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Foreword
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Edition of “Extrusion Dies for Plastics and Rubber”. The First Edition, translated
from German in 1984, filled a long-standing void in the plastics technical literature.
It has been cited worldwide as the first to cover this vital subject both in depth and
in two different languages. Now the expanded Second Edition brings the technology
up to date and includes material on extrusion dies for rubber.

SPE, through its Technical Volumes Committee, has long sponsored books on various
aspects of plastics and polymers. Its involvement has ranged from identification of
needed volumes to recruitment of authors. An ever-present ingredient, however, is review
of the final manuscript to insure accuracy of the technical content.

This technical competence pervades all SPE activities, not only in publication of books
but also in other activities such as technical conferences and educational programs.
In addition, the Society publishes periodicals — Plastics Engineering, Polymer Engineer-
ing and Science, Polymer Processing and Rheology, Journal of Vinyl Technology and
Polymer Composites — as well as conference proceedings and other selected publications,
all of which are subject to the same rigorous technical review procedure.

The resource of_some 37,000 practicing plastics engineers has made SPE the largest
organization of its type worldwide. Further information is available from the Society
at 14 Fairfield Drive, Brookfield, Connecticut 06804, U.S.A.

Technical Volumes Committee Robert D. Forger

Raymond J. Ehrig, Chairperson

Aristech Chemical Corporation Executive Director

Society of Plastics Engineers



Preface to the First Edition

In this book an attempt is made to present to the practitioner and 1o the student
a broad picture of all extrusion dies for plastics. In pursuing that objective the
various types of dies and their specific features are discussed, guidelines fqr their
design given and approaches to computational engineering analyses and its limitations
demonstrated. This is even more important in view of the increasing efforts made by
the industry as well as academia, starting in the recent past and continuing in the
present, to model the transport phenomena (flow and heat transfer) in the extrusion die
mathematically. These important projects are motivated primarily by the demand for
higher productivity accompanied by better product quality (ie. dimensional accuracy,
surface quality) of the extruded semifinished goods. Purely empirical engineering
methods for extrusion dies are becoming unacceptable at an increasing rate because
of economical considerations.

The design of the flow channel takes a focal position in the engineering process of
extruder dies. This book starts by identifying and explaining the necessary material
data for designing the flow channel.

The derivation of basic equations permits estimates to be made of pressure losses,
forces acting on the flow channel walls, velocity profiles, average velocities etc. in
the flow channel. The simple equations that are useful for practical applications are
summarized in tables. For the majority of extrusion dies these equations are sufficient
to arrive at a realistic design based upon rheological considerations.

Approaches to calculating the velocity and temperature fields using finite difference
and finite element methods (FEM) are also discussed because of their increasing
importance in the design of extrusion dies.

The various types of single and multiple layer extrusion dies and their specific features
are highlighted in detail in Chapters 5 and 6, followed by a review of the thermal and
mechanical design considerations, and comments pertinent to the selection of material
for extrusion dies and to their manufacture. A discussion of handling, cleaning and
maintenance of extrusion dies as well as of devices for sizing of pipes and profiles
concludes the book. At the end is a comprehensive list of references.

The book was written during my activity as head of the Extrusion and Injection
Molding Section at the Institut fuer Kunststoffverarbeitung (IKV) at the Rheinisch-
Westfaelische Technische Hochschule Aachen (Institute for Plastics Processing at the
Aachen Technical University, Aachen, West Germany, Director: Prof. Dr.-Ing. G.
Menges). I had access to all important results of the research at the IKV in the field
of engineering of extrusion dies. I wish to extend my thanks to my former and present
colleagues at the IKV, in particular Messrs. J. Wortberg, A. Dierkes, U. Masberg,
B. Franzkoch, H. Bangert, L. Schmidt, W, Predoehl, P.B. Junk, H. Cordes, R. Schulze-
Kadelbach, P. Geisbuesch, P. Thienel, E. Haberstroh, G. Wuebken, U. Thebing, K. Beiss
and U. Vogt whose research work was essential in the preparation of the text and also
to all other colleagues who contributed and to the students and graduate students of
the Institute. But foremost, I wish to thank Prof. Dr.-Ing G. Menges for encouraging
me to prepare this book and for his ceaseless help, promotion and support which
made it possible for me to complete it.

Further thanks are extended to a number of representatives of the plastics industry,
in particular to the members of the Section Extrusion and Extrusion Blow Molding
of the Advisory Board of the Foerdervereinigung (Sponsors Society) of the IKV.
Many of the research and development projects of the IKV which are referred to in
this book and which became the basis for some of the facts presented in it, were only
made possible financially by the joint research between industry and the IKV, support
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by the Arbeitsgemeinschaft Industrieller Forschungsvereinigungen (AIF), Cologne, the
Deutsche Forschungsgemeinschaft (DFG), Bonn-Bad Godesberg and the Ministry for
Research and Technology (BMFT), Bonn.

This book was first published in German in 1979. The book in your hands is the
first English translation based on this slightly revised 1979 edition. We have added
an alphabetic index and checked the list of references to make sure that the most
important references in English are easily identified.

‘Life goes on’ — also in extrusion tooling ~ so the list of references is completed by
publications since 1979. I wish to thank all who made the English version possible:
The Society of Plastics Engineers (SPE) for sponsoring this book, Dr. Herzberg for
translating, Dr. Immergut and Dr. Glenz of Hanser for coordinating, Dr. Hold of
Polymer Processing Institute — Stevens Institute of Technology, Hoboken, New Jersey,
for being the technical editor, and Hanser for publishing.

Heppenheim, W. Germany August 1983 Walter Michaeli

Preface to the Second Edition

Ten years after the publication of the first edition of this book it is appropriate to
start anew by reviewing and documenting the new developments and applications in
the area of designing and manufacturing of extrusion dies. That is the purpose of
this new, revised edition. Although the basic principles pertaining to extrusion dies
are the same, there have been, in the meantime, many developments and refinements
in this area due to continuously growing demands for improved quality and increased
productivity, as well as emerging new polymers and novel products. For example,
coextrusion has gained importance recently and the polymers based on liquid crystals
represent an entirely new class of materials which will, without doubt, require new
concepts in extrusion die design. That means development will continue and, therefore,
this second edition can summarize the current state of technology. Particular attention
is given here to the theoretical tools, such as the finite element method, which have
been greatly developed in the last decade and which can provide solutions to many
current problems.

The basic goal of this book, as already stated in the preface to the first edition, will
not change under any circumstances; it is written for the practitioner, to help him
in his daily work and for the student, to introduce him to the complex world of
extrusion dies and provide him with an extensive orientation and thorough education.
The response to the first edition of this book was very positive. Nevertheless, as with
everything, it can be further improved and this is what we are attempting with this
second edition. The chapter about the design of dies for the extrusion of elastomers
was added; the area of coextrusion dies was expanded considerably; and all other
chapters were subjected to substantial revisions.

When I say “we”, I refer to my coworkers at the Institut fuer Kunststofiverarbeitung
(IKV) at the Rheinisch-Westfaelische Technische Hochschule in Aachen. Those are
Messrs. Dr. U. Dombrowski, Dr. U. Huesgen, Dr. M. Kalwa, Dr. M. Meier and Dr.
C. Schwenzer. They took part in the work on this book and dedicated many hours
of their personal time. This is also true for Mrs. N. Petter and Mrs. D. Reichelt, who
transcribed the text and for Mrs. G. Zabbai and Mr. M. Cosler who assured the good
quality of the illustrations. Many special and personal thanks to all of them.

Many of the results presented in this book were produced by students at the Institute
dﬁlri?(g their studies and research leading to diplomas. They also deserve sincere
thanks.
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1 Introduction

In the extrusion of thermoplastics into semi-finished products two units occupy a
central position: These are the extrusion die ~ also known as the extruder head -
which shapes the melt, and the former ~ usually mounted adjacent to the extrusion
die —, whose function is to guide the molten semi-finished product whilst maintaining
the desired dimensions, and providing the specified degree of cooling (Figs. 1.1 and
1.2).

Conversely, when extruding elastomeric materials, the dimensions of the product are
essentially determined by the geometry of the extrusion die. Only when vulcanization
follows the extrusion do some geometrical changes occur, mainly due to the
crosslinking of the material, especially when the extrudate is allowed to shrink freely.

A sufficiently large, pulsation-free, reproducible and thermally and mechanically
homogeneous melt stream is expected from the extruder. On the other hand, the
extrusion die and the calibration unit determine the dimensions of the semi-finished
products. In this connection, it must be taken into consideration that the rheological
and thermodynamic processes in the die and in the calibration, as well as any stretching
processes, which may be present between die and the calibrator or in the connection to
both, have a decisive effect on the quality of the extruded semi-finished products (e.g.
surface, characteristic mechanical properties). In order to design the extrusion die and

Dumping chute Take-up Calibration Extruder
{storage) /
m’ - -{:—’ . :._._— v .i__‘ v ._A . f——
T ]
TIITITFIT 7 7 //,’ TITT - fids SIS TS ///]/// L
Cutter Cooling section Die

Fig. 1.1 Diagram of an extrusion line for profiles. Dumping chute (storage), 2 Cutter, 3 Take-up,
4 Cooling section, 5 Calibration, 6 Die, 7 Extruder

Calibrator Extrusion die

Vacyum calibration_die Profile_extruder head

Cold part of the die Hat part of the die
o

Coating Calibration 2] = Transition
= 5 from screw
i ] to die
] o
B
a.

9

=)

=@
5 Enfrance

Lo b e

Fig. 1.2 Functional sections of a die and a calibrator (By Reifenhéuser GmbH + Co., Troisdorf)



14 I Introduction [References p. 17}

the calibration unit in a manner which is appropriate from a process engineering point
of view, it is necessary to take into consideration the flow, deformation, and temperature
relationships in both parts of the production line. If an analytical description of the
physical processes is selected, the empirical portion in the design of the die and of the
forming stage can be reduced, because changes, e.g. in the geometry of the channels
of the die, in the operating conditions or in the rheological and the thermodynamic
material values of the polymer being processed, can be evaluated directly with regard
to shaping and cooling of the extruded semi-finished products. This leads to a more
reliable design of the extrusion die and of the calibration unit.

It is therefore an objective of this book to provide a comprehensive description of
the processing and engineering methods used in extrusion dies and calibration units,
attention being focused on a description of the extrusion die. Rules are derived from
this for their design and simple mathematical aids are given, which conform to practical
need. Moreover, reference is made to the special features of different designs for the
dic and the calibration unit. Specific differences between dies used for the extrusion of
elastomeric materials and those used for thermoplastics are pointed out.

Rheological, thermodynamic, manufacturing, as well as operational points of view
arise in the construction and design of extrusion dies and calibration units [1].

The operational aspects include, for example, an adequate mechanical stiffness of the
extrusion die, in order to keep changes in the cross section of the outlet, dug to the
action of melt pressure, to a minimum; the ease of installation and dismantling of the
die and calibration unit and the ease of cleaning the die. In addition to that, as few as
possible, well-sealed surfaces in the dies and a readily detachable and tight connection
between the extruder and the die are important [1]. Manufacturing poinis of view
must be given consideration in the design of the individual die and calibration unit
components to achieve the lowest manufacturing costs —e.g. using die materials which
lend themselves to machining, polishing and, if necessary, tempering and employing
established manufacturing methods.

When considering rheological aspects, the question must be asked [1]: How should the
dimension of the flow channel in the die be selected, so that:

— a specified throughput is achieved for a given extrusion pressure? (This question
may also be reversed);

_ the melt emerges at the same average rate from the whole of the outlet cross
section?;

- the desired extrudate geometry is achieved for semi-finished products without axial
symmetry? (This, inter alia, on the basis of visco-elastic effects)?;

— the surface of the extrudate and/or the interfaces of different melt layers remain
smooth even at high throughputs ? (At high shear rates, melt fracture may arise);
and

— stagnations and decompositions of the extruded material, which are partly associated
with stagnations, are avoided? (This is a question of residence times of the material
in the die as well as of the temperatures existing there.)

In the thermodynamic consideration of the problem, which is closely associated with
the rheological aspects, information must be obtained concerning the maximum
temperatures occurring in the melt stream in the die on the basis of existing heat
transmission and dissipation relationships, especially in view of the heat-sensitive
polymeric materials. This topic also includes the realization of a uniform and
controllable temperature in the die and the calibrator.

As a rule, not all of the subjects addressed here can be realized simultaneously with the

same success when designing an extrusion die as well as the calibrator. For this reason,

priorities must be established. For example, in designing a pelletizer die (perforated

i
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plate for pelletizing), every eflort is made to obtain as high a throughput as possible,
while in wire coating the smooth surface has a high priority [1].

In these considerations, however, it is necessary to pay attention to the fact that the
extruder and the extrusion die interact in their operating behavior. This is the case
particularly when using a conventional single-screw extruder with a smooth cylinder
and an extruder screw with three sections. As can be seen from Figure 1.3, increased
extrusion die resistance at a constant screw speed can lead to a clear reduction
in the throughput in this case. The pressure drop in the extrusion die is therefore
important in the mechanical design of the die body and of the bolts which hold the
die together, as well as for the throughput which can be achieved. (Note: In many
cases, the throughput of an extrusion line is not limited by the die or by the extruder
which has been selected, but rather by the attainable rate of cooling in the region of
the calibrating and cooling stages. For instance, thick walled rods are manufactured
with extruders having a small screw diameter.) Moreover, under adiabic conditions
the temperature increases in the extrusion die, which results from internal friction of
the melt (dissipation) correlated with this pressure drop according to the well-known

equation:

AP

AT = —. (1.1)
¢y

AT temperature difference,

Ap pressure loss,

g density,

cp specific heat capacity.

With regard to the design of the extrusion die, the pressure drop is of primary

importance.

The aspects addressed, which must be taken into consideration in designing an

extrusion die, are presented in the diagram for designing the die (Fig. 4). The input

data for designing an extrusion die (Fig. 1.4, Step I) are:

— the geometry of the semi-finished product to be extruded (e.g. pipe, flat film, any
profile) and whether this is also designed in conformity with the needs of the
polymer processed;

n: Screw speed

Charocteristic lines for the die
ny<ny<n3<ng,<ng

| k: Die resistance
Kz i<y <ckscky

> ns ks

@ T

E n — [T

2 3 ke
>

2z

= \

= el

=

£ — \

§ M ~ Characteristic
£

e .
L tines for the
/ extruder
=

Pressure drop in the die Ap

Fig. 1.3 Performance graph of a conventional extruder
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_ the manner in which the die is fed and whether several semi-finished products are
to be manufactured simultaneously (Fig. 1.5);
— the material to be processed or the combination of materials to be processed in the

case of co-extrusion; and

- the operating point (or the operating region) of the extrusion die (the operating
point is understood to be the throughput and the temperature in the die).

This is followed in Step II by the selection and design of the flow channel as well as
by the calculation of the pressure drop on the basis of the information provided in
Step L. Moreover, the position of the heaters relative to the flow channel can be given,
minimum clearances being taken into consideration (see Section 7.1.2).

In Step III, the basic dimensions of the die are established. However, the sequence of
the steps to be considered can be changed .

The exact design of the die takes place in Step IV. If necessary, control calculations
can be carried out for the structural details.

7
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Fig. 1.4 Flow diagram of the development of an extrusion die from design to acceptance
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The manufacture (Step V) is followed by the initial operation of the die (Step VI) with
the material (material combination) selected for the design and under the operating
conditions aimed for in later use (see Step I). Several die corrections can also become

necessary here.

If the result is satisfactory, the die is then finally accepted (Step VII).

Symbols and Abbreviations

T temperature

AT ~ temperature difference,
p pressure,

Ap pressure difference,

p specific heat capacity,
g density.

Reference of Chapter 1

1. Réthemeyer, F.: Bemessung von Extrusionswerkzeugen
pp.679-685

. Maschinenmarkt 76 (1970) 32,
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When we choose a theoretical description of the process correlations in the extrusion
die and calibration unit for a reliable design of those systems, there are two things in
particular to be considered:

— simplifications and boundary conditions based on the physical models always have
to be analyzed critically with regard to the problem at hand.

— data pertaining to the processed material and which are being entered into
the models become of key importance. These are data which characterize flow,
deformation and relaxation behaviors and heat transfer; in other words, its
rheological and thermodynamic data [1].

2.1 Rheological Behavior

A general flow is fully described by the law of conservation of mass, impulse and energy
as well as by the rheological and thermodynamic equations of state. The rheological
state equation, often referred to as the material law, describes the correlation between
the flow velocity field and the resulting stress field. All the flow properties of the given
polymer enter this equation. The description, explanation and measurement of the
flow properties is at the core of the science of deformation and flow called rheology
[2].

Rheology will be introduced in this chapter to the extent to which it is needed for the
design of extrusion dies. Polymeric melts do not behave as purely viscous liquids; they
also exhibit a substantial elasticity. Their properties therefore lie between ideal fluids
and ideal Hookean solids. This is referred to as viscoelastic behavior or viscoelasticity.
When describing rheological material behavior, a clear distinction is made between
the purely viscous and the time dependent glastic behavior.

2.1.1. Viscous Properties of Melts

During the process of flow, as it occurs in extrusion dies, the melt is subjected to shear
deformation. This shearing flow is caused by the fact that melts adhere to the die
walls. This is called the Stokean adhesion. A change in flow velocity through the flow
chanmel area is the result of this and it is represented by the following equation

3= __E‘ (2.1
dy

v flow velocity

y direction of shear

quing the steady state shear flow a shear stress T occurs between two layers of the
fluid at any point. In the simplest case of a Newtonian fluid this shear stress T i
proportional to the shear rate 7:

T=1"7. (2.2)
The constant of proportionality # is called the_dynamic shear viscosity or simply
viscosity. Its dimension is Pa-s. The viscosity is the measure of the Internal resistance
to flow in the fluid under shear. s

_toflowin the fluid undef shear.
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Generally, polymeric melts do not behave in a Newtonian fashion. Their viscosity is
not constant, it is dependent on the shear rate. In reference to the equation (2.2) valid
for Newtonian fluids this can be expressed in the following manner:

T=n(})¥ 2.3)

or
(2.4)

Note: Many polymers exhibit more or less pronounced time dependent viscosity
(thixotropy, rheopexy, lag in viscosity at sudden onset of shear or elongation, [2 to
41). This time dependence is usually not considered in the design of dies; hence it will

be ignored in the following sections.

0 (3) =/7 #const

2.1.1.1. Viscosity and Flow Functions

When plotting the viscosity 5 in dependence on the shear rate 7 in a log-log graph,
we obtain a function shown in Fig. 2.1 valid for polymers at constant temperature.
It can be seen, that for low shear rates the viscosity remains constant; however, with
increasing shear rate at a certain point it changes linearly over a relatively broad range
of shear rates.

This, ie. the reduction of viscosity with increased shear rate, is referred to as
pseudoplastic behavior. The constant viscosity at low shear rates is called zero shear
viscosity, 1g.
Besides the graphic representation of viscosity vs. shear rate, so-called viscosity curve,
the relationship between shear stress and shear rate (also in a log-log graph) is referred
to as flow curve (Fig. 2.2). For a Newtonian Huid the shear rate is directly proportional
to the shear stress. A log-log graph therefore is a straight line with a slope of 1,
that means that the angle between the abscissa and the flow curve is 45 degrees. Any
deviation from this slope directly indicates a non-Newtonian behavior.

For a pseudoplastic fluid the slope is greater than 1, meaning that the shear rate
increases progressively with increasing shear stress. Conversely, the shear stress
increases with the shear rate in a less than proportional relationship (see also Chapter

3)

e

Viscosity tog 1

Shear rate log §

Fig. 2.1 Representation of the dependence of viscosity on the shear rate by a viscosity curve
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Pseudaplastic
fluid

AN

™,

Shear rate log §

Newtonian fluid

Fig. 2.2 Representation of the dependence of the
shear rate on the shear stress by a flow
Shear stress log T curve

45°

2.1.1.2 Mathematical Description of the Pseudoplastic Behavior of Melts

Various models describing the viscosity and flow curves mathematically were
developed. They differ in the mathematical methods used on one hand and in the
a.daptability and hence accuracy on the other. Overview and examples are given in
literature (2, 5]. The most widely used models for thermoplastics and elastomers will
be discussed in the following section.

