij_i ><(2><A)()_|.a I‘ X(ZXAX) _a :‘ ><(2><AX) .
’ ’ OX|: . X 2l ox 3l

L]

(79)

0] ij
With some modifications the Taylor series expansion is also possible to be used for unregular

shapes with unequally spaced nodes.

In appendix 1l there is atable of common finite difference expressions for uniformly spaced
grids. Derivatives in governing equations can be replaced by those finite difference expres-
sions, see appendix Il. (Pal and Bhunia, 2015, Tucker, 1989, Osswald and Hernandez-Ortiz,
2006)



TBU in Zlin, Faculty of Technology

55

Experimental Research
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Motivation and Aims of the Thesis

5.1 Motivation

Many studies were already focused on thermal behavior understanding of the poly-
mer melt. Nevertheless, many problems connected with thermal behavior were not solved
yet. Thermal behavior in the flow channel of the extrusion die is crucial for important vari-

ables as for example viscosity.

Submitted thesis is focused on understanding of the thermal behavior of the polymer
melt in the extrusion die. Understanding and description of important properties as dissipa-

tion, heat conduction, heat convection or energy balance equation are one of the aims.

However, thermal behavior of the polymer melt in the extrusion die is huge topic.
Longitudinal part of the extrusion dies, where the highest thermal effects are reached, is the
main aim of submitted thesis. Many engineers and scientists assume in longitudinal part
constant temperature. This statement is incorrect because of different thermal conductivity.
Thermal conductivity of the steel tools is high, that is why dimensions of the steel tools are

important. For example, from barrels all heat is removed out. On the other hand, in case of
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small size tools inside the extrusion die, such as mandrels, surrender by the polymer melt

(isolation because of low thermal conductivity), heat is kept inside the tools.

For better understanding of thermal behavior of the polymer melt and mandrels the
computer modeling was used. Nowadays isothermal or adiabatic boundary condition for
mandrel walls is considered as a standard in computer modeling. This assumption is incor-
rect as it was mentioned above. When isothermal condition is chosen, all heat is removed
out and mandrel has constant temperature. Whereas adiabatic condition assumes that no heat

is removed out from the mandrels.

Mandrel can be successfully described as a part of calculations connected with the
flow calculations (3D module). Nevertheless, this solution leads to the difficult mathematical

models, it is expensive, complicated and it take a lot of time.

Our motivation is to design fast, simple and exact solution of the boundary condition.
This condition should describe and also help us to clearly understand to the thermal behavior

of the mandrel and surrender polymer melt as well.

5.2 Aim of the Master Thesis

e Measuring of the thermal conditions of the polymer melt and of the mandrel inside
the extrusion die

e Understanding of thermal effects inside the extrusion die due to simulations of limit
situations and due to real extrusion process measuring

e Description of heat flow inside the mandrel and calculation of the heat flow in soft-
ware Maple by finite difference method

e Comparison of real extrusion process measuring with the extrusion simulation which
will include the new boundary condition

e With help of the 1D finite difference method develop the new boundary condition
and calculations for neglecting of the mandrel during the extrusion simulation in the

computer program Virtual Extrusion Laboratory T™™6. 9.
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Materials and Geometry

6.1 Material

In this chapter basic properties of used polymer materials will be discussed. Material

was used for simulation of extrusion process and for real extrusion process as well.

Molecular distribution was crucial for purposes of this thesis, narrow molecular dis-
tribution, respectively. These kinds of material are characterized by small polydisperzity,
similar small chains and by longer Newtonian plateau than polymer materials with broad
molecular distribution.

In this thesis was being chosen, after several measuring of different polymer materi-
als, special type of high density polyethylene (HDPE), Liten ML 71. Other types of polymer
materials, as a metallocene linear low density polyethylene (MLLDPE), linear low density
polyethylene (LLDPE) or HDPE with low MFR, were not being suitable for our application.
Few of them generated huge pressure in area of the slit, few of them had not inclination to

make a dissipation energy in area of the slit.
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HDPE Liten ML 71 is a homopolymer with narrow molecular distribution and UV
stabilization. Typical using of Liten ML 71 is injection molding or applications where high
rigidity, good impact resistance and oxidation stability is required. The material properties
of Liten ML 71 are given in table 1.

Table 1: Typical material properties of Liten ML 71

Property Unit Value Test Method
Solid Density kg/m3 961 SO 1183
Yellowness Index standard max. A ASTM D 1925
Yield Stress MPa 59 ISO527-1
Flexural Modulus MPa 1100 ISO 178

Melt Flow Rate (190 °C /2.16 kg) g/10 min 7.2-9.2 ISO 1133

Vicat Softening Temperature °C 126 ISO 306

DSC Melting Point °C 135 ASTM D3418-03
Coefficient of Friction [1] 0.29 ASTM D1894
Conductivity W/m.°C 0.49 1ISO 22007-1
SpecificHeat J/Kg.°C 2250 ASTM E1269-05
Emissivity [1] 0.9 ASTM C835-06

6.1.1 Rheology Characterizations

Rheological or flow curve, shear rate dependency of viscosity, were measured on the
capillary rheometer Gottfert RG 50 (50 kN force range). Two capillaries with L/D 20/1 and
0/1 were used. Length of barrel system was 250 mm. Pressure sensors 200 and 500 bar were

used with accuracy 0.2 % from total range.

During measuring on capillary rheometer two types of corrections are significant.
Only apparent values of variables are obtained and it is reason of those corrections. After

correction correct values are obtained:

At first volume flow rate can be calculated as:

. 2
Q=A><v=ﬁx4d°”xv (80)
Where A is area, dcn is diameter of capillary (capillary number) and v is velocity. With
knowledge of volume flow rate apparent values of shear rate (81), shear stress (82) and vis-

cosity (83) are expressed as:



TBU in Zlin, Faculty of Technology 60

. 4xQ
= (81)
”chn
AP xr
ro =B w 82
XY ,a 2><|_ ( )
n, = X (83)

Va

Where renis radius of capillary, L is length of capillary channel and AP is total pres-
sure loss. Pressure loss in capillary is reason of first correction, Bagley correction. In equa-
tion 82 is calculated only with total pressure loss and not real pressure loss of capillary.