Power Law of Ostwald and deWaele [6, 7]

When plotting the flow curves of different polymers in a log-log graph curves are
obtgmed which consist of two approximately linear sections and of one transition
region. (Eig. 2.3). In many cases we can operate in one of those two regions, so
;hese sections of the curve can be mathematically represented in the following gen%:ral
orm:

‘i 'y'_—'(ﬁ ‘_Cm (25)
Equation (2.5) is ca
m, the flow exponent, and ¢, the fluidity. Characteristic for the ability of a material to
flow and its deviation from the Newtonian behavior is the flow exponent m. It can be
expressed by the following relation:
T ———
_Algy

= Alac |

i

(2.6)

n

gnBi)s also the slope of the flow curve in the given sections of the log-log diagram. (Fig.
The value of m for polyomeric melts lies between 1| and 6; for the range of shear
rates betwe.en approx. 107 and 10* s~! applicable to the design of extrusion dies the
corresponding values of m are between 2 and 4. For m=1,¢ = 1/n, which is the case
of a Newtonian flow.
Since

n=/7



22 2 Properties of Polymeric Melts [References p. 47}

we obtain from Equation (2.5):

I B -LoLl
p=¢T T =g m T @7

. _4 1 . . . .
By substituting k=¢~m and n= — we obtain the usual representation of the viscosity
m

function:

=L 2.8)

of 7 = 1/s. The viscosity exponent n is equal to 1 for Newtonian behavior and its value
for most polymers is between 0.7 and 0.2, It represents the slope of the viscosity curve
in the observed range (Fig. 2.37. )

The power law is very simple mathematically: it allows an analytical treatment of
almost all simple flow problems which can be solved for Newtonian fluids (see
Chapter 3). The disadvantage of the power law is that when shear rate drops to
zero, the viscosity value becomes infinity and therefore the shear rate independent
Newtonian region cannot be depicted. Another disadvantage is that the flow exponent
m enters into the dimension of the fluidity.

Generally, the power law can be used to represent a flow or viscosity curve with an
acceptable accuracy over only a certain range of shear rates. The size of this range
at a given accuracy depends on the curvature of the graph’s representation of this
function.

If a flow curve has to be described by the power law over a large range, it has to be
divided into segments, each with its own values of ¢ and m to be determined [8].
Therefore, in collection of standard rheological material data [9, 10] there will be
different values of ¢ and m corresponding to different ranges of shear rates.

const.
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Fig. 2.3 Approximation of the flow curve
Log. shear stress at the woll log Ty by a power law
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Prandtl-Eyring Constitutive (sin h) Equation

This model was developed by Prandtl and Eyring from observation of the place
‘exchange processes of moleculés during flow. It takes the following form:

y=C-sinh () (2.9

The material constants C and A have the following dimensions:

——CT=5", [4] = N/m?

The advantages of the Prandtl-Eyring model is that it describes a finite viscosity at
small shear rates (zero shear viscosity) and that it is applicable readily in dimensional
analysis [14, 15]. Its mathematical application is somewhat difficult, however, because
of its unwieldiness.

Carreau Constitutive Equation

ettt e
This model, which is gaining increasing importance in the design of extrusion dies, is
represented by the following equation:

)= —a 2.10

The three parameters have the following dimensions:
[A)=Pa-s, [B]=s and [C]is dimensionless

A describes zero shear viscosity, B the so-called reciprocal transition rate and C the
slope of the viscosity curve in the pseudoplastic region at ¥ — oo (Fig. 2.4)

This model by Carreau has an advantage in that it represents the actual behavior
of the material over a much broader range of shear rates than the power law and
because it produces reasonable viscosity values at y — 0.

In addition, it is applicable for the calculation of the correlation between pressure and
throughput in a consistent analytical form for both a capillary and a slit die [10—17].
As a result, this model allows rough calculations by means of a pocket calculator. This
is particularly useful when a convenient approximate calculation rather than exact
analytical solution is required [10, 17].

N c

] Ig §

Fig. 2.4 Approximation of the viscosity curve by the Carreau constitutive equation
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Fig. 2.5 Universal viscosity curve according to Vinogradov und Malkin

Universal Viscosity Function by Vinogradov and Malkin {18, 19]

Vinogradov and Malkin [18] found that in a temperature invariant representation (see
Chapter 2.1.1.3) the viscosity functions of the following materials fall within the scatter
range shown in Fig. 2.5: polyethylene, polypropylene, polystyrene, polyisobutylene,
polyvinylbutyrate, natural rubber, butadiene-styrene rubber as well as cellulose
acetate.

The regression line can be considered, at least for the purpose of estimation, to be
apparently a universal viscosity function, independent of temperature and pressure.
This function allows the estimation of the viscosity behavior over a wide range of
shear rates when only one point is known while the zero shear viscosity is determined
by iteration.

The graphic representation of this universal viscosity function is given by the following
regression formula [18]:

. o 9
1 = - (2.11)
7 (‘y) 1+ Al . ('70 . )',)'1 - A‘Z . (,]0 . .y)?.cz
where: o

no zero shear viscosity, ie. the limiting value of viscosity for y —0,

A 13861072,

Ay 14621073,

a 0.355.

A, and 4, are depending on the viscosity units and the shear rate. The values shown
here are valid for the following units [] = Pa - s and [j] =571

The advantage of the universal Vinogradov function is that it only contains one
free parameter, namely 7o, which can be readily determined by the measurements of
viscosity. When keeping the regression coefficients 4, 4, and « constant, the accuracy
of the relation becomes limited. For y — 0 the Vinogradov function approaches the

limiting value, namely r,.
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Of course, the Vinogradov model in its general form can also be used for the description
of the viscosity function. In this case 4,, 4, and « are free parameters, which can be
determined by regression analysis. By this a more accurate approximation is possible
than with the parameters of the universal function.

On the other hand, as an universal function defined by the regression line drawn
through the data points (Fig. 2.4), any model that approximates the curve with a
satisfactory accuracy can be used here instead of Equation (2.11).

In the following section, it will be shown briefly how to calculate, by a simple iteration,
the zero shear viscosity from a measured shear rate j, and viscosity # (j,,). However,
the viscosity function obtained by this procedure is only an estimation and it cannot
replace the viscosity measurement in the entire relevant range of shear rates.

The deviations from the actual function will be increasing with the increasing distance
from the known point on the curve (7,7 (7))

First, the known values are put into Equation (2.11) which is then rearranged as
follows:

o =1 (3p) [L4 Ay (119" 9,)° + Aalg* 35)**). (2.12)

Equation 2.12 contains 5, on both sides. An explicit solution for 4 is not possible.
Therefore it is subjected to an iteration procedure. It follows:

ngtt =1 () [L+ A, (1578) + Ax (16 79)] (2.13)
From equation (2.13) results with the estimated value of #; an improved estimated
n+l o

value of the zero shear viscosity 17(’)‘“ in the nth iteration step. The value of ny™ 1s
then put into the (n-+1)th iteration step using equation (2.13). The following iteration
process results.

Step O: Set 178 equal to the known value of viscosity, 7(7,)

Step 1: Calculate the new estimated value for i by putting the previous estimated
value into (2.13)

Step 2: Decision: If the difference of the two subsequent estimated values is small

enough, the iteration is discontinued. The last estimated value for ry is
the desired result. If the difference is not small enough, return to step 1.

A sufficiently accurate result is usually found after 5 to 10 iterations. The iteration
pattern can be easily programmed on a pocket calculator because very few
programming steps are required.

Herschel-Bulkley Model [2, 13, 20]

With many polymers, especially with elastomers, so-called yield stress is observed.
Such fuids start to flow only, when a finite shear stress is exceeded (so-called yield
stress). Fluids exhibiting this behavior are called Bingham Fluids.

The flow curve of a Bingham Fluid is shown schematically in Fig. 2.6. It is clearly
seen that the shear rate is equal to zero up to the yield stress, ty, which means no flow
occurs. Only beyond t, will there be flow. It means that the viscosity below the yield
stress is infinite [2].

In a developed flow rate profile of a Bingham Fluid there will be one range of shear
flow in which the shear stress 7 is larger than 1, and another one in which t is smaller
than ¢, (Fig 2.7 {21]). Fig 2.7 also shows that the proportion of the so-called plug flow
diminishes with the increase in the ratio of the shear stress at the wall and the yield
stress. Therefore, the plug-shear Aow model is valid, when the shear stress at the wall
is low, i.e. when there is a small volumetric flow rate or a large die cross-section.
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Fig. 2.6 Schematic representation of the flow Fig. 2.7 Velocity profile of a Bingham fluid

in dependence on the shear stress
at the wall and the yield stress [21],
a) Low shear stress b) High shear
stress

curve of a Bingham fluid

The Herschel-Bulkley model [20] has been successful in describing the flow behavior of
polymers with a yield stress. This model results from the combination of a simplified
Bingham mode! (with h=const for 1> 14 [2]) and the power law yielding

y=¢ (t—1)"

For 1, =0 the relation becomes the power law (Equation 2.5) and for m=1 the simple

Bingham model.
When rearranging 2.14 the following expression for the shear stress is obtained:

(2.14)

T—ty=k 3" g (2.15)
where
L 1
k=¢ " m and n=—.
m
with
T—1g
= (2.16)
b

an analogous relation to the power law (Equation 2.8} is derived from Equation 2.15
for 1> 14:
p=kjm!

2.1.1.3 Influence of Temperature and Pressure on the Flow Behavior

Factors determining the flow of melts besides shear rate j and shear stress t for a
specific polymer melt are: the melt temperature T, the hydrostatic pressure in the melt
Pyya» the molecular weight and the molecular weight distribution as well as additives,
such as fillers, lubricants, etc. For a given polymer formulation the only free variables
having effect are y or 1, ppyq and T.
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Fig. 2.8 (from [22]) illustrates a quantitative effect of the changes in temperature and
pressure on the shear viscosity: An increase in pressure of approximately 550 bar for
an observed sample of PMMA (polymethyl methacrylate) resulted in a tenfold increase
in viscosity. Or, in order to keep viscosity constant, in this case the temperature would
have to be increased by approximately 23 °C.

Fig. 2.9 [28] provides the picture of the behavior of viscosity with the change of
temperature for various polymers. It can be clearly seen that semi-crystalline polymers,
which have a low T, when compared to amorphous polymers, exhibit a considerably
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Fig. 2.8 Viscosity as a function of temperature and of hydrostatic pressure [according to 22}
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lesser temperature dependence of their viscosity than the latter. This influence on the

ability of polymers to flow can be essentially caused by two factors [23, 24]:

— a thermally activated process causing the mobility of segments of a macromolecular
chain (i.e. the intramolecular mobility)

— the probability that there is enough free volume between the macromolecular chains
allowing their place exchangéto occur.

The Effect of Temperature

When plotting viscosity curves at varied temperatures for identical polymer melts in a

log-log graph (Fig. 2.10) the following can be established:

— first, the effect of temperature on the viscosity is considerably more pronounced at
low shear rates, particularly in the range of the zero shear viscosity, when compared
to that at high shear rates

— second, the viscosity curves in the diagram are shifted with the temperature, but
their shape remains the same.

It can be shown that for almost all polymeric melts (so-called thermorheologically

simple fluids [25]) the viscosity curves can be transformed into a single master

curve which is independent of temperature. This is done by dividing the viscosity

by the temperature corresponding 1y and multiplying the shear rate with 4 [1-3, 25].

Graphically, this means that the curves are shifted along a straight line with a slope of

—1, ie. along a line log (74(T)) to the right and simultaneously downwards and thus

transformed into a single curve (Fig. 2.10). This is referred to as the time-temperature

superposition principle.

T 90 ; \T 3. CAB measured af i
' R =) . !
10¢ b0 o x:ms“t |
1g o 6590 e s T=175°C |
pas| N9 ﬂ,ﬁ.\\c’\ o Tlmot |
. | © Ts2059C !
= |Oirection ™\ | 175 70 \ o\ s T=220%
oo of the shift
§ 10° ’ Master curve \U
< {205°0)

lg q,1220°0) —, \

10? | I
10" 1 10 10z s 10’

Shear rate ¥

Fig. 2.10 Viscosity curves for CAB at various temperatures

This time-temperature superposition leads to the plotting of the reduced viscosity #/#,
against the quantity ny9. This way a single characteristic function for the polymer is

obtained, thus

n@,T) .
PNUN =fno(T) %) (217

T as the reference temperature can be chosen freely.
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When seeking the viscosity function for a certain temperature T with only the master
curve or the viscosity curve at a certain other temperature T given, a temperature
shift is necessary to obtain the required function. First, it is not known how much the
curve has to be shifted. The shift factor a; required here can be found as follows:

aT=~————’7O(T) or lgar=lg —']O(T) (2.18)

10(To) T 0y (Ty)

The quantity lg ay is the distance that the viscosity curve at the reference temperature
T, has to be shifted in the direction of the respective axes (Fig. 2.11).

There are several formulas for the calculation of the temperature shift factor. Two of
them are the most important and should be mentioned, namely the Arrhenius Law
and the WLF Equation.

The Arrhenius Law can be derived from the study of a purely thermally activated
process of the interchange of places of molecules:

va o 0T B L1 2.19
lar=les Ty =r\T° T, ) @19)

where Ej is the flow activation energy in J/mol specific for the given material and R
is the universal gas constant equal to 8.314 J/(mole ‘K).

The Arrhenius Law is suitable particularly for the description of the temperature
dependence of viscosity of semi-crystalline thermoplastics [10, 25].

For small temperature shifts or rough calculations a; can be approximated from an
empirical formula, which is not physically proven and which takes the following form
[1, 10]:

Igar =—a- (T — Tp) (2.20)
where « is the temperature coefficient of viscosity specific for the given material.

Another approach based on the free volume, ie. the probability of the place exchange
was developed by Williams, Landel and Ferry [26]. It was originally applied to the
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Fig. 2.11 Time-temperature superposition principle for a viscosity function
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temperature dependence of relaxation spectra and later applied to viscosity. The
relationship (also known as WLF Equation) in its most usual form is:

lgar =g n(T) __C-(T—Ty) ) o

n(Tg) Cy (T —Tyg)

which relates the viscosity n(T) at the desired temperature T to the viscosity at the
standard temperature Tg with shear stress being constant. For Tg equal approximately
to T, + 50°C [26] (ie. 50°C above the glass transition temperature), C; =—8.86 and
C,=101.6.
The glass transition temperatures of several polymers are shown in Fig. 2.9, additional
values are in [27]. The measurement of T, of amorphous polymers can be done in
accordance with DIN 53461, Procedure A which is a test for the deflection temperature
of plastics under load, in the USA the corresponding ASTM standard is ANSI/ASTM
D 648. The softening temperature determined by this test can be set equal to T, [8].
A more accurate description is possible when Ty (and, if necessary, C, and C, — these
also can be considered as almost material dependent) is determined from regression
of viscosity curves, measured at different temperatures. Although the WLF Equation
pertains by definition to amorphous polymers only and is superior to the Arrhenius
Law [10, 24, 25] it still can be used for semi-crystalline polymers with an acceptable
accuracy [28-31, 33].
Fig. 2.12 compares the determination of the shift factor a; obtained from the Arrhenius
Law to that from WLF Equation [30]. When operating within the temperature range
+30°C from the reference temperature, which is often sufficient for practical purposes,
both relations are satisfactory.
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There are basically two reasons for favoring the WLF Equation, however:
_ The standard temperature Ty is related to the known T, for the given material with
a high enough accuracy (Tg =~ T, + 50 K).

— The effect of pressure on the viscosity can be easily determined when operating
above the standard temperature (this will be explained further at a later point).
When the shift of a viscosity curve from one arbitrary temperature T, to the
desired temperature T is performed using the WLF Equation, Equation (2.21} is

used twofold

o 1T (n(T) ,n(Ts))
8T =TT T\ (Ty) 7 (Ty)
Cl (To — Ts) Cx(T - Ts) (2.22)

TG (T—Tg) CiH(T—Tg)

where T, is the reference temperature at which the viscosity is known.

The Effect of Pressure

The effect of pressure on the flow behavior can be determined along with the expression
for the temperature dependence from the WLF Equation [29]. It turns out that the
standard temperature T, which lies at approximately T, +50°C,' used in the WLF
Equation at 1 bar, increases with pressure. This shift corresponds in turn to the shift
in T, which can be determined directly from a p-v-T diagram [28, 34].

The pressure dependence of the glass transition temperature can be assumed to be

linear up to pressures of about 1 kbar (Fig. 213 [32]), thus:

Ty(p) = Ty(p=1bar) +¢ p. (223)
40,
o Standard-FS
o PS

K|e PMMA
e s PVC
<949
T IV
e Wi
38 |
S ~] /
S5 4
a i
S E 20 =
83 1377
ns
g
o (=34
£ Q//
s 10
£ ©
5) o //

o Fig. 2.13 Effect of pressure on the
0 250 500 750 bar 1000 softening and the standard

Hydrostatic pressure pyq temperature respectively



32 2 Properties of Polymeric Melts [References p. 47}

The resulting shifts in T, are of the order of 15 to 30 °C per kbar. At pressures higher
than 1 kbar the glass transition temperature increases with increasing pressure at a

much smaller rate.
If there is no p-v-T diagram available for the given polymer from which the pressure
dependence of its T, could be determined, it can be estimated by the following

relation:

T, ~ T,(Ibar) + (15 to 30) - 1072 °C/bar-p (2.24)

where p is the desired pressure in bar. (Generally, it is known that the pressure affects
the flow properties of amorphous polymers stronger than the flow of semi-crystalline

polymers.)
Then, the WLF shift from a viscosity curve at the temperature T; and the pressure p,

to another one at T, and p, respectively can be performed. The shift factor ap can be
calculated as follows:

1 =] n (Tz’P2)>

BeT g(nm,m
— C, (T, = Ts(py)) _ C (T = Tswy))
Cy+(Ty—Ts(pa)) G+ (T, —Ts(py))

(2.25)

Computational Application
When a point P, (p,n,(T})) on a viscosity curve, constructed at temperature T, is
shifted to a viscosity curve valid at the temperature T,, (Fig. 2.11) the following
applies:

=1, at ;

Py =1,/ar.
ar is computed from one of the superposition equations. If WLF Equation is used
then the ay so determined can also contain the shift due to the pressure, provided p,

and p, are not equal. Accordingly, the viscosity functions can be formulated to become
independent of temperature and pressure. Thus the Carreau Law can become:

. _ aT(Tx P) A
n(.T,p)= T (T.5) BIC. (2.26)

The analog for the Vinogradov and Malkin Universal Viscosity Function then is

. _ az(T, p) 1 5
T = 1+ A [ar (T, p) g7 + Aylar (T, p) g 912 @27
where
A,=1386-1077
Ay=1.462-1073 } for [n]=Pa s
« =0.355 (p]=s"

As the Vinogradov-Malkin Funetion is virtually independent of material [18], the

Equation (2.27) represents a universal material, temperature and pressure invariant

viscosity function.
Note: Dimensions for 7 and § are Pa-s and 571, respectively.
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2.1.2 Determination of Viscous Flow Behavior

For the measurement of the flow function y = f(7) or the viscosity function = f(3,T)
within the range of shear rates relevant to the design of extrusion dies (from 1095~
to 10° or 10* s7!) the capillary viscometer (or a laboratory extruder provided with
a viscometer nozzle and the proper instrumentation for pressure and temperature
measurement) is suitable. The cross section of the capillary die can be circular,
annular or in slit form.

The principle of measurement is to determine the pressure loss Ap in a capillary with
an exactly defined geometry and a known volumetric flow rate, ¥, at a constant melt
temperature.

If the capillary has a circular cross section the pressure gauge is not placed in the
capillary because of its small diameter (mostly 1—3 mm), but in a much larger cylinder.
The second pressure measuring point is at the capillary exit (Fig. 2.14).

Assuming a laminar, steady state, isothermal flow with a wall adhesion, the shear

stress at the wall of a round capillary with the radius R is:

A .
Ty = —p——}—{, (2.28)
2-L

where L is the length of the capillary and Ap the pressure loss.
With the assumption of Newtonian flow, the shear rate at the wall y, is
R —_

¥ is the known volumetric flow rate (Note: The equations (2.28) and (2.29) are valid
or}Iy for a round capillary, however, similar relations are arrived at for annular and
slit shaped capillary dies; see Chapter 3.) From the definition of viscosity, we get

(2.30)

From Equations (2.28), (2.29), and (2.30) a point (7,n) on the viscosity curve can
be determined from the known geometric parameters R and L, the given volumetric
flow rate ¥ and the measured pressure drop, Ap. By variation of I/ and with it the
corresponding 7, the viscosity can be determined over a broad range of shear rates.