Bagley correction is solved this accuracy:

APeapitiary X T2 _ (AP — AP, ;) xT,

_ 84
Fxve 2x L 2xL (84)

Where AR, is sum of entry and exit pressure loss (equation 86), AP, .., is real pressure

loss of capillary given by equation 87:

AP = AI:)entl'y + AF)capillary + AI:)exit = AI:)end + Apcapi”al’y (85)
\ J
|
APend = AI:)(-,intry + APEXil (86)
APcapillary =AP - Ape”d (87)

Due to the directive of curve (y=kx + g) shown in figure 20 total pressure AP is given as:

PL2 - PLl X (L)l + AI:)end (88)
(L) _ (L) d,
d,”* ‘d,”*

AP =
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Figure 20: Curve for calculation of AP

On the other hand, Rabinowitsch correction is given as:

y * (3xN+1
yc=yax(ij j (89)

3xN+1

4x N

Where N is index of non-Newtonian behavior and term ( j IS in equation 89 Rabi-

nowitsch correction. Apparent shear rate is given only for Newtonian liquids. This distinc-
tion is solved by index of non-Newtonian behavior. This index has to be calculated from
directive of polynomial curve of apparent shear rate dependence of correct shear stress.

N =2><axlog(;/.a)+b (90)
Where parameters a and b are given from directive of polynomial curve.

When both variables, correct shear stress and correct shear stress, are known correct viscos-

ity is given as:

7. = Txy.c (91)

Ve
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Figure 21: Flow curve of HDPE Liten ML 71

In figure 21 is shown the flow curve of HDPE Liten ML 71. The flow curve has
declining trend, with increasing shear rate viscosity is gradually decreasing. Until critical
shear rate viscosity has very stable trend. It is probably because of narrow molecular distri-
bution. Extrusion process operates at shear rates often range up to several hundred s-1. New-
tonian plateau in area of low shear rate values (0.1 — 50 s'1) is expected. Decreasing of vis-

cosity is most likely because of unstoppable disentangling of the statistical coil.

6.1.2 Meltdensity

Melt density of HDPE Liten ML 71 was measured at 160 °C. As a machine for meas-
uring was used melt indexer Tinius Olsen MP 600. Measuring was made according to stand-
ard 1SO 1133. Length of the piston was 14.3 cm and area of barrel channel was 0.711 cm?,
The melt density of polymers is always lesser than density of solids (shown in table 1). The
melt density is depended on temperature. With increasing temperature, melt density is de-
creasing its value. (Campbell and Spalding, 2013) The melt density equation can be ex-
pressed as:

m
Sxl

p=y = (92)
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HDPE Liten ML 71 resin was measured 3 times at the same temperature 160 °C. Results are

shown in table 2. Average value of melt density from three measuring is 780.28 kg/me.

Table 2: Values for weight and density of measured samples:

Sample Weight Density

no. [kq] [kg/m?]
Sample 1 0.0081 796.67
Sample 2 0.0079 777.00
Sample 3 0.0078 767.17
Average 0.0079 780.28

6.1.3 MeltThermal Conductivity

The thermal conductivity of HDPE Liten ML 71 was measured at the temperature
160 °C. Value of thermal conductivity was measured on Goéttfert RG 50 (50 kN force range).
For measuring was used special piston including electric heater. Polymer melt was pressed
on set value of force, in our case 1784 N. After 10 min where tempering was carried o,
measuring was started. Piston was heated by electricity for 2 min, during those 2 min thermal
conductivity was measured. Value of thermal conductivity was obtained as a linear regres-
sion from curve in figure 22. Result of thermal conductivity was calculated as
A =0.246 W/m.°C with R?=0.995.

0 30 60 90 120 150
o 166 ‘ ‘ ‘ ‘ 166
= |
165 (— Y=0.029 * X + 161.84 — 165
R?=0.995
164 — —| 164
163 | 1163
162 — — 162
161 | 1 161
160 | | | | 160
0 30 60 90 120 150

t[s]
Figure 22: Temperature dependency of time for measuring of thermal conductivity
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6.1.4 Heat Capacity

Value of heat capacity for HDPE ML 71 was measured by Mettler Toledo DSC 1.
Range of temperatures was chosen from 150 °C to 200 °C in inert atmosphere (nitrogen).
Speed of heating was chosen 2 °C per minute. Value of heat capacity at 160 °C is significant
for us. Aluminum was used as a crucibles material. In figure 23 is shown curve temperature

dependency of heat capacity.

150 160 170 180 190 200 210
3600 — \ \ \ \ \ —| 3600
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Figure 23: Heat capacity dependency of temperature curve

In figure 23 is shown heat capacity dependency of temperature. This curve has in-
creasing trend. When temperature is increasing then heat capacity as well. Curve in figure
23 has practically linear character. The most important temperature for submitted thesis is at

160 °C, value of heat capacity at 160 °C is 3329 J/Kg.°C.

6.2 Geometry

For purposes of submitted thesis laboratory extrusion die was modified by company
Compuplast s. r. 0. In figures 24-28 is shown used extrusion die. This extrusion die is com-
posed from input, flow channel where mandrel is placed and output with the tourniquet.

Because of pressure modification tourniquet is part of the extrusion die. Heaters are placed
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from both sides. Holes in the extrusion die walls showed in figures bellow are for measuring

devices, such as infrared probe devices and pressure sensors. Dimensions of the flow channel

are: length 159 mm, width 24.8 mm and depth 6 mm. Dimensions of the mandrel are: length
59.33 mm, width 24 mm and depth 5 mm.

Figure 24: Extrusion die: 1 Input; 2 Flow channel; 3 output with the pressure controller

Figure 25: Cross section of the extrusion die
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;
;

Figure 26: Cross section of the channel flow where dissipation is occurred

-

Figure 28: Mandrel of the extrusion die
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Extrusion Process Simulation

7.1 Introduction

Thermal effects during extrusion, which they are present in the extrusion die and the
mandrel, are complex and difficult to understand. The polymer melt interacts with the steel
wall and the energy dissipated is partly conducted away from the melt. Thus, the real process
simulation includes the steel body in the energy balance as well. In most of the cases, how-
ever, the simulation is performed in a simple form, the wall is replaced by boundary condi-
tion. Examples of typical simulations using isothermal and adiabatic boundary conditions
will be discussed below for better understanding. These two represent some ideal states as-
suming either infinite or negligible wall heat transfer coefficient. During polymer flow inside
a die channel none of these ideal states describes the real conditions well enough. The real
solution could be found simply somewhere in-between the isothermal and adiabatic solu-

tions.

The case with isothermal boundary condition is appropriate for some flow situatio ns

when the heavy block of the steel (high thermal conductivity) is capable to conduct away all
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the heat flux the flow generates. The wall is then kept at prescribed temperature. When the
steel is thin or surrounded by other polymer layers, the heat cannot be removed. In such a

case the adiabatic boundary condition is appropriate.

When the wall is made from material with low thermal conductivity or simply the
heat cannot be conducted away (for example when the wall is very thin or surrounded by the
melt), the adiabatic boundary condition is more appropriate. The melt is insulated. Differ-
ences between these two ideal cases can be seen on the temperature plots along melt/steel

interface and temperature plots across the steel and flow channel below.

The simulations are made for a simple 2D flat flow channel. The flow channel has
length 20 mm, width 15 mm and depth 1 mm. Mass flow rate was set to 10 kg/h and the
initial temperature, temperature of walls (isothermal case) and temperature of incoming ma-

terial were set to 160 °C. Simulation was made in software VELTM 3DFem module.

Figure 29 shows different views on a flow domain with isothermal boundary condi-
tions. Walls of the flow channel have the same temperature across the whole area. All heat
flux at the polymer-metal interface generated by the flow viscous heating is absorbed and

conducted away.

a)

Figure 29: The flow situation with isothermal boundary condition of the surface (Tempera-

ture field displayed): a) view on top, b) longitudinal section, ¢) 3D view of a body
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From figure 30 (temperature profile across the die) it is obvious that the polymer melt
dissipates energy and is cooled down by walls. The temperature is the lowest at the steel
walls and reaches its maximum near the walls. That indicates high temperature gradient.
Polymer melt flow is symmetric. Thermal conductivity has main influence on the heat ex-
change between the melt and steel body. In comparison of thermal conductivities, thermal
conductivity of our polymer material is 0.246 W/m°C and thermal conductivity of steel is
40 W/m°C. That is the reason why steel walls are able to conduct all heat the polymer is able
to supply. The polymer melt is cooled down by walls.

Steel Melt of HDPE Liten ML 71 Steel
A=40 W/m°C A=0.246 W/m°C A=40 W/m"°C

Temperature scale

166.65
166.07
165.49
164.91
164.33
163.74
163.16
162.58
162.00
161.48
160.97
160.51
160.00

Figure 30: Temperature profiles across the flow channel at the end of the die with different

thermal conductivity (isothermal boundary condition)
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Figure 31a) shows temperature along the melt/steel interface. At the isothermal wall the
temperature has the prescribed value, 160 °C. On the other hand, the maximum value of

temperature generated by dissipation is in case of isothermal condition 166.65 °C.

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
o "M \ \ \ \ — \ \ \ '
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Figure 31: Temperatures in the steel body and flow channel for isothermal boundary condi-

tion: a) values at the polymer melt/steel interface - along, b) values across the flow channel

To understand better, the thermal effect we should look at the energy balance equation of
the polymer melt. For isothermal boundary condition the energy balance equation will be
calculated as difference between the sum of convection, conduction and dissipation. Result
of equation 93 should be in ideal instance equal to zero. Energy balance equation of the

polymer melt for an isothermal condition can be expressed as:

AT
|:k X (2 X (Awall x L)):| + [,0 X Cp X 2 x Ainput/output x [(-[Voutput x J.Toutput) - (J‘Vinput x -[Tinput)]]: T. V
(93)
After substitution of variables obtained from simulations equation 93 is expressed as:

Conduction+ Convection= Dissipatim
7.674N +4.736N =12.53W
1240 =12.53kW

A little difference between the terms on each side could be caused by low density of the

finite element mesh.

The second situation is with adiabatic boundary condition.
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a)

Figure 32: The flow situation with adiabatic boundary condition of the surface (Temperature
field displayed): a) view on top, b) longitudinal section, c) 3D view of a body

Wall Melt of HDPE Liten ML 71 Wall
k=0 /m°C ke, = 0.246W [ m°C kg = OW /m°C

Temperature scale

184.98
181.79
179.80
177.38
175.56

17344
171.52
169.60

167.68
165.76
163.84
161.92
160.00

Figure 33: Temperature profiles across the flow channel at the end of the die with different

thermal conductivity (adiabatic boundary condition)
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Figure 34: Temperatures in the steel body and flow channel for adiabatic boundary condi-

tion: a) values at the polymer melt/steel interface - along, b) values across the flow channel

Different views on a body with adiabatic boundary condition are shown in figure 32.
In comparison with isothermal boundary condition it is possible to see increasing tempera-
ture in direction of the flow (Fig. 32a)). Also there is shown that walls are not cooled down

by the polymer melt. Heat accepted from polymer melt is kept inside the walls.

In figure 33 is shown cross section temperature profile. The highest temperature is at
the walls and also in the walls. On the other hand, the lowest temperature profile is in the
middle of the channel. Curve of the increasing temperature profile has practically linear
character until it reaches the maximum value of temperature at the wall. In comparison of
ranges of temperature scale with isothermal condition, adiabatic condition has much higher
values of temperature, from 160 °C in the middle to 184.98 °C at the walls. In this case
thermal conductivity does not have such a big influence on the final temperature profile.