I
. W
7 //F\lf | Z ////////; 1
N
‘N 7
) ;
oy
N
N A,
/ // Fig. 2.14 Principle for the capillary viscometer.
\ [ Piston (ram), 2 Cylinder, 3 Pressure
. transducer well, 4 Capillary
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Correction for Pseudoplastic Flow

In the above considerations it was assumed that the melt behaves like a Newtonian
fluid. Since this is not often the case with polymers, the resulting viscosity is not the
true viscosity but the so-called gpparent viscosity [e.g. 2].

While Equation (2.28) is valid for both Newtonian and pseudoplastic flow (see
Chapter 3), the Equation (2.29) is applicable for the shear rate in the Newtonian
region only. Hence for non-Newtonian materials the so-called apparent shear rate Dg
is obtained which is equal to the shear rate at the wall for a Newtonian fluid.

To obtain a true viscosity curve two correction methods may be used.
When applying the Weissenberg-Rabinowitsch Correction 1, 2, 35] the true shear rate
is determined from {he diferentiation of the apparent fow curve. The relation for the

true shear rate, 7, is:

y;Dsigf (2.31)
where s is the slope of the Jog-log graph for the apparent flow curve:
d(lg Ds)
§=——2C, (2.32)
d{lg,,)

Subsequently, the division of the values of shear stress obtained from Equation
(2.28) by the values of corresponding shear rates yields the values of true viscosities.
This method is quite time consuming because it involves a point by point graphic
differentiation of the flow curve.

The above shortcoming was eliminated by Chmiel and Schimmer [36] for the first
time described as The Concept of the Representative Viscosity [30, 36--38]. It requires
considerably less effort and still is equally accurate.

The thinking behind this correction method is, that during a laminar and isothermal
flow under pressure, as it occurs in a channel of a rheometer or in the extrusion die
(assuming wall adhesion and neglecting elastic effects) there will be a point in the

flow channel at which the shear rates of both the Newtonian and the pseudoplastic
). Once thes

materials are equal (assuming equal volumetric flow rate, ¥
the shear rate of a Newtonian fluid are determined, the true viSCOSIY of corresponding

representative shear rate and shear stress result. (Fig. 2.15). The position of the poimT
6T ntersection and hence of the representative radius in the pipe depends in principle

ZZ

r, = Representative radius in a capitlary
¥ = Represenfafive shear rafe

T = Representative shear stress

Fig. 2.15 Determination of the representative shear rate in a circular capillary
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gn the ﬂé)\v }C)iroperties of the material [38). However, for most polymeric melts it can
¢ considered constant. The representative distances e from the ce
. r i nter of t
in a circular pipe are [37] he channel
v
o =1

Y
°TR 4
and for a rectangular slit

hid

o = hg _
0T HAT 6 =~ 0.64

%

The representative distances from the icati
Ostwald-deWaele Law are published in C[?é;ér gencrated from the application of the
As Wortberg shgws [30] it is obvious that, for the range of Aow exponents m between 2
to 4, corresponding to practical applications, the corresponding representative distance;
£y and eq can be considered constant. The respective errors associated with this
assumpiion are less than 1.8% and less than 2.5%.

;I‘She true shear rate then can be calculated from the apparent shear rate Dg simply

7=Ds e (2.33)

where the values for e can be obtained from Fi i
I ig 2.16 or the calculation ca
by the mean values contained therein. n be done

The true viscosity (which is e i 1SCOsi
qual to the representative visc
from the following equation: b ooy wd

(2.34)

%;ng valid for the representative shear rate .
en plotting the viscosity function in a log-lo ion i
g th / g graph as usual, th
result of a shift in the abscissa by the value of logce ?Fig. 2.17). ? correction is the
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Fig. 2.17 Correction of the viscosity function according to the concept of the representative
viscosity

Consideration of the Entry Pressure Loss

The pressure drop as measured by the capillary viscometer is often obtained not as
the difference between two pressure transducers in the capillaries, but as the pressure
in front of them (Fig. 2.14). This way the pressure drop is not resulting only from
the Friction of the fluid in the capillary (which is the only correct quantity to be used
in the appropriate equations for the calculation of viscosity), but it also includes the
so-called entry pressure drop, which is cesult of the elastic deformation of the melt
at the entry to the capillary. In the‘area of contraction of the flow channel the melt
particles are stretched (elongated) in the direction of the flow. This deformation is
transported through the capillary in the form of elastically stored energy and then
released at the exit by the swelling of the extrudate (see Section 2.1.3). This elastically
stored energy has to be first generated by an additional pressure drop. This pressure
drop is picked up by the pressure gauge in addition to the shear flow pressure drop
and therefore must be eliminated from the result. This is done by the so-called Bagley
Correction [2, 39].

The Bagley Correction (after E.B. Bagley [39])
assumptions:

1. The entry pressure drop occurs only at the entry to the capillary and is therefore

independent of the length of the capillary.
2. The pressure in the capillary drops due to viscous flow and the pressure gradient is

constant.
When determining the pressure drop in capillaries of different L/D ratios (usually the
nstant shear rate,

diameter, D, is kept constant and the length, L, is varied) and at a co
a Ap—L/D diagram is obtained (Fig. 2.18). The points in this diagram lie on a straight
line. The slope of this line corresponds to the pressure gradient in the capillaries. When
changing the shear rate a multitude of straight lines is obtained with the shear rate as
parameter.

When extrapolating from this line o the zero length of the capillary (L/D =0) the
value of the entry pressure loss, independent of the capillary length, is found as the
intersect of the line with the ordinate. This entry pressure drop increases with the
increase of the shear rate, the same way as the pressure gradient in the capillary. For

is based on the following two
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Pressure fransducer: Ap= AR * AD,
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AP Pressurz toss due to viscosity

for a developed flow in a pipe:
2 be

R Y

i = konsk

AR
// ap "
Ap,

‘ Fig. 2.18 Principle of the Bagley-
0 L,/ L,/0 L/0 LD Correction !

2‘1& calculation of the viscosity curve the difference between the measured pressure
P, and the entry pressure drop Ap, must be obtained simply:

Ap= —
p= APy — Ape. (2.35)

gnly. thcils diﬁ"s:lrence can be used in the Equation (2.28) for the shear stress
. is dependent not only on the shear rate, but also on the t f aterial:
higher the elasticity of the melt, the higher the entry pressure droyl:f.)e of material: the

2.1.3 Viscoelastic Properties of Melts

golbymenc_ melts exhibit not only~ viscous but also elastic behavior (viscoelasticity).
his manifests itself by the behavior of the melt when entering an extrusion die with
pronounced variation in cross-section, for example. The result of that is the entry
f}};ees(sitil&z dr(zp. This happens because the melt is deformed in the transitions between
e ofmti %rpss—hsecnons e}nd part ofA this deformation is stored elastically. At the
s e die these elastic deformations are released and the emerging extrudate
ells (so-called die swell). The released elastic energy, generated by the processi
$aph1ne.“(e‘g. extruder), is lost completely for the systerr’l. ’ e
pélllsnz:ebmty 1of rev;mblc deformatio'n'is'; caused by the so-called entropic elasticity of
stat}; Ofrtxlne ts. This means that the initially disorderly entangled macromolecules (the
e ol t(l)e ullost possible dlsorder—-—t}w state of the largest possible entropy) can be
oried t}? arge degree along the direction of the deformation. A state of increased
e o;—ie}l.tede state of 1_ower.entropy, is formed. However, as soon as this happens
disonder Hnet'work will strive to move back toward the state of the most possible
o : ollowing the second law of thermodynamics). The material adapts to the
posed state of deformation; however, some rearrangements of the macromolecule
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occur gradually with the time (so-called relaxation.) Since this reduction in orientation
is relatively slow, it is not finished when the material emerges from the die. As a result,
further relaxation occurs after the material leaves the die. The time required for the
oriented state to relax shortens with increased temperature, because of the increased
mobility of the molecules and free volume with increased temperature.

Since the melt seemingly remembers the deformations to which it was subjected in the
die, we refer to this as memory effect or memory fluid.
Another typical characteristic’of viscoelastic fiuids is the occurrence of differences in
the normal stress during the flow on curved paths as well as a phase shift in periodic
deformation, which manifests itself as a shift in the maxima of shear stress and shear
rate. These maxima do not coincide [e.g. 2-5, 13, 25]. Both these effects are used for
the measurement of viscoelastic behavior and characterization of polymers.

When a polymeric melt flows through an extrusion die, it is exposed to two types of

deformation (Fig. 2.19 [30]):
_ deformation due to elongation or compression in divergent or convergent sections
be subjected to a free stretching

of the channel respectively (the extrudate can also

outside the die),
_ deformation due to shear generated by the velocity profiles in the flow channel

In the first case the elongation rate is defined as

dv (2.36)

D=4

Fig. 2.19 shows that a volume umit is deformed by an angle « per a unit of time
due to the differences in velocity existing on its edges. With continuing deformation «
approaches 90 °C while Al per unit of time moves toward A(Ay). That means that a
shear deformation, too, can be seen as a way to orient the macromolecular chains in
the direction of the flow. This is described by the following:

LA
bg=——=7.

At

(2.37)
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Fig. 220 Reversible extension as a function of the relaxation time at constant temperature

This gifers a ppssibility to measure the reversible deformation in a uniaxial extension
experiment, using an extension rheometer. With such an instrument a polymeric strand
is, fqr example, .stretched at a defined temperature and kept in this stretched state
for dlﬁ'erent periods of time. Subsequently, it is allowed to shrink freely [30, 31]. If
reversible deformation can be defined by applying the definition of natural extension
according to Henky:

1 (1)
ex(t)=In T =1In 2z (1) (2.38)
0
where
/. extension ratio
RG] sample length at time ¢
I sample length after a complete shrinkage

The relation is in principle depicted in Fig. 2.20. The decay of the reversible deformation
is a]sq deﬁned as relaxation. It is assumed that the total deformation is completely
rever51b1§ immediately after the deformation took place. The viscous portion of the
defomatlon develops subsequently as a function of time through the decay of the
e.lastlc component of the deformation, in other words, by relaxation [30, 31]. This
time-dependent decay of reversible deformation is essentially a function o’f ma.terial
?}Tperature and the level of deformation initially present [30]. ,
1s process can also be well explained by a spring and dashpot co i i
for character}zmg the elastic and the viscous plzopagrties of a rgelt (Fril;e;.tg?) ”;%sfrrx?li
filament (gpnng/dashpot) is stretched at time ¢=0 by the amount of Al While the
z)rc;emalbdlgnenswns are maintained, relaxation processes take place in the melt and
onC:ym pllzed l?y the extension of the dash.pot. At a very long time (t —co0) the spring
P ealgaip aittams the initial length that is, the energy introduced, which is stored
defg’rmi'wa'ly’ at t=0, has b;en converted totally into viscous, that is, irreversible
heve o Lc;lr;m tthe.dgshfpot. This process and the shape'of the curve shown in Fig. 2.20
o followmgri,: E:tsigrcl [E%t’us?:of an exponential function, which can be expressed by
deg R

dt T(eg)’ (2.39)



40 2 Properties of Polymeric Melts [References p. 47]

RSN A

SN NRRNSRY EESANNN ARSI
t<0 t=0 t=0 t—eo

Fig. 221 The model representing the decay of elastic deformations (Spring-Dashpot Model)

In this relationship, t(eg) is the relaxation time, which is a function of the momentary

state of deformation ep.
Measurements have shown that this characteristic relaxation time t(eg) can be

approximated very well for various thermoplastics at different temperatures and initial

deformation eg, by the relationship
t(eg) =C, exp (—Cy €y) (2.40)

C, and C, are material specific constants [30, 31].

Fig. 2.22 shows a normalized relaxation curve; this distribution of the characteristic

relaxation time t (ep) derived from this curve is shown in Fig. 2.23.

The quantity C; contains the temperature effect and, if known for a particular

temperature, it can be converted to other temperatures in the melt range by a simple

temperature shift law, such as the WLF Equation (since relaxation, like flow is based

on molecular site exchange proc;ssses) (30h):
t(eq, T) = C,(T") - ar(T) -exp (=Caer);

where ag is the shift factor for the selected time-temperature superposition equation,
which can be calculated from one of the following equations: (2.19) through (2.22).

Simultaneously with the build-up of reversible deformations — as a result of shearing
or elongation — relaxation phenomena exist in a polymeric material. A simple form of
describing this build-up of reversible deformations is given in [30, 31]; this build-up
being treated as superposition of relaxing deformations already present onto the new

(2.41)
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deformations being added at the same time (Fig. 2.24): During the interval of time
Ar; under consideration, the external shape of a melt particle is retained. The initially
present, reversible deformation decreases during this time through relaxation from the
value eg;_y t0 €¥pi g At the end of the time interval Ar; the additional deformation
Agy=¢t, is reached through a step change, and is therefore completely reversible.
The relationships describing this concept are shown in Fig. 2.24.

Experiments with the extension rheometer show that the build-up of reversible
dgformatlons can be approximated well by this description, provided that the step
width Az is sufficiently small. The model can be used not only for deformation at
various temperatures, but also for any other types of deformations. In this connection,
an appropriate step width At; should be selected and the effect of temperature on the
relaxation behavior should be taken into consideration through the quantity C,.

Thg model developed by Wortberg and Junk {30, 31] was presented above because
of its clarity and relatively simple application. There are many other models dealing
thk:ut]his subject. Some of them are described in the referenced literature [5, 13, léj,
All models have their advantages and disadvantages which become particularly clear
when they are applied in computer programs used for the computation of flow. At
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Fig. 224 Model of the deformation build-up at a constant rate of deformation
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which describes the behavior under different deformations
xtension as well as any superposition of the above) for
hat reason all conditions under
al parameters are determined
mitations of the given

present, there is no model
(shear, uniaxial or multiaxial e
a great multitude of materials accurately enough. For t

which the material models are developed or the materi
must be known, so that the analysis is done within the li

method.

2.2  Thermodynamic Behavior

In order to compute heat transfer in the extrusion die (non-isothermal flow), cooling
(for example in a calibration line) or in heating in a crosslinking line or to
determine required heating and cooling capacities to be installed for an extrusion
die, thermodynamic data are required. These are both pressure and temperature
dependent.
The dependence on pressure can be generally neglected in the view of relatively
low pressure in the extrusion dies (usually less than 300 bar). Whether the material
data can be taken as constant depends on the temperature range specified by the
system under consideration. If the temperature does not pass through a transition and
stays, for example, only in the melt range, as is the case in an extrusion die, some
material values can be taken to be constant. This is frequently possible above the glass
transition temperature (T,) for amorphous polymers and above the crystalline melting
temperature (T,,) for semi-crystalline polymers. If the simplification of using constant
material data is not permissible, temperature-dependent values must be employed.
This can be done with one of the known polynomial equations, or with a table of data
for the numeric, stepwise solution of the problem at hand. Detailed explanations of
thermodynamic material data of thermoplastics as well as of their measurements are in
[42). A standard work pertaining to thermodynamic material data for thermoplastics

is [43].

221 Density

The densities of polymers lie considerably under those of metals. For unfilled polymers
they are around 1 g(cm3 at room temperature and normal pressure. The value of the
density is dependent on femperature and pressure.

The reciprocal of density ¢ is the specific volume, v:

(2.42)

U=

o] —

Fig. 2.25 depicts the dependence of the specific volume on the temperature at a
pressure p = 1 bar [44]. For semi-crystalline polymers, there is a steeper slope of the
specific volume in the area around the crystalline melting temperature (T;).

The correlation between specific volume, temperature and pressure is frequently
represented by a p-v-T diagram. An example of this for a semi-crystalline polymer is
shown in Fig. 2.26.

For_the computation of flow in extrusion dies the mewmggm@ggw\dgo
be incompressible. This is_acceptable, since the pressures are relatively low _and the
femperature variation within the melf relatively small.

A collecti =y=T-dizgrams 1s given in [43].
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For the conversion of density from a reference femperature T, to a different
temperature T the following simple relation is used:

I
o0(MY=0(Ty) ————7= 2.43
2 (T)=2(Ty) TFa(T =Ty (2.43)
where
o linear coefficient of thermal expansion
o(Ty} density at the reference temperature Tp
o(TT—demsity at lemperature T .

The range of validity is limited to the linear sections only, Le. under or over Tg for

amorphous polymers or under or M_m_for semi-crystalline polymers.

2.2.2 Thermal Conductivity

The thermal conductivity, £ of plastics is very low. Its values are around 0.12 W/mK
and thus two to three orders of magnitude less than those of metals.

As shown in [45] the thermal conductivity increases with pressure. The increase is
approximately 5% at pressures usual during the extrusion (less than 300 bar), it is
mostly hidden below anisotropy occurring due to the molecular orientation resulting
from Aow [46, 47]. Because of that the dependence of thermal conductivity on pressure
is frequently neglected.

The thermal conductivity of semi-crystalline thermoplatics particularly is dependent
on temperature (Fig. 2.27 [48]). It is higher than that of amorphous polymers and
drops to approximately their leval when in the melted state [42]. It turns out that
generally the thermal conductivity of melted polymers can be considered constant

with a good accuracy.

05
w

r?;??\.

gL

Thermal conductivity A

0 50 100 150 200 °C 250
Temperature T

Fig. 227 Thermal conductivity as a function of temperature for different thermoplastics [48]
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Diagrams d;picting the temperature dependence of thermal conductivity for numerous
thermoplastics are in {43].

2.2.3 Specific Heat Capacity

The specific heat capacity, ¢, often called the “specific heat” is the amount of heat
necessary to increase the temperature of | g of substance by 1 K at a constant pressure
[43). From this definition, it is clear that ¢, is relevant to only non-stationary processes
such as heating or cooling. The values of ¢, for plastics at room temperature are
around 1.5 J/g'K and hence approximately three times higher than that for steel, but
only slightly over one third of that for water (c, for water at 20 °Cis 4.18 J/g'K).
The pressure dependence of ¢, can be neglected [8].

For amorphous polymers ¢, below and above the glass transition temperature increases
almost linearly with temperature (Fig. 2.28) with a step change at T, [43].

For semi-crystalline polymers this step is less pronounced or mlgssing altogether;
however, at the crystalline melt temperature (T,;) there is a steep maximum (Fig. 2.28)
which results from the heat required for the melting of the crystalline portion of the
polymer [42].

2.2.4 Thermal Diffusivity

Thermal diffusivity a is defined as

2
a= .
o (2.44)
£ %p
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Fig. 2.28 Specific heat capacity as a function of Fig. 2.29 Thermal diffusivity as a function
temperature for different thermopla- of temperature for different
stics thermoplastics
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It is depicted for several polymers in Fig 2.29. Since it is calculated from
heat conductivity, density and specific heat capacity, its temperature and pressure
dependence is based on that of the above mentioned components.

2.2.5 Specific Enthalpy
Specific enthalpy h is defined by the following equation:
T7

Ah:/cpm dT. (2.45)

T

It results from the integration of the expressions for ¢, in the temperature range T
to T, Ah is the difference of heat content of a substance at the temperature T, and
its heat content at some reference temperature (usually 0°C or 20 °C).

Enthalpy is necessary for the computation of required capacities for heating or cooling
of polymers: Q =1 Ah (O = heating or cooling power, fi=mass flow).

Fig. 2.30 depicts specific enthalpies of a variety of polymers. Additional graphs are
found in [43].
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Y] ;
T : PMMA<pg SAN
g 2 T
G 200 i
PYC~U
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Temperature T

Fig. 2.30 Specific enthalpy as a function of temperature for different thermoplastics

Symbols and Abbreviations

7 shear rate

v flow rate

¥ direction of shear

T shear stress

n dynamic shear viscosity, viscosity

o Zero shear (rate) viscosity
fluidity

m flow exponent

k consistency factor

n viscosity exponent

C material constant in the Prandtl-Eyring Model

A material constant in the Prandtl-Eyring Model

A material constant in the Carreau Model (zero viscosity)

B material constant in the Carreau Model (reciprocal transition shear rate)

References
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0

Phyd

material constant in the Carreau Model (slope of the viscosity curve)
yield stress

temperature

hydrostatic pressure in the melt

reference temperature

temperature shift factor

flow activation energy

universal gas constant

temperature coefficient of viscosity
standard temperature

a) coeflicients of the WLF Equation

b) constants in Equation 2.40

specific volume (p-v-T-diagram)

coefficient in Equation (2.23)

shear stress at the wall

radius

logarithm of basis 10

length (length of a capillary)

shear rate at the wall

volumetric flow rate

apparent shear rate

slope

representative mean distance
representative mean distance in a circular channel
representative mean distance in a rectangular slit
representative radius in a circular channel
representative height in a rectangular slit
diameter

measured pressure

entry pressure

elongation rate

angle

time

specimen length at time ¢

specimen length after a complete shrinkage
elongation rate due to shear

initial deformation

reversible elongation

reversible elongation in step i

reversible deformation in step i after relaxation
density

elongation rate

linear coefficient of thermal expansion
thermal conductivity

thermal diffusivity

specific enthalpy

heating (or cooling) power

mass flow rate

glass transition temperature

relaxation time

coefficients of the Vinogradov function and Vinogradov-Malkin-Function
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3 Fundamental Equations for Simple Flows

In this chapter, simple fundamental equations for the flow in channels with circular,

rectangular and annular cross-sections will be derived. These allow in many cases at

least an estimate of such factors as pressure consumption or throughput.

The basis for the computations pertaining to the flow processes are the conservation

faws of mass, momentum and energy (e.g. [1-3]).

The following assumptions have to be made to derive these easily applicable

equations:

- steady state flow: no transient change in the flow at any point in the flow channel

— slow moving flow: the forces of inertia should be negligible when compared to the
friction forces; the flow is to be laminar based on low Reynolds numbers.

— isothermal flow: all particles of the fluid have the same temperature

— hydrodynamically fully developed flow

— incompressible fluid: the density is constant

- no external forces

— the effect of gravity is neglected

— the melt adheres to a solid wall, meaning the velocity of the fluid at the wall is
equal to the velocity of the wall (no-slip boundary condition)

When all these conditions are met, the simple fundamental equations can be derived

from the following momentum flux balance:

Entering (initial) Exiting (final) Sum of all
momentum/time p—< momentum/time »+ < forces acting » =0
(momentum flux) (momentum flux) on the system

i, _ i, + SE =6 6

In the system under consideration, momentum flux can occur, for example, as a
result of the general motion of the flowing melt or as a result of the viscosity of the
medium.

However, if the velocity in the equilibrium space under consideration does not change
in magnitude or direction or if the flowing medium is regarded as incompressible (ie.
the density is constant), I, =I,, then the problem is reduced to the balance of forces
Z F to be equal to zero. Pressure and shear forces are those that can act on the
system under consideration in the balance space.

If the additional assumption can be made that the flow lines are straight as, for

example, in the case of flow through a rectangular channel, the general procedure,

according to [1], for solving simple, viscous flow problems is as follows:

L. Set up a momentum flux balance on a fluid element of finite wall thickness (taking

the continuity equation into consideraticn).

2. Let the wall thickness approach zero, as a result the momentum flux balance
converts into a differential equation (i.e. differential momentum flux balance).

- Introduce a material law

= f(z). (3.1.1)

- On introducing boundary conditions, which make unambiguous physical statements
at defined values of the independent variables, the following can be determined
from 2 and 3 (above) after integration: velocity profile v=f () or f (y), average
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ow rate V, forces F occurring at the

velocity profile 7, maximum velocity Ve, fl
(ry or t(y) and the

channel walls, pressure drop Ap, the residence time spectrum [

average residence time &
This procedure is explained with examples in Sections 3.1 through 3.3. More detailed

and partially further developed considerations are in [4-6].

3.1 Flow through a Pipe

radius R, length ) in which entry and exit effects can be
neglected, the balance of forces acting on a cylindrical element of mass with wall
thickness dr (velocity v,) is set up. (Fig 3.1); as explained earlier, the momentum
fux balance is reduced to a force balance, as a result of the incompressibility of the
fluid and the fact that it flows on straight, parallel paths with a uniform velocity. It

In a circular channel (

follows: )
omr dr - [plz) — p(z +dz)] 47 2mr dt
—t(r4dr)-2m- (r+dr)-dz=0. (3.2)
Developing the above into a Taylor series and keeping only the first term:
0
pz +di) =p(z) + é—‘:’df
o(r+dr)=t{r)+ %;d:: . (3.3)
Since the flow is developed, the pressure gradient can be taken as constant:
o _4p 34
ot L )
After neglecting all terms of the highér order, the following differential equation is
obtained:
Ap t, dr 10
o L= (1) 3.5
L r dr ror @) (33)
After integration, the result is:
N Ap G
r(r)mil +T. (3.6)

: L
L

Tr+dr}
L
Tir} r
0 18 AN N | S B
ol
Pzl b P
I

7 7

ement of mass during flow through a pipe

Fig. 3.1 Balance of forces acting on an el
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For r =0, all forces have to disappear, so the first boundary condition follows:
Forr=0,7=0and C; =0

A .
)= 3.7)

Equation (3.7) results strictly from the balance of forces; no assumptions were made
as to Fhe material law. This means that the linear dependence of the shear stress in
Equation (3.7) is independent of the behavior of the material. Now the material law
can be introduced into the Equation (3.7):

Case A: Newtonian Flow

_dy, .
T T (3:8)

When introducing this expression into Equation (3.7)

g3 or

e T AL 39
P

=T 2Ly (3.10)

Tllje .negative sign means that v, in the direction of r decreases. From (3.10) we
obtain:
Ap-r
dvz—’"m—' r. (311)
After integratiqq and considering the boundary condition v, =0 for r =R (no-slip
bpundary condition) the velocity distribution over the cross-section of the channel is
given by the following equation:

L ApR? N
b {r) = 4Ly [1— (E) ] ’ (312
The maximum velocity is at r=0. From this it follows:
_ ApR?
Uy max = 4L}’] : (3.13)

For the mean velocity v,:

_ 1 .

B=7 / v,dd with dd=r-dr. (3.14)
From the above:

5 = Ap- R?

2 8Ly (3.15)

A comparison with Equation (3.13) shows that the mean velocity is equal to half of
the maximum velocity:
1

0, = E(Uz)mnx (3.15.1)
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The relation for the flow rate, ¥, is:

V=0, 4 (3.16)
where the pipe cross-sectional area A=m- R?
The Hagen-Poiseuille Law follows:

. mR* 1

=" 2 A (3.17

3L P )
R4
i = K =const - die conductance. (3.17.1)

8- L
The pressure drop Ap can be calculated from the Equation (3.17) when the volumetric

flow rate V is known.
The residence time of a particle on the radius r in a pipe with the length I can be

calculated from the following equation:

t (r) = L/v,{r). (3.18)
The mean residence time t is:
8nL?
il (3.19)

Since the residence time is inversely proportional to the velocity, its mean value is
twice as long as the shortest time, at which the particle is at r =0 and v, = (V) max-
The dependence of the shear rate on the flow rate at the pipe wall is given by
combining Equations (3.10) and (3.17):

o 4v ;

ho=tr=R= oy (3.20)
The above equation is particularly important for the evaluation of results from the
measurements with the capillary viscomster (see Chapter 2.1.2).
The force F, acting on the surface of the fiow channel results from the multiplication
of the surface area and the shear stress at the wall:

FZ=ZTE~R~L~T(r=R)=r-R2~Ap. (3.21)

The validity of Equation (3.21) is independent of the flow behavior.

Case B: Pseudoplastic flow following the power law.
From the definition of the power law (Equation 2.5), the following relation can be

derived:
| L py
m dvz m
(LN , 211
' (¢> ( dr) G210

Applying Equation (3.7) with a negative sign for y (since b, decreases in the direction
of r):
1

L L
B (5

{References p. 74] 3.2 FLOwW [Rrougn a s 20
o % 3 AP ] m
= =\m) 623
After integration:
b —d M " I.m+! )
: P\2L) m+1 + G (3.24)
For a boundary condition r=R, v, =0 (adhesion condition) it follows:
AP m Rnx-!—l
C = —
= ¢<2L> m+1 (324.1)
Then:
o AP m Rm-H —I'"'+1
5 =¢ <i> [——n—;i-—l_—_} . (3.25)
Analogically to Equations (3.13) to (3.19) the following relations can be derived:
. 3 ’Ap m Rm+l
U7 max = d’ (\i) mt 1 (326)
P ¢ Ap " m+1
v, = 3\ R (3.27)
- Rm+3
—_— - . m
maens ¢ A (3:28)
K!
- L{m+3) (2L "
P= ——-—————(meH : &; . (3.29)

As stated before, the action of the shear force F, u
As X : pon the surface of the flow channel
is independent of the flow behavior and is described by the following equation:

Fp=m-R-4p. (3.21)

1 .
If m=1 and y == , Equations (3.22) to (3.29) are transformed into corresponding

equations for Newtonian fluids.

3.2 Flow through a Slit

When taking a momentum balance for
: T the flow between two parallel plates in th
ijﬁ]e ﬁay as in Sectxor} 3.1, the analysis is performed on a rectangular vol?;me elcmeni
o the he{ght dx., width B and length L (Fig. 3.2) and the resulting force balance
ads to a differential equation analogous to the Equation (3.5):

éﬂ _ O
L~ ax (3-30)
It is important to bear in mi i
] ) ind the assumption that all quantities in the directi
of the width remain constant (which would mean neglecting the edge effect whicklxoir;
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Fig. 3.2 Balance of forces acting on an element of mass during flow through a slit

finite width of the flow channel). When applying

equivalent to the assumption of an in
0 after integration, we obtain:

the boundary condition t=0 for x=

A
tx) = —i‘f X (3.31)
Again, this correlation is independent of_the flow behavior.
Case A: Newtonian Flow
Assuming Newtonian flow behavior, the following equation results: ]
do,
S 332
=15 ‘ (3.32)
Substituting for t into Equation (3.30), we obtain:
du, Ap
—jj—2%-B=—B-dx. 333
T ax L * (3:33)

Integrating over x and taking into consideration the boundary conditions v, =0 for
x=—H/2 and x=H/2 yields the velocity distribution for a slit-shaped flow channel

of an infinite width:

A S . .
vz(x)=§,~7% [(%—) —x—} (3.34)

The maximum flow velocity occurs at x=0:

2
ApH? (3.35)

Uz max = 8L :

The mean velocity is:

(3.36)

<t
1

o
|-
ol o
<
o
Ra
[a%
=
il
>
—
S
=
| o
'
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By comparing Equations (3.34) and (3.35) we find that:
2

B, = 5 (V) max (3.36.1)

The volumetric flow rate is obtained by integration over the entire cross-section:

H

B
V= / v,(x)dy dx (3.37)
0

N]Q\N!

where B is the channel width. Equation (3.37) is valid only when B is much greater
than H, that means when edge effects can be neglected (this can be done with a
satisfactory accuracy from B> 10H and up).

The mean residence time is:

12017

ApH?’

The sb_ear rate at the wall is obtained from Equations (3.31), (3.32), and (3.37):

N ] _ApH 6V
AR Y _—_—-—277L—m"‘ (3.39)

it ,
The shear force achng upon the suriace of the plate is obtained from Equation (3.31).

The following relation results:

H H
FZ=B-L~1<x=—,)—>=Ap'B~—??‘ (3.40)

i=L/5,= (3.38)

Again, the validity of Equation (3.40) is independent of the material law.

Case B: Pseudoplastic Flow following the Power Law.

From 'the definition of the power law (Equation (2.5)), the expression for the shear
stress is as follows:

3 el I (3.41)

Combining the above with Equation (3.31), we obtain:

P\ du, w o Ap

After rearranging the above, we obtain for the shear rate

£
P du, Ap \"
TE T <—£—<> . ,” (3.43)
After int;gration and solving for the boundary condition v, =0 at x=H /2 we obtain
the velocity distribution:
m+1
<_f_:{_> . .(m+l
Ap\™ A\ 2 ’
v (x)= — —_——————
2 (X) ¢<L> T . (3.44)
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il

Fig. 3.3 Velocity profiles
for different flow

I

Analogous to Equations (3.35) and (3.39), we obtain:

Ap> m H m+t
Uy max =V, (x=0)= m(j_‘l <fp) ("2‘> (3.45)

o ¢ AP m H m+1
=2\ T 2 ’ (346)

The ratio of the mean and maximum velocities is obtained by dividing Equation (3.46)
by Equation (3.45):
b _ m-+ 1' (3.47)
U, max M2
This ratio for the Newtonian behavior (m = 1) is also 2/3 as found previously.
With increasing m, that is, with increasing pseudoplasticity, the velocity profile
becomes increasingly block-like (the maximum velocity decreases and the velocity

ratio approaches 1 (Fig. 3.3). ;
The flow rate again is obtained by the integration of the Equation (3.44) over the

entire cross-section:

6 [bp\" B-H"™
- T ) g =B HE 3.48
v m+2\ L FmF] B-H:D, ( )
The mean residence time is obtained from Equation (3.46):
z m+2 (2L\"F
b= ") 3.49
L/Uz (,Z5Ap'” ( H ) ( )

The shear force acting upon the surface of the plates is independent of the flow
behavior as per Equation (3.40).

Again, with m=1 and = E we obtain equations valid for Newtonian flow.

3.3 Flow through an Annular Gap

Considering the flow through an annular gap, we can apply the same assumptions
and conditions as we did for the flow through a pipe (Section 3.1). The momentum
balance (Equation (3.1)) here too leads to Equation (3.6) [1]:
Ap C
V= 2P S 3.6
=5ty (36)
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To solve 'this, the assumption has to be made that the shear stress v becomes zero
at t}}e point r=2r (see Fig. 3.4), where the maximum velocity v, .. occurs. R is the
outside radius of the annular gap.

A . .
Thus C, =—3§()~R)2. / is still unknown at this point. From the above, we obtain:

ApR " 7
-2 [z-0 4]

For a Newtonian flow the shear rate will be calculated as follows:

) dvo,  ApR[r » R
and after integration
ApRz ry2 3, LT
) = Z) =22 -
n =% [(R) 22 ¢ ) +c2] . (3.52)

The two unknowns 1 and C, can be determined using the following boundary
conditions:

1. For r=kR, v, =0

2. Forr=R,v,=0

k is the ratio of the inside radius to the outside radius, thus

k= % (3.52.1)
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substituting this into Equation (3.52), we determine:

22 = l—f’
Cy=—1 (3.52.2)
Finally we obtain for the velocity distribution
R*Ap ry? 1= k2 r
(= I LA T Sk | (_> 3.53
w0=3r [1 (R) N <1> "\R (:33)
In{ —
K
When r= AR, we obtain the expression for (v,)qax’
U, max AL position r=AR:
R*Ap e 147 ,
Uz max = g T {1— o 1 ' 039
2In p 21n I
We get the mean velocity 7, by integration of Equation (3.53):
RiAp[1—k 1K
e e . 3.55
= 8l (l—k2 1 1 ) (3.33)
"k

Multiplication of the expression for the mean velocity by the area of the annular cross
section produces the volumetric flow rate, V:

. s 4 1—k527 1
7 R — k)5, = [(1 —k = (———)—] 2. Ap. (3.56)
8L lnl 1
. ~ k —
K

The mean residence time is inversely proportional to the mean velocity:

gqLl [1—k'  1—k2\7
PR Ll el . (3.57)
RIAp\ 1—k* | i
n-
k
The expression for the shear forces F, acting upon the wall

follows:

=i

s of the flow channel is as

F, o1 = Tr=r “2RRL —t|,—pp - 2nkRL

=rRY(1 —k*)Ap (3.582)
2 Sl 58b
F, inner = Tymir - 2MkRL = AprkR*| k— — {3.58b)
2k 1n (—)
k
{ - /,2
F, guer =tl,_p2nRL = AprR? (1 . ) (3.58¢)

1
ZIHE
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3.4 Summary of Simple Equations for Dies

Analysis of the equations for volumetric flow rate, V, derived in Sections 3.1 through
3.3, shows that they can be written in the following general form:

For Newtonian fluids:

. K l
V=—Ap=——Ap.
v P= Wy p (3.59)
Here K is the so-called die conductance or alternately, its reciprocal, W, the so-called
die resistance. Both quantities are functions of the die geometry.

- pseudoplastic fluids:
Applying the Ostwald-deWaele power law (Equation (2.5)) the flow rate can be written

in the following general form: o T e -

V — K/¢Apl7. — G"’([)Ap"" (360)

where K' is the die conductance applicable to the power law; G, appearing in the
alternative and less frequently used form of this equation is referred to as the die
constant. Both X’ and G are functions of the die geometry and the flow exponent .

The Equations (3.59) and (3.60) can be regarded as fundamental, simple relationships
describing the fow through a die. The values of coefficients, K and K' for dies of
simple geometry (basic geometry), such as circular, annular, rectangular, as well as
irregular and tapered channels (Fig. 3.5) are shown in Table 3.1 (see also e.g. [4; 5,
9-19]). Again, it has to be made clear that these relations are based on the following

simplifications:

Circle: e — e
J S
——t—
Pressure drop 4p
I
Circutar slit: i
{annulus) P
L

Pressure drap 4Ap ,

Slit: .
v x
{rectangular slit) e =27 Hp ——]—
—r —

Pressure drop 4p

. Circumference
General cross = :‘@_
section: ! - ;* Z Area
%‘\Q’.
Conical bore: U v
—_—— Z
— ‘ Fig. 3.5 Geometric definition
e ! of the basic shape

Pressure drop 4p elements
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. Isothermal flow (that mean that all particles of the melt stream have the same

temperature; the wall of the die has the same temperature as the melt, le. there
is no heat flow between the melt and the die wall. This condition can usually be
assumed to exist approximately in the steady-state extrusion process).

. Steady-Stare Flow, ie. no change in flow profile with time (valid for the steady state

extrusion process).

. Laminar Flow for Reynolds numbers Re=2-r-u,p/y smaller than 2100 (applies

practically always to polymeric melts).

. Incompressible Fluid (constant density) (may be applied approximately to polymeric

melts, see Section 2.2.1)

. Disregarding the Inlet and Outlet Effects (This is applicable as a rule, since the

following equation [20] gives the inlet length L, for Newtonian fluid for building
up a parabolic velocity profile (so-called hydrodynamic inlet distance)

L,=0035-D"Re

In [21] this inlet distance for polymeric melis is shown to be generally shorter than
R. This can also be proven by somewhat more involved numerical flow simulations
(e-g [22]).

Viscoelastic liquids require an additional rheological inlet distance in which the
material remembers all previous deformations. This inlet distance is for polymeric
melts longer than the hydrodynamic one [23]. Its length depends on the rheological
behavior of the melt and cannot be explicitly accessible by simple means.

. No-slip boundary condition: (This condition is mostly applicable to polymer melts.

Exceptions possibly are polyethylene at higher shear rates [e.g. 24, 23], several rigid
PVC formulations and as a rule rubber compounds [26]; in those cases there will
be a finite slip velocity at the die walls (sse Section 3.5).

Table 3.2 Shear stress v

Shear stress at the wall 1w

62 3 Fundamental Equations for Simple Flows
Table 3.1 Die conductances K, K’
NS T
Geometry Newtonian (t=17"7) Pseudo plastic (r "= 7 '7’)
. 4 an-{-} ™
Circle ,_ RT K = (—)
(Pipe) K= W/R>1) K=amm\L
_ZR+H 3 o TRa+ R) (Ra— R (L) "
K=—pr - 2 + 2) L
(H/R>0,1) B rDHMF? (}_)m
- 2m+!(m+2) L
(With inlet correction)
nRH>
= H/R«0,1
K="5— (H/R<0)
Circular slit | (Considered as slit)
{(Annular slit) D}
k3
= H/R«0,1
K=—57 (H/ )
(Considered as slit)
KR4 4
= (1 —k
[
{1 — k%2 ( ,_ﬁ)
B.H3 . B,Hr11+2 (l>ln /
= B>H ‘ K= Simrp \L !/
Reci- (B/H >20) ,I
E |
sl?lgm” Introduction of a cor-  { //{
rection factor fp for
B/H <20 [111] {see Fig. 3.6)
m
Ry
(2 (o)
bied ro - T o
Cone = -ﬁ . —-——;0——? am (,n+3) ro %
(Conical l— (—-> m- L 1— (—-)
bore) Ry Ry
'r'"+3
B-H?
a) K= —o—"f
Irregular IZ.L P
cross fp see Fig. 3.6
section 43 , 9. gm+2
(general) K= T+ L UmH

(Approximation formula!)

(Approximation formula!)

Geometry Shear stress
Y
Circle =orr
(Pipe) _ _ApR e (r)
W= 2L =Tw R
0= s
A 25
W= EgH T=Tyw (?{E)
Circular slit A
{(Annular slit) T=§_A_E (L)_ 1 -k (E)
2 L R 2inl/k \ r
Jo = .&.
Ra
Ap
Rectangular = =
shit Ap 2x
T=ZH T=Tyw (ﬁ)
General _Apd
WL
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The relationships for shear stress, shear rates, [4, 10, 27, 28], velocities [1, 4, 29-31]
and pressure losses [32] are given in Tables 3.2 through 3.5 for the same assumptions
and simplifications as long as they are meaningful.