Figure 34 shows longitudinal section temperature profile across area of a body. As it
was said, temperature increases in direction of the flow until it is reached walls. Dissipation

energy generated by polymer melt is kept inside the walls.

Energy balance equation for adiabatic boundary condition can be written as:

[px Cp X A1 % [(IVOmput X IToutput) - (J.Vmput X jTinput)JJ =7:V (94)
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Convection= Dissipatim
11.76W =11.83W

As in previous case, a little difference is caused by low solution mesh density.

As it was written on the beginning of this chapter, thermal behavior of the mandrel

is somewhere between isothermal and adiabatic boundary condition.

The figure 35 shows the temperature as a function of mandrel length. Geometry com-
posed from a body, flow domain and the mandrel is shown below in figure 35 under the
curve. Geometry of the mandrel is followed by the curve. The first half of the mandrel is
cooled down by polymer melt. However, in the second half mandrel is heated up by the
dissipation energy. Pressure, mechanical energy is transform onto dissipation energy, re-
spectively. These two thermal effects give final curve (fig. 35). Model situation is shown in
figure 35. Mandrel and barrel have dimensions of mandrel used in submitted thesis. Tem-
perature in the middle of the mandrel is 164.8 °C. In the first half the mandrel is cooled down
to 160.4 °C. In the second half the mandrel is heated up to 168.8 °C. Mentioned cooling
down and heating up can have crucial influence on the polymer melt flow. This knowledge

has significant role for our new boundary condition.
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Figure 35: Longitudinal section temperature profile of the mandrel
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7.2 3D Flow Domain

S To understand better, the thermal effects including viscous heating, conduc-
tion and convection we use an experimental die which includes narrow gaps, small isolated
steel parts as well as heavy block of steel. This is the geometry presented in this chapter. The
flow domain starts as a rectangular channel, then a mandrel is introduced creating narrow
gap. This flow situation represents a typical flow condition observed in many extrusion dies.

In the previous chapter it has been explained, that the steel and melt stream interact

thermally to minimize the overall resistance.
Simulation software VEL™ 3DFem module provides a unique solution where steel can be
a part of the thermal calculation, it is coupled with the flow domain! This approach has,
however, also some drawbacks. For example, meshes of the flow domain and the mandrel
have to be dense enough. In real life cases this can lead to millions of elements. Moreover,
the connecting surfaces of these two meshes have to be exactly topologically conform - con-
nected together. As a consequence, it leads to expensive solution, relatively long calculation
times (often more than 24 hours). On the other hand, the 3DFem module solution provides
exact solution of the problem and it is possible to construct even the most difficult flow
domains and geometries.

For us the 3DFem solutions used as a verification of our modelling results. Here the
boundary condition for outside melt/body surface was chosen to be the isothermal condition
(as the body is usually big block of steel with sufficient thermal conductivity). Due to double
symmetry only one quarter of the problem needs to be solved.

As the two meshes (steel mesh and flow mesh) are solved together and need to interact, the
melt/mandrel interface needs to be marked by special type of boundary condition The Inter-
face indicates a connection between two materials.

The mass flow rate input boundary condition was chosen at the entrance of the polymer melt.
At the exit we have used an Output boundary condition. All of mentioned boundary condi-
tions are shown in figure 36.

As material the HDPE Liten ML 71 was selected. The initial temperature for the
isothermal walls and for the polymer melt was set to 160 °C. Mass flow rate of the polymer
melt was set to 10 kg/h.

In figure 37 the decomposition of the calculated the flow domain with the mandrel is
shown. Whole decomposition begins as a complete domain (flow domain + mandrel) and

then it is decomposed on smaller part. In the end only “ of the mandrel and % of the flow
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domain are present. Calculation in 3DFem module were made only on % of the whole flow

channel.

Input

/ Isothermal walls

Output
\

Axis 1

Interference

Figure 36: Boundary conditions of the flow domain with the mandrel

=

Figure 37: Decomposition of the 3D model (flow domain + mandrel) of the extrusion die

Temperature profile across the flow channel is shown in figure 38. Each from these

curves have different position along the flow channel.

Temperature at the wall is 160 °C for all curves. Here it is assumed that the barrel
has constant temperature and all conducted heat from the polymer melt is removed out. Tem-
perature profiles close to the mandrel wall depends on the position in the flow channel. Fig-
ure 38 shows, that mandrel is heated up by dissipation from position 1 up to position 4. At
position 4 mandrel is overheated up to 175 °C. Accepted heat is then part of the heat flow
inside the mandrel. We can see in figure 37 that the mandrel is overheated mostly at the end

and on the beginning it is cooled by the polymer melt.
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Figure 38: Temperature prol across the flow channel with positions of measuring

The major viscous heating occurs at the narrow gap channel. Mainly at the end the
polymer gets really warm due to viscous heating. The heat is partly absorbed by outside body
steel, non-negligible amount of energy comes also to the mandrel and heats it up. So it is not
isothermal anymore. Temperature profile along the length of the mandrel (at the melt/man-

drel interface) is shown in figure 39a). As it was mentioned, the mandrel has heat flow

‘éloop”.

The mandrel, however is more or less insulated inside the melt stream, it is connected
to outer body only on its rear end. So the energy absorbed from the melt must be conducted
back. Well as the heat in the mandrel comes back and heats the rear part of the mandrel too,
it becomes warmer then the incoming polymer and also warmer than the outer walls. Then
the mandrel is cooled by the polymer melt flowing slowly. At this part the channel is usually
open and material flows slowly. There is minimal influence of dissipation. It means that
polymer is cold and able to take out the heat from the mandrel.

From figure 39b) is obvious that temperature across the mandrel is constant so it is
possible to neglect this factor in 2D simulation.
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Figure 40 shows temperature and pressure profile with help of the pathline, a path of
a particle which seed was placed to the middle of the flow domain. Pressure curve is practi-
cally linear until channel depth decreased, then the pressure is consumed It means also that
mechanical energy is transformed into the thermal energy, generation of the heat at the ex-
pense of pressure. Maximum value of pressure is 28 MPa and it decreases down to zero.
Temperature in the middle of the flow domain increases its value up to 163 °C (and this is
still not the hottest melt part).
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Figure 40: Graphs along the pathline located in the middle of the flow domain: a) pressure;

b) temperature



TBU in Zlin, Faculty of Technology 79

7.32D Flow Domain

As we could see the 3DFem solution with mandrel steels walls is possible, however
too complex for real life extrusion die simulation. The understanding obtained from the cou-
pled steel and melt heat flow simulation using 3DFem, mainly the described heat “loop”,
helps us to find out reasonable simplification leading to very practical solution procedure.
This approach could effectively lead to replacing the mandrel steel mesh by simple 1D heat
transfer iterative solution. That simplifies the overall process of meshing, boundary assign-
ment, and speeds up the solution. Such a calculation still keeps the mandrel / melt interaction

and heat exchange.

We want to develop here a new simulation approach, in the 3DFem model it will become

simply a new boundary condition for wall.

This boundary condition would be applicable to 3DFem simulation or even 2DFem simula-
tion. For simplicity, we well use a 2DFem module of the software VEL™ and derive the

solution procedure here.

Nowadays the 2DFem module does not have the ability to include a steel mesh as a part for
the solution, neither it has complex boundary conditions for steel tools (mandrels) inside the
extrusion channels. Currently only isothermal and adiabatic boundary conditions are sup-
ported.

Geometry for 2DFem module is shown in figure 41. Red rectangle shows important area
where most of our analysis were made. Description shows set of boundary conditions. Pa-
rameters of simulations were set as: Initial temperature 160 °C, mass flow rate 10 kg/h, tem-

perature of walls 160 °C/msulted walls/new boundary condition.

7.3.1 The Isothermal Case of the 2D simulation

Isothermal wall Output

Isothermal wall
Inpi \

\ N\ _\

Figure 41: 2D geometry of the extrusion die with boundary conditions (isothermal case)
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Figure 42: Temperature profile across the flow channel with positions of measuring (where
mandrel is placed)

Cross section temperature profile of the flow channel for isothermal boundary con-
dition is shown in figure 42. From position 1 where the flow channel decreases its depth,
small influence of dissipation is present. Material starts to overheat. After position 1 dissi-
pation increases its value until position 5, where the highest temperature is generated (164.5
°C). Here you may ask yourself, why the cross section temperature profile is not only linear
curve without any peeks, when walls are removing the heat? Well, it is because of different
thermal conductivity of materials. Onone hand, thermal conductivity of steel is high, on the
other hand, temperature of the polymer melt is very low. It took a time to remove out the
heat from the polymer melt and because the velocity of polymer melt flow is also too high,
then dissipation is present and material is overheated.

The only different in temperature profile is the one at position 6. Due to the sudden
increase of the channel depth and bigger amount of material (connection of two symmetric

parts) melt velocity slows down and the temperature decreases. Characteristic isothermal
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behavior (except of position 6) is shown in figure 42. Curves have beginning and end at

temperature 160 °C. All available heat is removed out from the walls to the free space.

a)

b)
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Figure 43: Pathline profiles in the middle of the flow domain (isothermal condition):

a) pressure; b) temperature

Temperature and pressure profiles shown in figure 43 were described with help of

pathline. This pathline seed was placed in the middle of the flow channel and the particle
went through the whole length of the flow channel. In the three quarters of our geometry the
pressure is consumed only a little bit. The decrease of the channel depth caused that large

pressure is consumed in that section. Curves in figure 43 are interdependent. When pressure

is consumed, the mechanical energy is consumed too and the temperature increases its value

due to dissipation. In isothermal case can reach temperature as high as 164.5 °C.
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Figure 44: Temperature on the surface of the flow channel, where mandrel is placed (iso-

thermal condition)

Temperature profile on the surface of the mandrel is shown in figure 44. All heat was
removed out by steel to the free space. This boundary condition is not suitable for practical
simulations. In reality it is not possible to remove out all heat from the mandrel walls. Tem-
perature here is constant along the entire length.

Other interesting variables could be the shear stress along the wall, shear rate of the
polymer melt and velocity. The highest shear stress along the wall in case of isothermal
boundary is 271.67 kPa. In case of HDPE it could cause wall slip. Maximum value of shear
rate at the walls 2270 s'1. The highest velocity reached 192.23 mnvs.

7.3.2 The Adiabatic Case of the 2D simulation

Adiabatic wall Output

Isothermal wall
Input

Figure 45: 2D geometry of the extrusion die with boundary conditions (adiabatic case)
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Figure 46: Temperature profile across the flow channel with positions of measuring (where

mandrel is placed)

Temperature profile across the flow channel is displayed in figure 46. Positions of
measuring with temperature scale are shown in figure under the graph. Here the trend of
curves is different when comparing with isothermal boundary condition. Adiabatic boundary
condition was set only at wall where mandrel is placed. Heat is not removed out from the
surface of the mandrel and temperature gradient along the length is present. At position 1
influence of the heat generated by dissipation is not so strong. But with the next positions
the influence becomes higher and higher and the temperature close to the mandrel increases
its value. On the other hand, surface of the outside wall (body) was set as isothermal. It is
the reason why on one side of the wall is constantly 160 °C and on the other side s tempera-
ture always higher than 160 °C, up to 180 °C, respectively. At the exit of the extrusion die
(position 6) it is possible to see that temperature is decreased up to temperature at position

1. It is again because of lower velocity and bigger amount of material due to connection of
two symmetric parts.
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Figure 47: Pathline profiles in the middle of the flow domain (adiabatic condition): a) pres-

sure; b) temperature

Temperature and pressure drop along the length of the flow channel is displayed in
figure 47.These curves were obtained by using of pathline. Pathline was placed in the middle
of the flow channel. Curves in figure 47 have similar trend as isothermal case of boundary
condition at the wall of the mandrel. The only difference is the values reached. In case of
adiabatic condition lower pressure was observed but higher temperature (due to higher tem-
perature at the wall of the mandrel). Melt interface reaches the maximum temperature as the

heat generated can be conducted (and then conveyed) away only by polymer.
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Figure 48: Temperature on the surface, where mandrel is placed (adiabatic condition)

Temperature curve on the surface of the mandrel is shown in figure 48. This curve
has more realistic trend as the curve of isothermal condition case. It is because of adiabatic
wall, which keeps the heat inside and the temperature is increased. Here is no assumption of
heat flow inside the mandrel. It is assumed that the mandrel at each position is only heated
up to get to the melt temperature (maximum found was 186 °C).