Correction factors f,, (Fig. 3.6) [7, 8] as applicable to the flow of Newtonian materials
through a rectangular and other selected cross-sections are introduced in Table 3.1
These factors take into consideration also the larger ratio between the surface area of
the flow channels in contact with the molten polymer and their cross-sectional areas
(see also [17, 18]).

If a flow channel of an extrusion die consists of a series of successively arranged basic
geometries, as is usually the case, then the respective pressure losses, for example can
be calculated and then simply added up to the total pressure loss for the entire die.
This method lends itself also to the computations involving conical and divergent flow
channels. The channel has to be subdivided into sections with a constant geometry (Fig.
3.7). Subsequently the respective pressure losses are calculated separately and then
the total pressure loss is determined by a simple addition of the single contributions.
An estimate of a pressure loss with errors between 10 to 30% can be calculated from
simple equations and tables published in [19].

Table 3.3 Shear rates
Shear rates at the wall yw
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Table 3.4 Velocities vy
Average velocities T,
Maximum velocity v,
X

Geometry Newtonian (t=75"7) Pseudo plastic (r’” =1 )
¢’
2 -\ 2
UZ=§—-AL—‘D [I~ (_) } =0 <ﬁ)m RmEL gkl
7 R “\2L m1
ry2 -\ ml
vy, =10, 1—f — - = ! N
) 27 s ( (\ ) Lz =0z <1—*(E) >
Circle ApR2
(Pipe) by = no =b (.A_P) "R
’A R47:7L mak 2L 1
by = p = ¢ ﬂ " gl
8nL m+3 \ 2L
(Uzmux = ZZ)
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. 1
Geometry Newtonian (t=n"7) Pseudo plastic (r"’ = Ey>
C 4fpr 4 Vor ) Tz r)’"
G e = y=(m+3={ =
Circle "TTRT T TRin p=mtIg R
(Pipe) . _4~V B _(771+3)‘V
YW= _nR3 ) YW —-————‘nR]
. 6V . 2Am+2V
= = e
Circular slit WZLpH? WEToHT
(Annular slit) . 6V o 2m+2)V
Jw = W= 5y
n(Ra + Rj) (Ra — Ri)* TRy + Ry) (Ra — Ri}*
, 287 (2x\"™
6T j=(m+ ) =E (-—)
Rectangular W= W H ) H
slit = A 2m+2)V
=g
@)
Conc A Ry
., Y=
(Conical bore) wd | (Eq _ )
ro
2-V-U
a) 7= yp
2
Irregular cross b) Reg=1/ —
section (general) T
. 4-V
YW
TR
(Approximation formulal)

1—k? r R
+<[nl/k>ln(~ﬂj)] k=E
Circular slit > 5
(Annular stit) v, = R4 1— L~k
max  dp L 2inl/k
=&
: —In
2Inl/k
o Ry (1K 1=k
LT9L \1—-k2 Tnl/k
H m+1
H?Ap{l (2.\‘)‘ Apy\ " (7) -
z = bl S = — =
8L H 2 ( L > ey
2x m+1
tp =g [— (—)
Rectangular H
slit HZ ﬁ m-1
. AP ) _ Ap m )
mix Syl ipan = 4 _L_> m+41
_ HZAp - & Ap\"™ [ H m+1
7z = - _- il
2L "z m+2<L> (z)

Pressu;e losses for the flow of Newtonian materials through eccentric annular channels
and diamond shaped channels can be calculated by using methods outlined in [5].
The ﬁow of Newtonian materials through elliptic and elliptically convergent channels
18 de.scnbe.d in [5, 28] and [28], respectively. Die resistances for conical channels are
‘ pubhshed in (5, 27, 23, 32-35]; these are only valid for Newtonian materials, however.
Triangular cross-sections are treated in [18, 36]. ,
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Table 3.5 Pressure drop Ap/L
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Often it is possible to compute the pressure loss in complicated channel cross-sections
by subdividing the channel cross-section into individual subsystems which can be easily
Ci{lCl}lated or by replacing it by a substitute pipe with a radius with an equivalent
fﬂCt}on, R,q (an analog to hydraulic diameter). Values of this radius for irregular cross-
Sections are given in Table 3.3 [10]. The so obtained are only an approximation.

\_—_——_’_’_.//ﬁ
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Table 3.6 Representative shear rate 3

Geometry Pseudo plastic: Representative quantities
Circle L AV
(Pipe) 7= ;E:T eg €y ~=0.815
- 14 ol
= =
. . Ry — R
Circular slit (Ra — &R !
(Annular sit) -2 R
R=Ry [1+K+ =+
Ink a
8V 0.772
= € ery = £
Rectangular YR
slit The 2, o values are valid for flow exponent
2<m<4 as average (compare Fig. 2.16)

Calculations Using the Concept of the Representative Viscosity

The relationships for pseudoplastic materials shown in Tables 3.1 to 3.5 are
mathematically unwieldy when using the power law. When using the Prandt!-Eyring or
Carreau constitutive laws they become ever 1ore so. The relationships for Newtonian

materials are much simpler, however. Therefore it is advantageous (o apply the
ity described in Section 2.1.2. This method allows the

Method of Representative Viscost
application of relationships developed for Newtonian materials to the pseudoplastic

materials by introducing representative quantities.

If a representative point in the flow chainel is known (Fig. 2.15), by the application
of this method, the representative shear rate 7 (Table 3.6) at that location can be
calculated from the flow rate 7 and the representative viscosity i from the known
viscosity curve. The obtained value is then introduced into the equations derived for
Newromamrmraterials for the determination of the pressure loss (Table 3.5).

Thus an equation analogous to Equations (3.59) and (3.60) is obtained which is a
simple die equation employing the representative parameters:

o= %Ap. (3.61)

The die conductivities K can be found in Table 3.1.
This procedure should be used as often as possible because of its simplicity.

3.5 Phenomenon of Wall Slip

equations to this point the assumption was made
that the melt flowing through the die acheres to its surface and hence has a velocity
v, =0at that point (Fig. 3.3, Case a [37)). This assumption is not correct for some rigid
BVC formulations, high molecular weight polyethylene and for rubber compounds,
after a critical shear stress is reached [e.g. 25, 26, 38]. Beyond that point the melt can
slip along the wall (sometimes with friction) and have a finite velocity v, (Fig. 3.8,

In the derivation of the applicable
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3.5.1 Model Considering the Walil Slip

An analytical mathematical formulati ideri
¢ : al fo ation considering the wall slip i

t[iz]’ff'clt:"rmf ofutlme 9f which is presented here. It starts out frorlrf) (ljsogllgrtng’ys [Iillﬂﬂﬂ(}
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viscosity and frictional forces for a flow through 2 tube on an element of volume (Fig.
3.9):

Rd Fr
Tval = 5 7, =—piig =" (3.62)
(with ug = coefficient of sliding friction and
p = pressure existing in the element under consideration)

Integration leads to the variation of pressure along the tube with p=p for z =L (p.:
pressure at the end of the die):

p=py - exp {%(L—z)} . (3.63)
It follows from Equation (3.62), that:
2g (3.64)

Tyall = —PHG EXP [—R_— (L— 2)} :

This equation states, that, in contrast to the case of wall adhesion, the wall shear stress
is not constant along the flow channel in the case of wall slippage (see Table 3.2 and
Fig. 3.10).

It can be seen from Equations (3.62) and (3.64) that the frictional force Fy increases
with the distance from the end of the die. It is conceivable that the frictional force
F becomes so large that there no longer can be any slip (z <z,). In this case, the
wall shear stress t,,;, which brings about shear flow, is less than the shear stress
required for overcoming frictional forces. Initially, the fluid adheres in a flow channel

X P

§oTTTTN

~g P \

Shea-

Only adhesion
to the wall

Pressure p —=—

N
= . = . Fig. 3.10 Variation in pressure and the
shear stress at the wall in the

S NERRRRTHRRREERANANSS, case of slippage along the
I Adhesion Stippaga —= wall

Ref
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(0 <z <z). Subsequently (for z;, <z < L), there i i i
: i 7 , there is wall slippage accom d b
;};(e)z;rrl f;zow c;f the gLéx;d; (Fig. 3.10). This is made clear in the following equpaatrilclﬁlS' e
ua i (
F fonoqu; ions (3.62), (3.64) and from Table 3.5 using the power law (Equation (2.5))
I

- R 1 (m+3)¥rm
Zy=L~—In|——ro0 A 5
: g | pLitg { PR3 } ' (3.63)

The effect of the g i is di

doi parameters V, m and R on the slip range (L —z,) is discussed in
A compl;te wall slip in a flow channel always occurs when z; = 0. The necessary
volumetric flow rate ¥ for this case can be then obtained from the following

equation:
. ¢7T.'R2 9 L m :
Vs ZHg
S PLHGEXP < R >] . (3.66)

The press i ion - i
(3’63)13: ure at the point of separation z; is calculated from Equations (3.65) and

1 [(171-1—3)17} %

p =
\ o | R (3.67)
The pressure at the capillary die inlet p, follows from:
Po=py__dp
: s (3.68)

.,odp A
With £ 4 i
ith I from Table 3.5 (—+ _L.) and Equations (3.65) and (3.66) it follows that:

. !«m:m"u" (u.l ! | l[ J {fmrm"\”" j

. P e oo M e st o weaple e wall adiios . S i HYY
compare Table 35 \ vl adbicston along e caplary pgy s

2L [(m+3)v/}%

Poy = — |
TR | gnR (3.70)
This value is. greater than that for the case of a partial wall slip (see Fig. 3.10)
From Equation (3.64), the material function (Equation (2.5)) and t=1 ‘AL (
Table 3.2), it follows, that: ’ fwall * 1598
N dl)z ram 2
= e — .us:‘,
T =t [PL”GR] exp [;—(L-;)J _ (3.71)

After integration and the b iti
. O = .
e b undary condition v, =0, for r =R the velocity profile is

_ PLUGT™ Rm-H — pmtl 9
v, =u,+¢ [,___] 2piem
Ca R mil P | TR L=2), (3.72)

in whj i i
ich v, as well as the velocity portion of the viscous flow are functions of z
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After further integration we obtain the expression for v,

4 R pugm
v =——i—<b{pulg]'"m+3ex {T(L -)}.

¢ nR
i ion, it is evi -, has i i value at the die end and it
m this equation, it is evident that r, has its maximum e é
E.lr:ns out th?lt v, =0 for the point of flow separation z, (transition from adhesion to
slip) (Equation {3.65)).
Fig. 3.11 shows the development of a veloc
For (L —Z)>2.36 cm in the example cons@ered here, ther he
. =p. =0 at the die wall, while plug flow sets In at the'die exit (where v, = U,). :
ozf the rearrangement of the velocity profiles, there is also a velogty pé)mgciilextlttﬁn
the r direction. This component is disregarded (v, < v,) L37]). It is eviden 1a_t te
wall slip is most pronounced at the die exit and decreases in the d1rect10n.oppgs1—§h'o
the direction of flow. This means that wall sliP also_cor_nmences at the dllfa eéui. his
phenomenon was also observed in rheological investigations of the wall slip behavior
of polymeric melts. . .
Altiozgh the method presented here correctly descnbes;he uf/‘altl1 slip tfr:gn.d otfé)?gircnggi
i ication is the unavailability of the coemncien
the greatest obstacle to its application is : he ¢ 1 o
i f the correct slip velocity v, on the
for polymers in the molten state or the choice o .
gicé walf Tt}zlchnical difficulties with the measurements prevent access to these data [39],

which depend both on the polymeric melt and the material from which the wall is

made [25]. Therefore, the expressions derived in this section unfortunately have more

i ical i e at this point.
of theoretical than practical importance a o ‘
Therefore, when designing extrusion dies for melts that ex_h1'b1t wall slip, th(leosc;n%i/l
alternatives remaining are either an empirical way of determining the pressure

(3.73)

locity profile in the die for z; £z <L [37].
e, there is pure shear flow with
(Because

i
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B
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/
/.
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vV =90cm¥s m=25
e e Fig. 3.11 Change in the velocity profile
Fo =02 in the slip region
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a similar prototype die or the use of mathematical formulations, which are selected
in a non-specific manner and which start out from total wall adhesion and therefore
lead to calculated pressure losses in the die being too high.

3.5.2

During rheological experiments to determine flow behavior, especially of PE-HD
melts, it was frequently found, that when the volumetric flow rate ¥ exceeded a
critical value, there was a discontinuous change in the shear stress or, when the shear
stress (at constant pressure in the experiment) exceeded a critical value, there was a
discontinuous change in the volume throughput [e.g. 40]. Both cases necessarily lead
to an instability in the flow function (Fig. 3.12).

This instability is interpreted using the approach of Uhland [37], described in Section
3.5.1, the wall adhesion of the melt can be described by means of a coefficient of
friction, namely by introducing the coefficient of static friction iy and since wall slip,
as shown, starts at the die end, a critical wall shear stress T can be defined, below
which there can be no wall slip:

Instability in the Flow Function — Melt Fracture

Terit = Hu P (3.74)
If the wall shear stress is larger than 7, an unstable region arises in the vicinity
of the die orifice, in which the flowing melt changes from adhering to slipping with
the coefficient of friction changing discontinuously (uy ~ ptig). The shear stress also
changes discontinuously here (see Fig. 3.10) and therefore also the pressure. An
unstable region is formed, in which adhesion as well as slipping are possible. This
results in the so-called stick-slip effect, which leads to periodically rough surfaces on
the extrudate.

The so-called melt fracture, which manifests itself by a rough and periodically deformed
surface, is also partly interpreted by the effect described above [40]. However, opinions
differ considerably on this point. Melt fracture is frequently also ascribed to the elastic
properties of the melt [40 to 43]. According to this theory, the molecules are no longer
able to align themselves during the flow process, when the shear rate or shear stress
exceed the critical value, which depends on the geometry (inlet geometry) and on the
molecular parameters of the polymer. This phenomenon leads to disturbances in the
stream lines. As a result, there are different retardation behaviors of the melt at the

.| Unstable
Unsfable region K region

' : :

HohL Hufy T H5P,, Hypy T
{Terat!
Pressure = (onstant

Volumefric throughput = Consfant

Fig. 3.12  Variation of the flow curve with an unstable region as a function of the method of
operating the capillary rheometer
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die orifice which, in turn, manifest themselves in the extrudate deformation described

above.

It should be stated, however, t i
of those dies must not lie in the describe
Accordingly, critical shear rates and shear stresses, w
flow function (instability or melt fracture) have to be ta

this design work.

igni i i ting points
hat, for designing extrusion chfas, the opera i
d regions of instability of the ﬂgw function.
hich are made evident by the
ken into consideration during

Symbols and Abbreviations

I momentum flux

F force

i mean velocity

Umax maximum velocity )
1 mean (average) residence time

R radius :

v velocity s
A area of a pipe cross section (4=m"R*)
r radius (continuous variable)

K die conductance

C a constant of integratign

F; shear force {in z-direction) }

K’ die conductance for fiuids described by the Power Law
B width

H height

X, ¥, 2 coordinates )

Cy a constant of integration

R; inside radius . )

k ratio of inside radius to outside radius
K, K' die conductance :

w die resistance

G die constant

Re Reynolds number

Lg entry length

D diameter

fp correktion fac{or o o

Req equivalent radius (considering friction)
] viscosity

vy slip velocity o

g friction coefficient in slipping

Fr friction force ' )

7 Z-coordinate from which no slip occurs
Po pressure in wall slip )

POH pressure at a compl-ete Wall adhesion

vz flow velocity in z dl[‘ﬁCthl’l‘ ) o
HH friction coefficient in adhesion (coefficient of static friction)
Terit critical wall shear stress
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4 Computation of Velocity and Temperature
Distributions in Extrusion Dies

4.1  Conservation Equations

The basis of the general mathematical treatment of fow processes are the balance

equations for mass, momentum and energy. The Alow can be fully described only when

the velocity vector and the thermodynamic data as pressure, density and temperature

are known at any time and at any point of the area of the Aow.

To determine these quantities the conservation equations are combined with the

constitutive (material) equations which describe the correlations between parameters

relating to motion and kinetics on the one hand and between the individual

thermodynamic parameters on the other [e.g. 1-5].

To describe the isothermal flow fully, the following is required:

- the law of conservation of mass (continuity equation)

- the law of conservation of momentum (equation of motion)

- a rheological material law

If there are events involving heat transfer during the flow, it is no longer an isothermal

process and it requires a full description of the following relations in addition to the

above:

— the law of conservation of energy (energy equation)

— thermodynamic state and material equations [5] (e.g. Fourier law of heat
conductivity)

In the following section the so-called conservation equations will be briefly explained.

For detailed derivation and representation in.different coordinate systems see pertinent

literature [e.g. 1-5]. The equations treated below are interpreted strictly in Cartesian

coordinates.

4.1.1  Continuity Equation

Considering a mass balance on a small control volume Ax - Ay - Az in a space, we
obtain [1]:

{ Stored mass } _ [Entering mass}_ Leaving mass} (4.1)
per unit time / — | per unit time per unit time J - ’
For Cartesian coordinates, it follows:
oo 0 o u, -+ 0 o v, + 0 2 4.2
=== —¢ 0 U, +—0 'y . 2
ar BT E et (#2)

This relationship describes the change in density with time at a fixed reference point
as a function of the mass flow vector g (vx,vy,uZ are the components of the velocity
vector 7). Written in vector symbolism, Equation (4.2) becomes:

6l
= =—(Va). (.3)
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By using the multiplication rule of the differential calculus the Equation (4.2) can be
reformulated as follows:

20,020,020, % (a”‘+@l+@—‘>. (@)

3 e The, ey T Ty T e

or in vector symbolism:

Do
Dt

=—g(V0). (4.5)

The expression De is called the substantial derivative of the density. This means that

the time dependent change in density is described by Equations (4.4) and (4.5) as it is
seen by an observer who follows the motion of the flow (i.e. the substance). Equp.txons
(4.3) and (4.5) contain the same physical statements, however. The assumption of
incompressibility of polymeric melts (i.e. of constant density) is permissible in most
cases. In this case the left side of the Equation (4.4) becomes zero and the continuity

equation is simplified thus:

S LT @6)

VU—'a? -

oy Fra

4.1.2 Momentum Equations

If a2 momentum flux balance is made on a space-fixed Cartesian volume element
Ax-Ay-Az then: N

Entering .
momentum per unit time =< momentum per unit time

Change in the
(Momentum Flux)

(Momentum Flux)

Leaving Forces
— < momentum per unit time >+ < acting on the ;. (47
(Momentum Flux) system

The surface forces, as well as the momentum, transported with the flow in the balance
space, and the pressure and gravitational forces must be taken into con51de'rat10n.
The flow component in the x-direction, for example, can thus be represented with the

following equation {1]:

0 0 5} ]
agvx == agvxvx + agvyvx -+ -a—zgvzux

0 0 5 op @.8)
- <arxx+a—y_ryx+$fzx) 6x+9gx'

For definition of the components of the always symmetric, so-called extra stress tensor
see Fig. 4.1. The first index specifies the axis of the coordinate system, \Vthh cuts
through the plane in which the stress is acting. The second index indicates the direction

of the stress.
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x = Direction of flow

Fig. 4.1 Definition of the stress components acting on a fuid particle in a rectangular channel

In a generally valid vector and tensor symbolism (i.c. independent of the coordinate
system) the momentum equation becomes:

a e -
39 =—(Vg-0-D) —Vp
Momentum change
per unit time and
unit of volume

Change in the motion Pressure forces
(momentum flux) acting on the element
per umit time and under consideration

unit volume per unit volume

—Vz + 08

Change in surface Gravitational force

forces per unit time and  on the element under (4.9)

volume unit consideration per o
unit volume

where § is the vector of acceleration due to gravity.
Equation (4.8) can be rearranged so that it appears in a substantial notation, thus:

o,
+~af) +08,. (4.10)

Do, 0p Ot | 0Ty
Ox oy

The expressions for the y and z directions can be derived in the same fashion. The
general formulation of the equation is

Db .
0p; = VP~ Vrtek. (@.11)

This equation states that an element of mass, moving with the flow, is accelerated
because of the forces acting on it. This means that it complies with the well known
NEWtqn’s Second Law: mass times acceleration=sum of the forces acting.