We can see that neither the isothermal, nor the adiabatic boundary conditions match
the reality well. This is the reason why it is necessary to create a new boundary condition for

steel tools (mandrel) inside the flow channel.

The highest shear stress along the wall in case of adiabatic boundary was found to be
267.22 kPa. Maximum value of shear rate at the walls reached 2190 s1. The highest velocity
reached 190.98 mms.
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7.3.3 The Developed New Boundary Condition for the 2D simulation

The developed new boundary condition is based on assumption that mandrel is de-

scribed by 1D domain. This 1D domain is divided into 26 points. The energy equation was

then solved by Finite difference numerical method. The solution was performed in software

Maple. Example of model calculation is shown below.

The energy balance between the steel and polymer melt can be written as

o°T o°T
steel X y = I(melt X ?

and thermal conductivity of the polymer melt in direction vy as:

k

S, =kme,tj%xd A

A

The second derivative can be (using Taylor series) expressed as:

o°T' T, -2xT, +T,, )
— 1+ 1 1 O A
ox? (Ax)? " (( ) )

If we make substitution:

We can write:

wxT.,, —2xyxT +yxT_, =S;

From equation 99 is expressed general matrix of heat flow inside the mandrel as:

-2 1 0 0] [T, ] | So
1 -2 1 0 0T, .
W X X =
0 1 -2 1T, |
Sha
0 0 1 -2]|T, _S.n_

(96)

97)

(98)

(99)

(100)

(101)
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The sum of the heat fluxes on isolated mandrel at steady state should be zero:

$=>5=0 (102)
Boundary condition for end nodes can be expressed as:

T, =const. and (Z—Tj =0 respectively. (103)
X

n

What simplifies to

To=Tpiia and  T,=T,, respectively. (104)

The tridiagonal matrix can be formed and the system of equation is:

-1 1 o o] [T |0
1 -2 1 0 0T, Sy
W X x| o= (105)
0 0 1 -2 1| |T| [§.,
00 0 1 -1 |T. | | o

Flow domain where simulation was made and boundary conditions which were cho-
sen are shown in figure 49. As a boundary condition for outside walls an isothermal bound-
ary condition was picked. Interference between the polymer melt and the mandrel is made

by the developed boundary condition described above.

New boundary condition Output

Isothermal wall
Input \ \
\ |
)

\ \
1 e \

Figure 49: 2D geometry of the extrusion die with the developed new boundary condition
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Temperature profile across the flow domain is shown in figure 50. Trend of the
curves in figure 50 is very close as in the case of the 3D simulation. At the wall L=1 (Body)
temperature is assumed to be constant. At the mandrel wall L=0 it is shown that the temper-
ature along the mandrel increases. But from the derivation of the normal line in direction X
we can find out if mandrel is cooled or heated. From figure 50 we can say, mandrel is cooled

down until position 3, then is heated up. Heat migrates in or out to the mandrel, respectively
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Figure 50: Temperature profile across the flow domain with positions of measuring (where
mandrel is placed)
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Figure 51 shows pressure and temperature profile along the length of the mandrel
due to the pathline placed in the middle of the flow domain. Here it is similar trend as in
previous cases, only difference is in values of pressures and temperatures. Temperature, dis-

sipation is generated when pressure is consumed.
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Figure 501: Pathline profiles in the middle of the flow channel (new boundary condition):

a) pressure; b) temperature

Heat flow, temperature profile along the surface of the mandrel is shown in figure
52. As we simplified in 3D module, temperature profile inside the mandrel across the height
is constant because of high thermal conductivity of steel. Trend of the curve in figure 52 is
similar to the temperature profile in 3D module. In the end of the mandrel temperature
reached up to 176.2 °C.
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In comparison with results from 3DFem module the temperature is a little bit higher
(difference 0.7 °C). It is because in 3D module the wall which fixes the mandrel to the body
of the extrusion die is present. In case of 2D there is no possibility to have this wall in sim-
ulation. The wall mentioned cause some extra removal of the heat, resulting in smaller tem-

perature profile.

In comparison with adiabatic condition, the mandrel is not overheated that much and

it is partly cooled down by the cold polymer melt coming from the back of the die.
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Figure 512: Temperature on the surface of the flow channel, where mandrel is placed (new

boundary condition)
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Real Extrusion Process

8.1 Extruder

As an extruder for extrusion process in submitted thesis was used BOCOMATIC EB 30
made by company Boco Pardubice Machines s. r. 0. Technical parameters of used extruder
are shown in table 3.

Table 3: Technical parameters of used extruder

Parameter Unit Value

Total electric load kw 4

Screw speed RPM min. 5—max. 80
Wattage of the machine kw 7

Screw diameter mm 40

Screw length L/D 14

Screw type 1 single-thread pitch
Screw material 1 Nitride or armour
Barrel material 1 Nitride or bimetallic
Barrel cooling 1 Water cooling
Extruder length mm 1030

Extruder width mm 450
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8.2 Extrusion Die

Extrusion die was constructed by company Compuplast s. r. 0. Dimensions of the extrusion

die are mentioned above.