Equations (4.3) and (4.5) are equivalent just as Equations (4.9) and (4.11); however
- the placement of the observer is different in each case. , '
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4.1.3 Energy Equation
The law of conservation of energy for a volume element through which there is flow
can be formulated in a similar fashion as the momentum equation [i]:
Change in internal Increase in intenval
and kinetic energy » =< and kinetic energy

Decrease in intenval
and kinetic energy

et e T through convection
per umnit time per unit time e
per unit time
Change in internal Work which the
" energy through __J system car'ries out
conduction per on the environment
unit time per unit time
Change in internal
+ < energy due 10 . (4.12)
heat sources per unit time

Kinetic energy is understood to be the energy that is coupled directly to the motion
of the fluid. Internal energy is understood (o be the energy that is coupled directly to
molecular motion and interactions; it depends on the local temperature and on the

density of the flowing medium.
The energy equation for Cartesian coordinates is derived e.g. in {1]:

8 1.2 0 {2, 0 N L2
E(QU+ 300" =— (——_ux(gU+§gv ')+iﬂvy(QU+ 700 )+$uz(gU+ 30U7)

e

a 8q, B

2 a0 d
_ <-a—xpux + é;pvy +- gz-puz> — (a(rxxvx + Ty Uy + Ty, 0,)

3 0
+a—y(fy.x"x Ty 0y Typ0) $(13vx Tyt TzzL'z)> +¢. (@413

Or in general vector symbolism:

§ -

aQ(U+§ul) = —[Vob(U + $07)]
Change in energy
per unit time and

Change in energy per unit
time and volume through

volume convection

—Vq +o(0-g) —Vpb — Vit 5] +¢

Change in energy Work per unit ~ Work per unit Work per unit Change in

per unit time and  time and time and time and internal

volume volume due volume due volume due energy (@.14)
due to heat to gravitational to pressure to viscous due to heat
conduction forces forces forces sources

g is the heat flux vector (components q,4y,9,) and 02=v$+u$+vzz
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After casting substantial form, Equation (4.14) becomes [1] :

D
- L2y = g4 o(Do b 5
QDC(U-f—zv)——Vq—rg(ug)—Vpu——V(z-u)—i-(f)‘ (4.15)
As also shown in [1], the following i i
, wing is obtaine ing : i
o d by subtracting an expression for
D2
Du va
90— =— - D D
o5 g p(VD) —(x:VD) +¢.
_Changei in Change in Recoverable portien  Nonrecoverable Change in
interna energy per  of the work per portion of the enern\:'
energy per unit time unit time and work per unit per E;ﬂ'l time
unit nrlne and volume volume because of  time and volume  and volume
and volume due to heat compression because of viscous due to (4.16)

conducti issipati
fon dissipation (work  heat sources
of friction in the

The dissipation term is: flowing medium)

v 9% av, dv v dv
R R N R

v dv. 3
[ 2 L)
Tyz <52 + ay) + T, <g€‘+a—;‘> (4.16.1)

For many applications, it is more meaningful to formulate the energy equation (4.16)

in terms of temperature T and the speci i i i
intemnal oncten pecific heat capacity ¢y, Instead of in terms of the

At constant pressure p [1]:
ciU=cp dT —p dv, (4.16.2)
vp  specific volume.

It follows, that:

DU DT Dy,

QT)T:QCPB_[._QP—BI_, (4.16.3)
with
DT _oT .
Br _E+(u-V)T (4.16.4)
from the definition of a substantial derivative and
) Dup avp
0—="=¢ +o(B-V)y :
O a0 o 4.16.5
() ( :
and =
o 1
= (4.16.6)
It follows from Equation (4.16):
oc _G_I v-v)T q D
o, 6[+(U VT | =—V§—1:Vi+¢. (4.17)
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According to Fourier law of heat conduction:

§=—AVT (4.18)
where 7 is the thermal conductivity.
It therefore follows:

ec, {%——%(DV)T} = AVET =T :Vi+¢.- : (4.19)

This equation, suitable for calculating temperature profiles in extrumhc?n dies, constiugs
~ apart from the dissipative term — an additional heat source ¢. This term mu Th‘e
taken into consideration, for example, if thelje are h;ats of chemical rg&ctlgn.t k}s
term is dropped when processing thermoplastic materials, but must possibly e taken

into consideration for crosslinkable compounds.

4.2 Restrictive Assumptions and Boundary Conditions

quations cannot be solved in its general form,

therefore, for the computation of velocity and temperature fields appropriate

assumptions for its simplification must be made. Which simplifications must be made

depends on the choice of computational method. The accuracy of the results from

a computation depends strongly on how close the restrictive. a;sumptions are to‘the
reality. Therefore, in each case a critical evaluation of the validity of the assumptions

is necessary.
The most important assumptions made

below:

The system of the conservation e

for the design of extrusion dies are summarized

i Steady state laminar flow (—g(...) —0 . For continuous extrusion processes the
' t

assumption of a steady state flow is permi‘ssible.; this is not valid for start—ugs or
discontinuous processes such as blow molding with so-called accumulator hf:a. s. 1
2. Inertial and gravitational forces can be neglected when Cqmp:.ilred to fnlcnong
forces and pressure. This assumption is always a good approximation for polymeric

melts.
3. Wall adhesion: this condition is under certain ¢ ; cal
Chapter 3.5). Since the generally valid models and material data describing the

wall slip are not available, wall adhesion is almost always assumed. o c
4. Reduction of the variable direction of coordinates (fixation of neutral direction 0

coordinates): For example, for circular channels

—G—(...)=O, that means concentric distribution of the variables of

ircumstances not met locally (see

state

(rotational symmetry).
For the flow through a slit, the effect of the con
when B/H is greater than 10, that means, that t

of width (plane flow). )

5. The velocity gradient in the direction of flow 1s rr_luch sm'aller_ than in the transve}'rslz
direction. If the cross section of the flow channel in the direction othe flow remal .
constant, the borderline case of the plane viscometric flow [3, 4] is obtained as

occurs for example in the land region of dies for profile extrusion.

fining channel wall can be nqglec.ted
here is no change in the direction
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6. Constant pressure gradient in the channel cross-section, meaning no consideration
of the effects of normal stress is necessary.

7. Hydrodynamically fully developed flow in every cross-section of the channel with
one direction of shear perpendicular to the axis of the channel. (The gradients of
temperature and shear rate in the direction of flow are so small that the shear
stress can be expressed in terms of the viscosity corresponding to the local shear
rate and temperature (compare to Assumption 5).

8. The convective heat transfer in the direction of the flow is greater than the
conductive heat transfer.

9. The heat transfer perpendicular to the flow direction occurs strictly due to heat
conduction.

10. Constant density (incompressibility), constant heat transfer and constant thermal

diffusivity of the melts.
The constancy of these material parameters can be applied only then, when the
thermodynamic state in the given process zone changes only very little, when no
points of transition and the material parameters can be taken as average values
within this zone with a good approximation (compare to Chapter 2).

The following thermal boundary conditions are often set:

11. The heat flux in the melt layer at the wall of a die for a melt adhering to the wall
is considered by the following:

oT
Yyall = —l—a—— =—k-(Tg — Ty) (4.20)
¥y
where
i heat conductivity
Tw temperature of the melt at the wall
TR known, controlled temperature in the body of the die
k coefficient of heat transmission for the wall between the contact

layer of melt/die and the point of the temperature Ty at distance s
from the wall).

It follows from Equation (4.20):

oT T —Ty ks
a_)/ - s 4 Bi= H .

(@.21)

wail

The dimensionless Biot Number Bi, which characterizes the heat transfer through
the wall, varies for extrusion dies between 1 and 100 [6, 7]. It pertains only to the
heat flux perpendicular to the contact surface melt/die.

12. The temperature of the melts at the wall is equal to the wall temperature, ie.
Ty = Ty. This is referred to as isothermal wall (Bi - ). However, with Bi= 100,
the wall can be considered isothermal already [8].

13. If (8T /9x),,, equals zero, Bi equals zero, too. Here, then the wall is considered
to be adiabatic, ie. it takes up the temperature of the melt closest to it. (This
assumption is permissible for long spider legs, breaker plates or melt strainers.
This adiabatic assuption is in principle valid on the axis of rotation for axially
symmetric computations of flow and temperature).

For Bi less than one the adiabatic conditons can be assumed with a good
approximation {8].

The following two items are chosen partially as initial conditions:

14, Temperature profiles at the die or calibrator inlet.

15. Velocity profiles at the die inlet.
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43 Analytical Formulas for the Solution
of Conservation Equations

Analytical solutions of the conservation equations which form a linked system of
non-linear partial differential equations exist only for simple special cases; some of
them are demonstrated in Chapter 3.

In the following paragraphs a derivation of an analytical solution for the velocity and
temperature fields will be explained:

Consider a channel of a shape of a slit (Fig. 4.1) with height H and width B. H is
much smaller than B so that the edge efects can be neglected and an assumption of

a uniform flow can be made. )
A pseudoplastic melt flows through that channel <rm 5

= = -9 |, while the flow is
teady state (the entry eflects can be neglected). The melt exhibits wall

laminar, s
adhesion (v, =0 for y =i—,)—) and has only the flow components in the x-direction.

Find the velocity profile v;(y) s+ f (x) as well as the temperature profile T(¥) # f (x)
in the melt (one dimensional solution, since all parameters are only dependent on
the y coordinate). That means that the convective heat fux in the x-direction is
not taken into consideration. (As a rule it is quite high because of the low thermal
diffusivity of the polymeric melts). The temperature of the die wall is equal to Ty ; all
thermodynamic material parameters are constant.
The solution presented in the following sections is characteristic for the description of
flows with constant material parameters and shows the coupling between the velocity
and temperature in the flow channel:
1. Fixing a Coordinate System
Generally, Cartesian and cylindrical coordinates are available for the design of dies
(see Fig. 4.1 for the coordinate system chosen for the example).

Selection of the Conservation Equations and their Simplification

Often not all of the three components of the continuity, motion, and energy
equations are required, but one or two coordinate directions can be considered
indifferent. In the case under consideration there are only velocity components in
the x-direction, whereas gradients of velocity and temperature are only non-zero in
the y-direction. Therefore, all the parts of the conservation equations which contain

and v, as well as derivatives in the x and z direction are omitted.
e simplifications are presented in

!\)

v

Tyhe conservation equations as well as the possibl
detail below:

1. Motion Equation: (see Equation (4.10) and (4.11), [e.g. 1)

dv du av du, ap Bt , OTyx | BTy .
%y | et g, v )T ! )

1 2 3 4 5 6

. Since steady state

: Since vy =0

: Since ;=0

. Normal stresses due to deformation can be disregarded

. Since B> H, the effect of shear stresses at the surfaces laterally
limiting the channel (tz) can be disregarded

. Gravitational forces can generally be disregarded for pol
flows

L S N N
[ A
coocoo

ymer melt

=N
[
=
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After simplification, it follows from Equation (4.22)

dv, op 01,
g(vxa— =—5§— a;‘ (4.23)
2. Continuity Equarion: (see Equations (4.2) and (4.3)), [e.g. 1])
%0 4 2o + (on) + o (ov,) =
ae T Ex (@) T g5 len) + 5oleu) =0 (429
1 2 3

! = 0: Density is constant; therefore no change with time
2 =10: Since vy =0
3 : Since v, =0

It follows from Equation (4.24):

G v, 30
3x (va) =0 = Q—a—;+ Ux‘a-; =) (425)
=(), since p =constunt
av )
It follows th b . o
ows that o5 0 and therefore —a—\" =0 (4.26)

g ( i ) (
Combit Equatloﬂ 4.26 COHUHUI[)’ EQUatloﬂ) with Equatl(m (4_:3) (equatlon

_H.{_jﬂ Bryx
5%~ B (4.27)
3. Energy Equation: (see Equations (4.16) and (4.17), [e.g. 1])
oT oT oT oT
oc, | — - — — | =
‘P<ar " Bx "ya,\fﬂzaz)‘
1 2 3 4
_ [%+%+% (oY (B Oy Oy
dx -8y 0z T/, \ 0x y | 8z
RN S
5 6 7
—_ al)‘ + % 9&.
G Yoy ®dz
7 7 7
’ L ‘v, D 8
D L e Ot , 9% by , o
{w(Gem)ra(Eed)m(Eg)l o
7 7 7 7 7

= (): Since steady-state conditions
2 = (0: Since T(y) as well as vy # f(x)
4

= (: Since vy =0
4 = 0: Since v, =0
5 =0: Since T # f(x) = gqx=0
6 = 0: Temperature gradient in the z direction was assumed to be 0

7 = 0. see above
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After simplifying, it follows from Equation (4.28) that:
_?_ql — a_v_‘ (4.29)
ay Yoy

8T , ‘
with T, =Ty, and g, =—/1_é; to Fourier that:

8 (oT __ o (4.30)
ay\oy,/) o
To solve the problem, the

4. Material Law (see Equation (2.3)):
1 dv, @31)

e
1t follows, that

1
_(1L g o \ ™ (4.32)
RN dy

3. Computation of the velocity profile
Assuﬁﬁng ¢ and m to be approximately independent of temperature, the momentum

equation can be decoupled from the energy equation. In this case onlj{ Equations
(4.26) and (4.23) suffice for the computation of the velocity profile v(y):

From Equation (4.27) it follows:

a .
ryx=_<a—i) y+Cy. (4.32.1)
With 7, =0 for y=0= Cy=0,ie.;
e =02, (4.33)
wToBx

1t follows from Equation (4.32) and with a negative algebraic sign for y, since v,
decreases in the y-direction:
aUx — ap " m (434)
Sems(3)

Integration leads to:

op\" "t (4.34.1)
—4(2) L _+c,
Px ¢<8x> m—|-1+ 2
H
With v, =0 for y=—2—:
H ma-1
op\" <3> 434.2)
C=—¢ (632) m+1

o m<2 _ 435
”x(}’)z—'(ﬁ(é%) T ( )
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The negative algebraic sign illustrates that flow takes place in the negative pressure
gradient, ie. in the direction of lower pressure. Equation (4.35) corresponds to the
. L . 0 A
relationships given in Table 3.4 (vx (y)=v,(y) and ~5£ = _rp)
: X
As in Section 3.1 the maximum flow velocity v,,, the average flow velocity b and
the volumetric flow rate V can be calculated from Equation (4.35).

. Computation of the Temperature Profile

Assuming that ¢,m, and A are independent of the local melt temperature and
pressure (i.e. ¢,m,A= const.) the temperature profile T(y) follows from the Equations
(4.30), (4.32) and (4.34):

3 aT B ¢ ap ml il

@ (*5)‘}‘) ==7 (a:) yo (4.36)
After integration: :

8T ¢ [op mELym2

oy ! <ax) m+2+cl' (4.37)

.. 8T . .
With —— =0 at y =0 (since the temperature profile in the flow channel is

symmetrical), it follows: C; =0

_ d) ap ikl J,m-l—} _
T=-i\&) wroms e (.33

With T=T, for y=H/2
H m+3
(b ap m1 (E'—)
Co=Ty+—| =— e .38.
=~ w A\ Ox (m+2)(m+3) (4.38.1)
The resulting temperature profile T'(y) is:

m+3
fl_ M+l
m+1 5 y

(m+2)(m+3)

(4.39)

T@>=TW+§<§_§>

This solution for the temperature profile is valid under the assumption that the total
energy dissipated in the flow is removed by the heat conduction in the direction
perpendicular to the direction of flow, ie. through the flow channel wall. The heat
development due to dissipation and heat removed by conduction are therefore equal
at any point (see Equation (4.29)).

This does generally not happen in extrusion dies at typical flow rates so the heat
removed by the flow, i.e. the convective energy transport, has to be considered. This

orT . .
means that the term ¢ ¢, - v, - — in Equation (4.28) does not become zero. Hence it

Ox

follows (compare Equation (4.29)):

aT 8q, dw,

i By

%%3x T By (4.40)
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with the Fourier law of heat conduction:

9q oT

huk: QYU Pl

5 5 (4.41)
and

v,
B — 2

Ty ==1{Y) 3y (4.42)

with

)

i
AR
) = (;5) (%) (@.43)

it follows from Equation (4.40):

T 9T du,\”
— = =2 4,
9CpUx Bx ’zayz +n(y) 3y /) (4.44)
— e —
i

s I

~ Lis the convective heat transfer in the x-direction,

- 1l is the conductive heat transfer in the y-direction

_ Il is the heat generation by dissipation due to the velocity gradient in the y-
direction

Equation (4.44) makes clear that during a flow process the temperature field is coupled

with the velocity field. The coupling is illustrated by the viscosity 1, which throughout

the process is the function of temperature T, hydrostatic pressure p and the shear

rate
3, . .
b ()‘: = 6%7‘ (see Chapter 2). The velocity field affects the temperature field, since heat

friction which in turn depends on the velocity

is generated in the melt by internal
describing the convective heat

gradient (y). Moreover, the term in Bquation (4.44)
transfer depends directly on the velocity field.

The coupled system from momentum and energy equations in which the convective
heat transport is considered can not be solved analytically even for the simple flow
discussed here. Numerical approximation methods are used for this purpose. Their
advantage is that they are applicable to other than very simplified geometries and
limited boundary conditions. Moreover, their application today is very simple since

they can be applied in many ways in the form of relatively simple computer programs
suitable for the inexpensive personal computer (e.g. [9-13]).

4.4 Numerical Solution of Conservation Equations

of differential equations the closed form solution, ie. 2
tial equation over the entire domain (e.g ﬂOW
Instead, values of the Function at discrete points
ted section-wise. The finer this division, the

In the numerical solution
function which satisfies the differen
channel), is no longer the objective.

are computed or the function is approxima
more accurate the result.

P .
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Among the computational methods used i i i
. ) in the enginee 1
most important are the Finite Difference Method :(FDI\r/Blgarslille?hce lt:c?d_ay, S
ohod TEEND) e Finite Element
Both these methods will be explai 1 i

thods xplained briefly theoreticall di i
chapters. Detailed introductions into both are given, foryeigmpl)?ee?r?r?laleslg? the nexs

4.4.1 Finite Difference Method (FDM)

, . .
;&)Ihzngi%pl()girlgg 4F£7))M”i“ft1he su‘bJect Lfmder consideration, e.g. the flow channel, is covered
. . 4.2). The points of the grid lie always within th :
its edges [14]. In the simplest ca > ori ot R ates A e ey o
fis edges p se the grid consists of squares and its spacing is
gl%zgel;/li the dli?erengal equations describing a given problem, they are converted into

e equations by replacing the differential quoti b ’ i i
For example, for the derivative of functi e oo o hoonee quotients
s obta’in; f function u in the x-coordinate at the point x, (Fig

_a_l.i ~ u(x, + Ax) —u(x, — Ax)
3x [Yu 2-Ax (4.45)
gcl,lé}sl rgz?gsst?it the tangent at point (x_,u (x.)) is replaced by a chord running through
which corresp;c;;cllé L;csxgﬁé)giieﬂl%?erg't\"nT, . (‘t\:nﬂ))' O ) S of e tange‘?lt
. i ial quotient is approximated by the sl
chord, ie. by the difference quotient. E i e e e
) e ; . Equation (4.45) corresponds to tl
central difference quotient. This one a i At morm abeieately than
nt. approximates the derivative m
the so-called forward difference i i O 4o
| quotient or backward differe i i
The central difference quotient can be con i e e o
ral d structed only if there are poi f gl
on both its sides. If the grid point x, lies e odzs ot it
: > on the edge and so close to tt
area that there is no grid point on the other si e ative & ap, tle'edge Doy
area that there is quotie[ﬁ e other side, the derivative is approximated by a

@_1 ~ U (x, +Ax) —u(x,)
ST A (4.46a)
or by a backward difference quotient
Bu LU () —u(x, —Ax)
T Al (4.46ba)
k=1 k-1 K k+1 -
a=nT L /,g) >{ﬁ// AL IO LIRSS LIS /} LA S
o
e ) j (XY [Xk.Yn~1) (Xt Yot
N \> { Xye1Yn) (Xk.Y;T"‘\_ {Xer¥n)
e
a1 // (Ryer¥ner) e (y1Ynes)
K ) ( XkAYn~1)
_ 1 3 —

n=1—mM_

- Fig. 4.2 i id i i i
1g. 4.2 Difference grid in a two-dimensional plane or axially symmetrical flow channel



Forward difference quotient:

X su U " Yixa )
U an“ oY v v
1o (SX )x" m

Backward difference quotient:

(Su " Ugxn 17 Y zn)
§x n ax

Central difference guotient:

SU g Uizpaqt ™Y lxoog t

§x o 2 4%

Xpey X

Fig. 4.3 Different ways to develop the difference quotient

As was shown schematically in Fig. 4.3 above, this approximation is less accurate than
the one with the central quotient.

Explicit and I'mplicit Difference Method

When arranging the difference quotients for all the grid points a system of equations
is obtained which contains all the points on the grid and therefore as many equations
as the number of unknowns in the system.
This system which, if nccessary, has to be first lincarized, must be solved with a special
equation-solving algorithm (some of them are described e.g. in [14]). The values on the
grid points are the solution. The system of equations therefore contains the solution
O R T T LTI T L LS T TH U M P LR T P ety e et poes bl
RETR I YN [T TS AT '-.k‘. i ,\‘nv». o ..
the values st the points & and sometimes even bonymaone distaul points, suchas b L
ko 2ete, Thus the equution for the value ol the Junction ., at the grid poinl k-l

of the following Torm is obtained:

Wy = S (st ) (4.47)
Using an example of a flow channel, this means that the initial state at the inlet is
worked successively through from the inlet to the outlet. The equations are not solved
simultaneously as is the case with the implicit method.
Explicit methods are also utilized mostly for the computation of the time dependent
problems (i.e unsteady-state processes): here the state at the time point t+1 is
computed from the past states ¢, i — 1,...elc
The advantage of the explicit difference method is that instead of a system of equations
only a single equation has to be solved. The procedure is therefore simpler from the
paint of view ol the programming technique and considerably faster than the implicil
FDM. However, the accuracy, the stability and the rate of convergence of the explicit

FDM are smaller. [t should also be noted that in an explicit FDM analysis retroactive

eflects of downstream conditions, such as from a converging channel, cannot be
evaluated. Provided, that certain criteria of stability and convergence are met, results
with acceptable accuracy are obtained using the explicit difference method [11, 45, 46].
This is particularly true when retroactive effects of downstream conditions are less

important. Because of their speed and low storage requirements, the explicit difference

mEthDd 15 Pa’UCUlallY gOOd for use on petsonal COIHPUteIS- IVIaHY CX&IIIPIGS are given
. .
in [9-12]. IheIEIOIC the fO“O\VIIlg sections will deal with the eXleClt difference method

Transformation of the Energy Equation into a Discrete Form by Explicit FDM

In tljl; fol.lowing section.the energy equation (Equation (4.44)) is transformed into an
explicit difference equation as an example of the use of this method
To accomplish this, first, the differential quotients in Equati .
the difference quotients: ) auation (4:44) are replaced by

8T _ Thin—Th

5% v (4.48)
and
8T - Tk, a1 _2Tk, n + Tk. n—1|
3y a2 (4.49)
By substituting this into Equation (4.44) and solving for Teqr o [16]:
AAX
T, =T, —_— -
k+1, n k.o n gch(n)Ayz (Tk, -+l ZTI\'. " + Tk. n—l)
Asen(n) (vk. TS
+ e T [ \ f4.500
e T L e I L R R T
o _ 1
by~ o) = 5_ ' (Uk, ot Uit n)' (4.50.1)

Fquation (4.50) makes clear that the temperature distribulion a i i

: on | akes " that g : at the poir

{Lh-é— L, lct u; (.hc direction of flow, is computed [rom the temperalure d?stri]lt)u(igolnm:t:
Whéjnogl' %. time k as well as from the present velocity distribution (Fig. 4.2).

e d'M ing into layers as in Fig 4.2, it has to be kept in mind that 2<n<NT —1
: le' le temperature Ty is cl?osen, the temperature in the layer NT is_(-:oeruted b.
pplying Equation (4.50) and introducing the new step width Ay/2 in th mity
of the die wall (compare Fig 4.2): y/em fhe proximity

Ty nr—Ts
Ty w2 T Tl HToL sy

Setting with step width A i i 5
y/2 into Equation (4.50): T, ., =T, =
ggrnt_ﬁ 7 v ) T npt = Twn Ty o =Ty yr and
€ reason of symmetry in the flow through a slit the la
5 yer n=0 has t
Saine temperature as the layer n=1 so that the Equation (4.50) can bi s(;thiv? ;'he
;—l,th'nTTk, o1 [16, 17]. P
or channe ith axi is simi i
ot s with axially symmetry the procedure is similar, as is shown in [17], for
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4.4.2 Finite Element Method

The method of the finite elements (FEM) is an approximation Rr[os:edLllrebStoths;[lvhc
differential equations. Originally, it was developed for the‘struc'turgl dqna );51 o ‘11.5
for the computations of forces, stresses and delormations in solld| |o ICS'.l »n 1'[:Aq‘?[
G he et el anie e af VL e e adiT s TR : .
[ D BTN

. = il L expliiued ondy to the exten
T the following section the Tondamentale ot ENDwill be espla A ‘1 n
necessiry Tor users ol RV poogtiems, Tor oo detwled treatment ol s sulyecr

there are many text books, cg. (14, 18 22,

General Formulation of the Finite Element Equations

The FEM is based in principle on the approximution ofa co.ntinuu.m wxéh‘an mﬁnbnct
number of degrees of freedom by a sum ol’cqnuguous subregions with a rknlltefnuny er
of unknowns. These subregions are the finite el;ments. The shape pf the L}nzﬂon
which satisfies the differential equation is approxxmateq. The approximation 15l t9ne
by interpolation functions and their derivatives; the points used in the mtergo a ;22
are the nodal points of the finite elements. The equations are first setlupf t()h; ea
element (local equations). Subsequently, [hey are combmgd and the result of this is a
system of equations (global equations) gie:;crlbmg the ennreprob[er_nz L and boundary
The system then is solved with the consideration of the pertinent initial an 1 undary
conditions. The values of the desired function on the nodal‘ points are the so uEton,
[n the following section it will be explained how to obtain the local ﬁm;e e;;}xend[
equations for each element from a given differential equation by means of weighte
iduals. . N N
g:nsidcr a dilferential equation (DE) of u value dependent on position, u (x):
52
DE (u) =0 (4.52)

(the lype of the DE does not malter here because the general procedure does not

depend on it) o .
In the first step an approximation of the form

53
w(®) = (&) uy (4.53)
N

element. N is the number of nodes

is m i in the (finite
is made for the shape of function u in ( ) onetan) values a0 o

in the element, ¢ the interpolation functions, and uy are the

nodes. _ il
The interpolation functions ¢ are referred to as shape functions. They have a cen

igni i i ined later.
significance in the FEM, as will be explaine _ ) . .
Tﬁe values uy of the approximation function (4.53) aththe mtde‘rpotlat%?usotlgésﬁarst
; i dependent on the coordinate. ,
constant; only the shape functions are ¢ ' the
derivative of the function v in the directicn of the x-coordinate, for example, Is:

u(x) < 0dy(x) (4.54)
- = Z —ao N
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Thus, the first local derivative is obtained by multiplying the values at the nodes by
the derivatives of the shape functions and subsequently summing these N products.
When inserting Equations (4.53) and (4.54) into DE (Equation (4.52)), generally a
non-zero value is obtained on the right side of the equation (as an error). which is
called residimm -

l'lk,\m o .:..‘) . by

To minimize this residual, the scalur produect of the residual and the so-Culled weighting
functions W, (where 1= 1,2, N) is used, this product is then integrited over element
arca £ and the resulting integral is set to zero:

/ € W,dQ =0. 6.56)
Q

This way the error of the approximate solution of the differential equation is forced
to be zero averaged over the element (so-called weak formulation). In this general
form this procedure is called The Method of Weighted Residuals. Depending on
the choice of the weighting functions W, diflerent expressions are obtained; one of
them, the Galerkin method has become the most important since it provides the best
approximate solution [19].

In the Galerkin method the N weight functions W; are set equal to the shape functions
#;. Thus the Equation (4.56) becomes:

/s-d)idQ:O 457
n

This way a system of N equations is obtained for each element.

When derivatives of a higher order than one appear in the DE (Equation 4.52), the
Equation (4.57) must be converted by means of the Green-Gauss Theorem into one
volume integral with the highest order derivative reduced by one and one surface
integral. This becomes important since higher than first order derivatives of the shape
functions generally are not defined, as will be shown in the following section (18,19].

Shape Functions and Accuracy

The stability and accuracy of a finite element solution depends on the choice of the
shape functions. They are characterized by the shape of the finite elements as well as
by the order of the approximation. When the demain has two dimensions a choice
can be made between rectangular and triangular elements.

For three dimensional elements the choice is increased by including, for example,
tetrahedron, hexahedron (cube) or prismatic elements. Linear, quadratic and (less
frequently) cubic polynomials are used as shape functions almost exclusively. The
shape functions are utilized not only for the approximation of the desired quantity,
but also of the area being studied (such as a profile cross-section, flow channels etc.),
hence their name. When computing areas with curved borderlines it is clear that linear
shape functions are less suitable for that purpose.

More important, though, is the choice of the appropriate shape functions for the
approximation of the desired quantity. These can be equal to shape functions for the
approximation of the area, but it is not imperative. The residual defined by Equation
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y |
Exact ! b orofit
arofile | | /Exuc profite
| | %
| / |
L 4

1 Element 3 Etements

Fig. 44 Dependence of the accuracy of approximation on the degree of polynomial and the
number of elements

(4.55) becomes smaller when the interpolation equation (4.53) describes.t}}e actual
course of the desired function in the element with increasing accuracy. Th.xs is Fslegrly
demonstrated by Fig 4.4 [23]. It shows a velocity profile for a pseudgplastlc fluid in a
pipe. A solution using FEM with one clement over the radius provided the f}mctlon
course marked with 1 when a linear shape [unction was selected. Although the interval
under the straight line (the volumetric flow rate) can come very close to the actual
volumetric flow rate (the residual is forced to zero in the mean, Equatilon (4.57)), there
are very large deviations at discrete points, This can be markedly lmproved. by the
choice of a quadratic shape function (curve 2). Fig. 4.4 shows also that an increase
in the density of the discrete points by increasing the number of elements leads to a
reduction in a local error. In order to obtain equal accuracy for linear and quadratic
interpolation, considerably more linear elements would be necessary. ‘

However, it cannot be generally stated the required computation effort decreases with
an increased order of the polynomial. The reason is that the size of the systems
of equations for the elements increases with the increasing number of the nodes;
additionally, with the increase in the band width of the ordinary narrow-banded .total
equation systems, the amount of computation required increases at an exceedingly
fast rate (the band width here is the width of a band along the main diagonal of the
coefficient matrix, outside of which there are no longer non-zero coefﬁcients.). Ar}other
disadvantage of polynomials of higher order is that they lead to oscillations in the
solutions, and also to a decrease in the smoothness of results. For the computations of
flow and temperature problems parabolic shape functions are used most frequcqtly.

Finally, the question of the description of the first derivative (from here on in the
text the derivative is the local derivative) by the Equations (4.54) or (4.55) .sho'uld be
discussed. This is important since in the differential equations, there are derivatives at
least of the first order; furthermore, the parameters derived from the vel_ocity field (e.g
shear rates) are needed for the computation of the fow. The shape functions guarantee
the continuity of the interpolated quantities not only within the element, b}Jt a'lso at
their borderlines [18-22]. This is generally not the case for the first derivative as
explained in Fig. 4.5 [23] with an example of two elements with linear shape functions.
Because of a curvature in the function being approximated 2 bend in the shape of
the approximating function appears at the borderline of the element and, thus, 2
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ulx) Shape of function
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J, \ Fig. 4.5 Discontinuity of the first derivative of

! the quantity u(x) interpolated by the
means of the shape function

x

Etement 1 Etement 2

discontinuity in the first derivative. The second derivative is here no longer defined;
therefore such occurrences are not permissible in the DE while applying usual shape
functions. For this reason, as mentioned before, the order of the DE is reduced by the
Green-Gauss Theorem. It is also clear from Fig. 4.5 that the quality of the definition of
the first derivative near the borderline of the element is low. This has to be considered
Evl;gn computing, for example, stresses or shear and extension rates from the velocity
elds.

However, methods can be designed, using subsequent computations, that allow an
improvement of the quality of parameters computed from local derivatives, and a
smooth shape in the entire domain (so-called smoothing procedure [20, 23-25]).

4.4.3 Comparison of FDM and FEM

For the user the question arises as to which type of computation is the most suitable

for the given situation. As mentioned already, the analytical methods and the various

numerical methods differ in the amount of computation required as well as in accuracy

at}d the utility of the results (Fig. 4.6 [26]). In order to make a general classification

of the numerical methods of solution, the simple methods of computation based on

analytic.al solutions- as are described in Chapters 5 and 7 will be included in the

comparison.

Simple computational methods are based on a one-dimensional analytical solution of

the differential equations describing the problem (see Chapter 3 and Section 4.3.)

The real process is approximated by a suitable superposition of one-dimensional

procedure. Advantages of analytical methods are [26]:

~ They are simple and fast to use since the desired parameters are connected with the
given boundary conditions by simple equations. Therefore, they can be performed
on a pocket calculator. A personal computer is even more effective since it provides
the desired answers even faster. ‘
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Y th ons on fth gfdf Y
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Mputing techniouey

to simpla ¢

Bd iy, Slipie Eompting 12

LV HE68Y clinigiles

ddvantages (sge kg 4i6 [26])

~ geométries which normally are not accessible to an analytical solution can be
computed

— as a result values on all grid points are obtained and not only ones integrated over
the entire Cross-section,

- almost any material law can be ipserted into the differential equations, thus
increasing the accuracy of the results

- coupling of differential equations (e.g. the momentum and energy equations,
temperature and shear rate dependence of the viscosity) can be taken iato
consideration.

- since the system of equations is solved for the entire domain simultaneously, all
interaction effects are reflected in the results (this is not true for explicit FDM).
Besides the above-mentioned advantages of the difference method over the simple

ones it has some inherent disadvantages (Fig. 4.6):

~ the determination of a geometry or a operating point is possible only by iteration
since the required equations are not reversible

- the computations require at least a personal computer: they can no longer be done
by a pocket calculator or by hand.

~ the times required for computations for the FDM programs are considerably longer
than those for simpler methods,

Like FDM, there are both advantages and disadvantages for FEM when compared

to simple computing methods,

The comparison between FDM and FEM is truly difficult since the results depend

strongly on the individual cases and methods used. For rectangular areas and quadratic

finite difference grids or Anite elements, special cases show that implicit FDM and

FEM (while using linear shape functions) lead to the same equations and therefore

are identical [19, 27].

When working with curvilinear irregular areas it is possible to take advantage of

FEM. which permits the construcltion al finj(e ehomente with sdges that (e goq b e

L R L S TYRDT N SN HATE TR AR e oo ApeT i

! Dot e ab the cone ol e |- they serve nut only

the pipose ol interpotating the gevtnelry, bul ulso 10 obluin the desired quuntities

(velocity, pressure, emperuture on euch node). Thus, they directly affect the accuracy

of the results. The introduction of the shape functions is at the same time the main

diflerence belween FEM and FDM: while in the latter only the values on the nodal

poinls are known, in the former the value of the desired parameter is clearly determined

at each point of the domain by the interpolation permitted by the shape function.

Since this fact is taken into consideration when deriving the FE equations, FEM is by

definition more accurate than FDM. Besides a better approximation of the geometry

and a more accurate description of the course of the desired parameters, FEM offers

the following advantagés over FDM:

~ The geometry under consideration can be of any shape since this application is
defined independently of the computer program. This means that FE programs
work independent of the geometry.

- Results can be determined and displayed at any point of the domain.

- Since the FE equations are always solved simultaneously, all system interactions are
taken into consideration resulting in high accuracy and flexibility,

But FEM has some disadvantages:

| R LN ,l
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- Computing times, requirements on core and mass storage are multiples of those
required by FDM. The Jowest class of compuler to be used for this purposc is a
high performance 16 10 32 bit personal computer. Discounting exceptions, the FE
programs are then fimited primarily to two-dimensional problems only.

i b e et oot e Deemdany o deitipd coneditions are <ol by the
R T T BT TR TR A T A B LY [ETENTE T o
Fhie poeat Hexibiling awith pepand o peometg ek ety el b e el
cloments wnd hodaey conditiona demad i conaidurihly grener wideiatmeling of
the method by the user il he wants Lo obtain reliable results.

In summary, the following conclusions can be drawn from these observations: A
more demanding method is advantageous only when the simpler method reaches its
limitations. When the areas are regular and allow the construction of a difference
grid for their approximation, then the advantages of the FDM prevail [27, 28].
However, when various geometries exist which differ strongly from each other, then
the application of the FEM, which is independent of geometry, is justified. This

in the presentation of the geometry, in the mesh generation

method has advantages 1
and definition of boundary conditions as well as presentation and evaluation of

results.
A program system suitable for use on person
computation ol two-dimensional flow and heat ¢

26, 29].

al computers and which allows the
ransfer processes is described by [13,

4.4.4 Examples of Computations Using the Finite Difference Method

ns applying FDM will be presented in order
discussion is limited to computations of flow
res since these are the most important for

In this section examples of computatio
to clarify its possibile applications. The
by the means of explicit difference procedl
polymer processing.

Convergent Slit {16}
a varying gap height, a strong

When studying velocitics and temperatures in a slit with
ature on the

influence of the channel geometry and a weak influence of the temper
velocity profile are observed. (see Fig. 4.7)

The temperature distribution shows a maximum near t
shear rate causes increased dissipation at that point. With a constriction of the channel
this maximum becomes more distinct due to the increase in dissipation. The dissipated
heat can be transferred only slowly to the isothermal wall (T =200°C) or to the
cooler melt in the middle of the channel because of the low thermal conductivity of
the meit.
In the section of the channel with parallel walls the melt temperature in the middle
of the channel rises faster, while the equilibrium state between friction heating
(dissipation) and heat removal is reached. The temperature maximum travels toward
the middle of the channel.

Fig. 4.8 depicts the influence of different die wall temperatures on the temperature
profile in a relatively short rectangular channel and a convergent inlet. At the entrance
(x=0) a constant mass temperature Ty = 170°C is assumed.

It can be concluded [rom the illustration that there is no uniform increase or decrease
in mass temperature in the flow channel due to changes in the wall temperature
Therefore, one should try to deliver an extrudate with the highest possible thermal

he channel wall because a high
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computed velocity, shear rate and temperature profiles. A constant mass temperature
at the inlet (Position x=0) was set at 200°C: the mandrel wall is assumed to be
adiabatic.

With the help of computations it is possible to determine if and how the temperature
differences in melt stream in a die equalize and what effect they have on the temperature
profile of the emerging extrudate. Fig. 4.10 shows computed temperature profiles at
the exit for two operating conditions (with extreme differences in dissipation). (Two
different temperature profiles at the inlet were assumed each with the same mean
temperature). In this example it is seen that even extreme temperatures at the die
inlet alone leave an insignificant effect on the temperature at the outlet. This trend
can be confirmed by measurements (see [17]). Even when computing with a mean,
constant mass temperature at the inlet, only small temperature differences are found.
It has to be taken into consideration that such results always depend on the operating
conditions.

Plane Coextrusion Flow [11)

Not only flow of one melt, but also of multi-layers can be subject to computation.
Here the position of the layer interface (or interfaces) of two melts in addition to
unknown pressure, velocities and temperature must be determined by iteration.
Consider an asymmetrical PE-LD/PE-HD/PE-LD three-layer flow in a simple
rectangular channel with the cross-section H * B =12 mm * 200 mm. The mass
temperature at the channel entrance (x =0 mm) is 235°C for all three layers and
the die wall temperature throughout the entire channel is 260 °C. The description of
the dependence of the viscosity on the shear rate is by the Carreau Model. (see Section
2.1.1.2), the temperature shift followed the WLF Equation (see Section 2.1.1.3). The
relevant material data are shown in Table 4.1, The computation was performed with
constant heat conductivity and constant specific heat capacity.