Figure 523: Constructed extrusion die without heaters

Figure 534: Constructed extrusion die channel with the mandrel

8.3 Measuring Tools

In this thesis three measuring tools were used. Infrared probe devices were used for
measuring of melt temperature inside the extrusion die. Thermocouple wire was used for
measuring of temperature inside the mandrel and pressure melt transducers were used for

monitoring of the pressure.

For measuring of polymer melt temperature were used infrared probe devices instead
of thermocouple sensors. It was because of fast response time and non-influence of heated
up extruder barrels on our measuring (optical mechanism of infrared sensors) in case of in-

frared probe devices.
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8.3.1 Infrared Probe Devices

In this thesis were used three high speed fiber optic infrared probes devices. Basically it is
line of transmitters which measures a temperature range of 150 °C to 425 °C. The fiber optic
cable behaves as a waveguide to bring the radiation (energy with specific wave length) to
the infrared detector assembly in the electronics package. This electronic package works on
mechanism of converting the infrared radiation delivered by optic cable into a reading sys-
tem. The signal (emitted energy from surface of measured object) is transmitted optically
and electrical or magnetic effects are neglected. This device consists from transmitter, type
0S 4000, and polymer bolt probe assemblies, type 2108-650-RA-6, obtained from company
Omega® (USA). The transmitter offers adjustable emissivity from 0.05 to 0.99, adjustable
sensitivity of measuring and adjustable response time from 1 ms to 3200 ms. Emissivity
value depends on the material and the surface conditions. Emissivity is the first approxima-
tively measured by compering of measured temperature by infrared sensor with another test
method (thermocouple). Technical draw of this sensor is shown in figure 55. As a recorder

of the temperature profile was used software by company Omega. (Cheatle, 2006,
Huddleston, 2007)
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Figure 545: Technical draw of infrared probe device
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8.3.2 Thermocouple Wire

In case of thermocouple wires is temperature measured electronically. Typical thermocouple
set consists from pair of dissimilar metals, wires (positive and negative conductor), electri-
cally joined together at the sensing point. The opposite ends of the wires are connected to
the voltage device. When one end has different temperature than the end on the other side,

thermal electromotive force is present in form of millivolts.

In other words, two wires, made from different materials, are joined at the point. This junc-
tion is placed at the point where is necessary to know actual temperature. If it is difference
between temperatures of the junction location and the measuring location, then asmall volt-
age is generated. The magnitude of the voltage is equal to the temperature gradient. Most of
the thermocouple wires are insulted with help of heat resistant material jacketing. There are
several types of thermocouple wires. They are classified according to the heat resistance and
materials which they are come from. We recognize type J (Iron-Constantan), K (Chromel-
Alumel), T (Copper-Constantan) and E (Chromel-Constantan). (Carniglia and Barna, 1992,
Cheatle, 2006)

8.3.3 Pressure Transducers

Pressure devices measure pressure applied to an exposed surface of the pressure
transducer. Polymer melt is measured by the melt pressure transducers. Melt pressure trans-
ducers are very often used in extrusion and blow molding processes. Mechanism of melt
pressure transducers can be based on a hardened diaphragm, strain gages or piezoelectric
effect. Hardened diaphragm is exposed to the melt. The deflection of the diaphragm causes
the pressure in the fluid capillary to increase. Linear increase of pressure in the fluid capillary
is achieved when amount of diaphragm deflection is small. The fluid capillary is of a length
sufficient to isolate the sensors and electronics from the high heat. The capillary is often

enclosed in an armored cable. (Kazmer, 2009)

For experimental measurement of submitted thesis were used pressure transducers
(diaphragm mechanism) MDT 460FH with pressure range 0-700 bar, 0-500 bar, 0-350 bar
and also transducers with built-in thermocouples TPT 4634H pressure range 0-100 bar and
0-700 bar. All of them were made by company Dynisco. As a recorder of pressure was used

computer software Visco.
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8.4 Extrusion Process Parameters

As sensible conditions for real extrusion process were chosen parameters shown in table 4.
Screw speed was set as 40 RPM because when higher RPM were set, material achieved
critical value of the shear stress and wall slip was occurred. It was recognized by the de-
creasing torque moment. Maximal mass flor rate of chosen extruder with the constructed

extrusion die was determined as 2.3 kg/h.

Table 4: Conditions during real extrusion process

Parameter Unit Value
Room temperature °C 20
Temperature of 1%t zone °C 145
Temperature of 2" zone °C 150
Temperature of 3" zone °C 153
Temperature of 4th zone °C 157
Die temperature °C 160
Screw speed RPM 40
Mass flow kg/h 2.3

8.5 Temperature and Pressure Measuring

During real extrusion process temperature and pressure were measured. Temperature
was measured at two places. The first place was in position L= 0.4 and the second position
was L= 0.9. These position are shown in figure 57. Position L= 0.4 was measured by ther-
mocouple wire. This wire was put into the hole inside the mandrel (middle of the mandrel).
Position L= 0.9 was measured by infrared probe device. Infrared probe device measured
temperature at the surface of the mandrel. On the beginning of the process were both sensors
calibrated with reference temperatures. In case of thermocouple wire it was reference liquid
(hot water). Infrared probe device was calibrated with help of the temperature of the mandrel
surface before polymer melt was present. Also emissivity of infrared probe device was set
for material steel. Average temperature measured by thermocouple wire was 162.1 °C and

average temperature measure by infrared device on the surface of the mandrel was 165.5 °C.

Pressure was measured in positons of mandrel: L= 0.1, L= 0.4 and L=0.9. Values of
pressure were shown in software Visco. For position L= 0.1 was pressure measured as
18.3 MPa, for position L= 0.4 as 16.8 MPa and for position 0.9 was measured as 1.7 MPa.
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Figure 56: Mandrel with positions of measuring

The results of temperature measuring are shown in figures 57 and 58. Figure 57
shows data’s obtained by thermocouple wire and figure 58 shows curve obtained by infrared
probe device. These curves confirmed our expectations. Temperature on the beginning is
lower, than temperature achieved at the end of the mandrel. Dissipation is generated by de-
creasing of the channel depth. Comparison of measured temperatures with simulation will
be discussed in next chapter. Figure 57, thermocouple wire, describes temperature profile
inside the mandrel from the beginning of the extrusion process. It means from the time, when
polymer melt starts to flow. Figure 58, infrared device, describes only steady temperature
profile on the surface of the mandrel during extrusion. It means, polymer melt is already in

steady flow.
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Figure 57: Temperature measuring at position 0.4 along the mandrel
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Figure 558: Temperature measuring at position 0.9 along the mandrel
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Results Comparison

Results from the real extrusion process and results calculated by simulation in 2D

and 3D module will be discussed in this chapter.

During real extrusion experiment the material at high production speeds exhibited
wall slip. For that reason, we were limited by the maximum of the mass flow rate. Simulation
was recalculated for lower mass flow rate, which was 2.3 kg/h. Initial conditions were set as
before, outside isothermal walls on temperature 160 °C and temperature of the polymer melt

was set on 160 °C as well

From real measurement we obtained two values of temperature and three values of

pressure along the length of the mandrel. All of these results are shown in table 5.

Table 5: Results from real measuring

Variable [1] Position[1] Value [1]

0.1 18.3

Pressure [MPa] 0.4 16.8
0.9 1.7

Temperature 04 162.1

[°ci 0.9 165.5
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Figure 59 shows temperature profile along the mandrel. Curves have similar trend,
the only differences are at the beginning and also that the curve obtained by 2D module
shows more linear trend of increasing temperature. When we compare these curves with
curves obtained in previous case (mass flow rate 10kg/h) we can see more gradual increase
of temperature. Itis probably because polymer melt has lower velocity, it means lower value
of pressure is generated leading to lower influence of energy dissipation. Also the difference

between temperature of the mandrel and that of the polymer melt is not big.

Values of the temperature are in both cases similar, at least qualitatively. Average
temperature for position L= 0.4 reaches 161.5 °C and for position L= 0.9 reaches 165.1 °C.
In comparison with the real results we can see just minor differences. On the beginning of
the mandrel 1=0.4 it is 0.6 °C and in case of position L= 0.9 the difference is 0.5 °C. These
differences are probably because of incorrect boundary condition assumed at the wall which
connects mandrel with the body of the extrusion die. Extrusion body probably cools down

the mandrel a bit and then the difference occurs along the whole length of the mandrel.
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Figure 569 Comparison of temperature profile along the length of the mandrel (simulation):
a) 2D module; b) 3D module

Temperature profile across the height of the flow domain is displayed in figure 60. Trend of
the curves obtained by 2D and 3D simulation are quite similar. We can see that with lower
mass flow rate the temperature profile is practically linear. As it was mentioned it is mainly

because of smaller velocity of the polymer melt, lower influence of the thermal conductivity,
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respectively. On the beginning of the area, where the mandrel is placed, the temperature
profiles are similar with the case when mass flow rate was equal to 10 kg/h. Positions 4 and
5, the end of the mandrel, have more linear trend. Heating of the mandrel by the polymer
melt is almost linear.
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Figure 60: Comparison of temperature profile across the height of the flow domain (simu-
lation): a) 2D module; b) 3D module

Pressure and temperature profiles in the middle of the flow domain were described as a
functions along the pathline. In comparison with real measurement the pressure is smaller.
The difference corresponds to that of the temperature. Mechanical energy is transformed into

generated heat.
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Figure 6157: Comparison of temperature and pressure profiles in the middle of the flow

domain (simulation): a) 2D module; b) 3D module
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Conclusion

“A day without laughter is a day wasted”

Charlie Chaplin

Simulations of the extrusion process can help as a prediction of the real extrusion
conditions. The submitted thesis is focused on understanding of the thermal behavior inside
the extrusion die as well as developing of the new boundary condition for 2D (later also for
3D) module of the computer program Virtual Extrusion Laboratory™ 6. 9. from company
Compuplast®. The developed new boundary condition solves problems of simulation pro-

grams nowadays.

Significant thermal effects occurred in the extrusion die for example in regions where
the channel depth is small. In these regions the pressure is consumed and mechanical energy
is transformed into heat energy. Such a situation can be caused by presence of the mandrel.
Understanding of the mandrel thermal behavior was crucial for this thesis. Most of the sim-
ulation programs calculate mandrels as an isothermal or an adiabatic state. The submitted

thesis demonstrates that mandrel shows totally different thermal behavior.

Our results show that mandrel is possible to be divided into two parts. One of these
parts is cooled down by the polymer melt and the other one is heated up. Cooling of the
mandrel is happening at its beginning, while heating of the mandrel is prevailing at the end.
In the submitted thesis the mandrel was replaced by the 1D model. The energy equation has
been simplified to incorporate the heat fluxes between the mandrel and polymer and also the
heat conduction along the mandrel. The model was solved iteratively using Finite difference

numerical method.

Simulation in 2DFem module was made after successful design of the new boundary
condition. Comparison of our new boundary condition results with those of the 3DFem mod-
ule shows good match. Subsequently the developed boundary condition approach was com-
pared with real extrusion measurement. This measurement was made by an infrared probe
device and thermocouple wire. Results from real extrusion process showed a little bit higher

values of temperature and pressure (in case of temperature circa 0.5°C, in case of pressure
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circa 2 MPa). It is probably caused by the wall which connects the mandrel with body of the

extrusion die.

In summary thermal behavior of the mandrel was described by the new boundary
conditions. It will help to provide fast and more accurate predictions of the extrusion dies,

where mandrel is included, in computer simulation program VEL™™6.9.
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mathematical operator (single dot product of two tensors is a vector)

Hr amount of heat per unit volume

c degree of cure

P rate of reversible work affiliated with volume changes (Eg. 56)
q heat flux

£ emissivity (Eq. 63)
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