M= L0kgrh, s=14mm

!
205 " Tomparature e | 2
\E, oo e 500 o di = 10kg/h, 5= 29mm
°C = const. = °C a Temperature profile |
g a Tempergture profile 2
\ s Iy =const = 200 °C
210 \T 210 T
2\ _
E \n = W §D§
NG s AN
§ m\ ::g—; ?/8/ N g §E$\K
S 2 T 200 =
5 S
: :
& Temperature . 3 Temperature
; e ,
5 o profile 2 — 5 20 profite 2 ]———m‘
= =9 = L e
200 20 - >
l/ hT, :Cunj/ ? KT,zc0n /5{
196 Temperature 196PL Temperature /
profile 1 profile 1 ‘
< I £ I
2] 2 3 & a 0 a 2 4 5 ] 0

Number of layers Number of layers

Fig. 4,10 Temperature profiles at the die inlet (bottom) and outlet (top)
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Table 4.1: Material Data

Material PE-LD PE-HD
Thermodynamic Material Data:

Density (kg/m?) 801 850
Reference temperature (°C) L5 [1s
Linear coefficient of

thermal expansion (1/°C) 0.00t 0.001
Thermal conductivity (W/m K) 0.257 0.257 -
spec. heat capacity (J/kg K) 2620 . 2620
Data for WLF Equation:

Standard temperature (°C) 10 -70
Reference temperature (°C) 235 - 235
Carreau-Coefficients:

4 (Pas) 5733 39033

B (1/s) 0.418 1.052
C 0.938 1.101

Figs. 4.11 and 4.12 depict the computed velocity and temperature profiles both at the
entry region of the channel (x=1 mm) and after different distances in the channel
(x=50 mm and x==500 mm). While the higher temperature of the channel wall (Fig.
4.11) depending on the flow path has not affected the temperature in the middle
of the channel, the nonuniformities in the layer temperatures can result in additional
undesirable temperature profiles in the coextruded product (Fig. 4.12). The effect of the

Layer interfaces Layer inferfaces

Y
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Fig. 4.11 Development of velocity an
PE-LO i 235 260 temperature profile in a flow with
PE-HO 100 235 Z uniform entry melt temperature
PE-LD 55 235 260 and constant wall temperature
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PE-LO_ | 00 | 735 | - Fig. 4.13
5s | 235 | 73

Effect of the differences in the
melt temperatures of the cover
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temperature and velocity

Effect of the change of the
material on temperature and
velocity distributions

perature profiles is shown in Fig. 4.13. Here
m was replaced by PE-HD/PE-LD/PE-HD
oughput and temperature) were held constant
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The result of the above is a drastic change in the velocity and temperature profiles
when compared to those in Fig. 4.11; this leads to a change in the layer thicknesses.
A computer program for the determination of the temperature profile, velocity profiles,
{and hence of the residence time), shear rate profile, of the pressure loss as well as of
the thicknesses of the layers in coextrusion allows a simulation of the process as it
responds to the changes in processing and geometric parameters. This way the effect
of the individual process parameters on the process can be evaluated.

Consequently, both the die designer and the processor have the tools to evaluate the
necessary changes of the die and/or process improvements in many cases without
costly experiments. Moreover, such a simulation promotes and builds a foundation
for the still indispensable feel for the design of extrusion dies. This is particularly true
even when the results of computations are not accurate enough as a result of the

simplifying assumptions.

4.45 Examples of Computations Using the Finite Element Method

Compared to the explicit difference procedure discussed in the preceeding sections, the
finite element method (FEM) allows a considerably greater flexibility in the geometry
under consideration. This will be demonstrated by several examples.

Flow in the Parallel Zone of a Profile Die [23, 30]

about the velocity and the wall shear stress
ie of any cross-section is to compute the
ssuming an isothermal, so-called planar,
lways perpendicular to the cross-section

A simple and fast way to obtain information
distribution in a parallel zone of a profile d
distribution of the one velocity component a
viscometric flow. This velocity component is a
under evaluation. Hence, each cross-section corresponds to an isobaric area and all
stream lines are straight lines. The computed distributions are valid strictly for fully
developed flows in the infinitely long parallel zones. In spite of that, the reality can
also be approximated quite accurately for short zones, provided their length is the
same for all die regions.

Fig. 4.14 [23, 30] shows the cross-section of the parallel zone of a truly complicated die
for a sealing profile and the velocity distribution represented by a shape of a mountain
range. Bach node is assigned a height over the flat FE network and then the network
is stretched over these points. The pseudoplastic melt behavior is approximated by
the Carreau Model with coefficients 4 = 11,216 Pas, B=0.14 s—1 and C =0.644.
The take-off speed is 22 m/min (367 mm/s), the pressure gradient 3.9 bar/mm. The
computed velocity distribution shows clearly that the melt lags behind in the nose
(tab) and in the side piece which is sticking out to the left and therefore is stretched
excessively in the take-off. The mean velocity in the primary profile (including the
nose) is 422 mm/s, in the relatively narrow side piece only 69 mm/s, about 1/5 of
the take-up speed. Here the cross-section has to be increased upstream to increase the

melt velocity (see also Chapter 7.4.3).

Pipe Bend

Figs. 4.15 and 4.16 show the results of computation using three-dimensional FEM
procedure for pipe bends of different ratios of pipe bend radius to pipe radius-
RK/RR (using a two-dimensional computation, only conditions in an arched slit with
very large width in which the wall influence may be neglected can be simulated.)

Fig. 4.15
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Fig. 4.14 Die cross section and
velocity distribution in
the parallel zone of the
die for a solid profile

The results of the computation show that in the inside area of the pipe bend th
are higher velocity gradients than in its outside area, ie. the maximumlz/ loci s
from the center to the inside of the bend. 7 clocty shifts
The vel.omty d_iHerence between the inside and the outside area increases with tl
decreasing radius of the bend. The effect is depicted in Fig. 4.17. Here the ratio cl;?
the §hear stress at the wall (respectively inside and outside of the.bend) to that of
stralght.plpe (R‘K —+c0), Tpy is plotted against the ratio Ry /Rp. o
Frqm ‘Flg. 4.17 it can be concluded that: The shear stresses incpfease in the inner area
while in the outside they decrease with the decreasing radius. This can be the reas
for deposits (plate-out) in this zone as they are found occasionally. From the ratczg
Ry /R =10 and up the differences become so small that they can be neglected; the

.ll/////
)

Velocity distribution in a pipe Fi ity distribution i i
g. 4.16  Velocity distribution in a pipe
llag)nd of 90 degrees (R /Rp = bend of 90 degrees (RK/RPRP=
2)



106 4 Computation of Velocity and Temperature Distributions in Dies [References p. 117]

20+ o internal
o external

Ratio of shear stresses T/ Ty,

—
1.0 —
o
A
0,2
e Fig. 4.17 Shear stress at the wall as a
1 3 10 R,(/RR function of the ratio of radii

velocity maximum lies approximately in the middle of the pipe (Fig. 4.15). Above this
limit, the curve of the pipe has a negligible effect on the velocity distribution and
hence on the shear stress difference. The smaller the ratio Ry /Ry the more the flow
at the outlet from the bend deviates from the developed straight pipe flow. Therefore,
in every case there should be a straight pipe attached to the outlet of a bend which
would act as a compensator, This assures a well developed symmetrical flow into other

areas (mandrel area, etc.).

Plane Two Layer Flow [23] !
Multi-layer flows are particularly critical in practical application because they can
become unstable under certain conditions, depending on the geometry of the flow
channel, the behavior of the material, and the operating point. When this occurs,
the layers are no longer smooth and each of them exhibits a thickness variation. In
addition to that, when there are differences in viscosity of the individual layers, the
problem of melt rearrangement occurs: the lower viscosity melt tries to surround the
higher viscosity melt, since this minimizes the energy dissipation. Besides that, at the
point where the layers flow together other irregularities can occur, such as dead spots
or rupturing of one layer. This is particularly true when one of the layers is very thin
(e.g. the tie layer) or when the layers differ in viscosity or in velocity.

Such effects are undesirable and they have to be eliminated by the proper die design
and/or process control. These can be determined effectively by a computational
simulation.

Figs. 4.18 and 4.19 depict an isothermal plane two layer flow at the point where
the two streams merge. The description of the viscosity functions was done by the
Carreau Model. The results of a flow rate ratio of 2.5:1 is shown in Fig. 4.18. The
boundary between the layers shifts downwards due to the higher volumetric fiow rate
in the upper part of the channel. The streamlines of both flows are smooth. This
changes when the ratio of the volumetric flow rates is increased to 32:1 (Fig. 4.19).
Then a recirculation zone forms in the stream at the outside channel wall a short
distance before the layers come together, where there are smaller velocities. This can
be explained by the high volumetric flow rate forced by the faster stream with the
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Fig. 4.19 Planar two-layer flow with a flow
rate ratio of 32/1

Fig. 4.18 Planar two-layer flow with a flow
rate ratio of 2.5/1

given flow rate. The recirculation zone causes a reduction of the effective cross-section
of the lower channel in such a way, that despite the high velocities, the condition
of the.constant volume is met. Experiments with model fluids have s’howu that this
effect m.deed can be observed under real conditions [1t, 23]. In order to eliminate
long rgmdence times and resulting degradation of the polymeric melt, either different
operating conditions or a different die geometry must be chosen. ’

Transition from a rotating Screw Tip to a Mandrel [23]

An example for thﬁ. necqssity to use three-dimensional computation even for a relatively
s}mplfa geometry is d_eplcted in Fig. 4.20. It shows the flow between a rotating screw
tip (right) and a stationary tip of a mandrel which is a part of a pelletizer (left). The

Fig. 4.20 Flo_w in the space betweep a rotating screw tip and the mandrel tip of a pelletizing head
é Fixed mandrel, 2 Housing, 3 Rotating screw tip, 4 Particle streamline, 5 Direction of
ow
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streamlines of particles which are located in different radial positions on the right side
at the inlet into the observed section of the flow channel are depicted. It can be clearly
seen that the particles which flow in the proximity of the rotating screw tip rotate
strongly and form a helical path. Conversely, the particles near the outside wall of the
die are barely affected by the rotation. A short distance behind the screw tip the low
is again two-dimensional and axially symmetrical: because of high friction forces in
the stream, the rotation propagates only over short distances.

The result confirms the necessity of a three-dimensional flow simulation in spite of the

geometry: because of the rotation of the screw tip the particles of

axially symmetrical
ree directions in the

the melt have velocity components and velocity gradients in all th
space.

4.5 Consideration of the Viscoelastic Behavior of the Material

When designing extrusion dies the elastic properties of the melt, Le. the ability of the
melt to store an imposed deformation elastically (memory fluid, see Section 2.13) are

generally not considered.
The elastic properties bring about effects, however, that are important for the design

of the die. These are, for example:
— inlet pressure drop at channel constrictions

— entrance vortices
extrudate swelling after its exit from the die; the profile and the die cross-sections

are not the same
change in diameter and reduction in length as well as the increase of wall thickness

of a tube emerging from an extrusion blow head

131.

Neglecting the elasticity of a melt can lead to relatively large errors in the computation
of the pressure loss. [12] demonstrates this with an example of flow of a high molecular
and hence highly elastic PE-HD through a blow molding head.
In Fig. 4.21 there is a graphic representation of the pressure loss computed by the
explicit difference method versus the measured pressure consumption (at different
throughputs). It turns out that the computed values of the pressure consumption
are always under the measured ones and that the error increases with the increased
pressure consumption (which corresponds to an increased throughput). This error
can be probably explained by the fact that the viscoelasticity was neglected in the

computations.

The effect of viscoelasticity
of the extrudate swelling. As shown in numerous publications (e.g. [

swelling factor Sw, defined for circular dies as

on the results is even more pronounced in the computation
15, 32, 33]) the

Sw=D/D, (4.58)
where

Dy diameter of the die orifice

D diameter of the extrudate

a Newtonian fluid, generally the

depends to a high degree on the elastic properties. For
astic fluids exhibit considerably

value of Sw is approximately 1.13 [34 to 36], whereas el

interfacial instabilities between layers ot at surfaces due to a viscoelastic turbulence -
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higher. values; these depend on their relaxation times and the shear rates during the

extrusion.

Ther(? are essentially two ways to consider elastic properties:

L (Elg. 4.22). Tl?e velocity fleld is first computed with the assumption of a purely
viscous bel}av1or. Subsgquently, the elastically stored deformations are computed
from a suitable material model combined with the results from the previous
procedure. Erom that the swelling factor is obtained. The effect of the viscoelasticity
on the velocity field is here completely neglected.

1 Se(’-ulp and solution of the conservation
equations assuming viscous flow behavior

Result: Velocity field, temperature
and pressure distribufions

. Computation of reversibly stored
deformations from the velocity field

Fig. 4.22 Diagram of computation without
. Computation of the swelling factors af the introduction of a viscoelastic

the die outlet material law into the conservation
equations
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1. Set-up and solution of the canservufign

equations assuming viscous flow behavior
Result: Velocity field, temperature
and pressure distribution
]

t

2. Computation of the sfress disfribution from
the velacity field taking viscoelastic behavior
into consideration

i
3, Set-up and solution of conservation equations
based on the stress field resulting from the
computations under Z
Result: Velocity field, Yemperqfure
and pressure distribution
i .
L {f computing of the extrudate swelling is
required: defermination of the new surface
coordinates

f

Criferion for
convergence satisfied 7

No

Fig. 423 Diagram of the computation
with the introduction of
viscoelastic material law into
conservation equations

(Fig. 4.23). The velocity field is first computed with the gssumptloxé of al Vclis'c?vuz
behavior. Subsequently, based on the result, the c.omputatlon proceeds including !
suitable material model to obtain a stress field. This stress field 1s‘then used as l1?npu

into the momentum equation and from that a new \{eloglty ﬁeld is computed. Arﬁm
that a new stress distribution results, etc. The iteration is @sqontmyed whe'n glt er
the difference of results from two steps fall under a set limit or 1f the maximum
of the permissible steps is reached. In this procgadure the; effect of v1scqelast1c1ty on
the velocity field and the pressure distribution is taken into consideration. 1
It is obvious that Procedure 1 is considerably simpler than_P"roc;adure 2. Proc;leddur[elz
was, for example, applied in the combination with thc? explicit dlﬁere.nce'me} o wd,
16, 17] or with FEM ([37, 38]. Today such computations can be easily xrrép eme?iirl

by the use of personal computers [12]. Procedure 2 is considerably more demanding

o

because - ormed

- umber of iterations must be perform .

- ?hirce:i:nr;uting procedure often does not converge, particularly if there is a strong
influence of the elastic behavior of the melt [15, 39—41]. .

However, Procedure 2 allows, for example, the following computations:

— vortices at the inlet or a constriction

— shifting of the boundary of a layer due to elastic ef.fe.cts

- velocity distribution with the consideration of elasticity

— the shape of the extrudate emerging from a die. . ' . :

Procedure 2, also described in {15, 39—41], is today the subject of intensive rese?rtché

The goal of these efforts is to improve the convergence and the stability o

computations.
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Another problem is the absence of a universal rheological material law which would be
valid for any deformation and all polymers, at least for one class of polymers. Although
there have already been many material models developed (overview given for example
in [4, 47-49], there is no model in existence that can meet these requirements (see also
Section 2.1.3). Therefore, the accuracy of the corputations of the extrudate swelling
or other effects depending on viscoelasticity is limited.

4.6  Computation of the Extrudate Swelling

It has been demonstrated before by Figs. 4.22 and 4.23 there are two possibilities for
the computation of the extrudate swelling: either a potential for swelling is determined
from the reversibly stored deformations and from that the integral extrudate swelling
(increase in cross-section) is found [12, 16, 171} or the unknown coordinates of the
emerging surface of the extrudate are considered unknowns in the problem — such
as velocities, pressure and temperatures — and are then computed by using a suitable
expansion of the system of differential equations {e.g. [23, 39, 42].)

One equation suitable for the determination of the free surface of the system
determination is valid under the conditions that no mass flows over this surface
and that all velocity vectors are tangential to it. Mathematically, it means that the
scalar product from the velocity vector 5 and the vector normal to the surface # must
become zero:

brii=0. (4.59)

The entire procedure is very demanding, however. Therefore, reference is made to
the literature for further details (e.g. [23, 39]. A very similar method can be used to
determine the true location of the interface batween layers [23, 43] because the latter
is defined by condition (4.59) the same way as a free surface. An example of such an
analysis is shown in Fig. 4.24 [23, 30]. It involves the result of the FEM computation
of a plane, symmetrical three-layer flow, where the top and bottom layers are the
same material. Therefore, only half of the die orifice is considered. The FE network is
continuing beyond the outlet of the die so that the flow can be described even at that
point. Newtonian behavior of both melts is assumed here,

At the beginning of the computation the location both of the layer interface and of
the free surface are unknown; therefore, both have to be computed by the iterative
process using the condition (4.59) [23].

In the above case all melt layers have the same viscosity. This results in only a slight
swelling of the extrudate. A slight contraction occurs in such a case, where the viscosity
of the outer layers (at the same boundary conditions) is only 10 % of the middle layer.
(Fig. 4.24, center). When the outer layers are made from a highly viscous material
(factor of 10 relative to the middle layer, bottom of the figure) the extrudate swells the
most, because in this case the highest rearrangement of velocities occur at the die exit.
This rearrangement occurs because at the die exit a parabolic velocity profile exists
which turns into a plug profile immediately after Jeaving the die. This leads to an
acceleration of the outer layers and a slowdown of the layers in the center region.

Combination of the Explicit Difference Method with the Model according to Wortberg
and Junk

As shown above, the explicit difference method produces at least an estimate of
swelling behavior relatively easily. It should be kept in mind, though, that it provides
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only integral factors, not the exact course of the free surface. The integral estimate is
very frequently sufficient, at least for profiles with axial symmetry and for those with
a high width/height ratio.

In the following section the method by Wortberg [16] and Junk [17], previously
described in Section 2.13, will be applied to the computation of the build-up of
reversible elastic deformations in an extrusion die. Here the determination of reversible
elastic deformations produced in a volume element is determined directly following
the computation of the temperature and velocity felds.
The average, mathematically determined (ie. theoretical) state of deformation of the
melts, g, existing at the outlet of an extrusion die, can then be correlated with the
swell factor [16, 17], the specific temperature, pressure and deformation (velocity)
history being taken into consideration.

The starting point for the mathematical determination of the reversible deformations
eg at the die outlet are the calculated temperature and velocity distributions in the
die, the velocity distribution providing information concerning the local shear and
extension rates (¢g,ép) of the melt in the die (compare Fig. 2.19), as well as concerning
the deformation build-up shown in Fig. 2.24, taking into consideration the specific
relaxation behavior of the processed material )

Since shear and extensional deformations can occur simu
it appears to be appropriate to define a representative rate of deformation &,
results from superimposing the two portions of the deformations [16]:

ltaneously in a melt particle,
which

Epop = A&+ bép (4.60)
where

€, =7
As shown in [16)] the evaluation factors ¢ and b must be determined experimentally
for the material processed. Starting with the results of measurements reported in [44];
Wortberg found such a weighting on the basis of a PE-LD:

Erep =001 +ép. sh
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This means that, starting out from the same rates of deformation, the extension
fjeformatlons have a considerably greater effect on the reversible elasti’c deformations
in this case then do the shear deformations. In order to calculate the reversible
deformation from location x, , to x,,,, (see Fig. 4.2) the representative deformation

velocity &, is calculated from the shear rates as their mean value, ie l()':k + Patn)
Hs) \n 7k+Ln

and the extension rate (v, , —~v, ,)/Ax. The corresponding temperatures and pressures
for gieternjumng the actual relaxation times t(eg) in the computing step under
cox}51deratxon are also obtained as average values from the values at the interpolation
points. The_numerigal relationships given in Fig. 2.24 can therefore be rewritPt)en into
Cﬁ’ma}ftm.g instructions for determining the change in the reversible deformation in
E1§]';1 grid layer of the flow channel and in the Aty time step under consideration

Aee = 2Ax . R,
R=E T [ €ep . .
UI:, n + Uk—f—l, n rep Cl (T) CXP(‘—CIERk ) (462)

This analysis can be carriegi out for all layers of the FDM grid over the height
of the clégnnel. In [16] thle initial values of the reversible deformations in the inlet
cross-section are set equal to the steady state values fo i i
cross y r the respective deformation
By th1§ procedure, the distributiqn of the reversible deformation ey can be calculated
numerically over the channel height in each section of the die, as well as its mean
valkue &g, which in turn can be correlated at the die outlet with the swell factor Sw.
gf the swell factqr Is defined as the ratio of the dimensions of an extrudate after (index
;)t:ndd tl')efo(re. ({?dex 112: complete recovery of stored elastic deformation (complete
etaraation (siumnilar to Equation (4.58)), then the following relati i i
extension between the two states: : onship epplies to the

E—Ig
R=ln 2. (4.63)

hi Olurn is assumed stant dU[Ul 1€ retar e a rects
ev e sumed to be const g da e}
s 1, fO[' rectangula

B\H L, =B,H,L,. (4.64)

A Ietaldat(m of ong tudina defo mations € brin s about swell acto m t
R g fi IS he

Swy =exp(K&g) (4.65)
and in the direction of width
Swy =exp(K*&g) (4.66)

with K + K* =1

é( and K* indicate anisotropy of the values of swelling, are generally different and

I;l:iefn(ci on the shape of the extrudate cross section, if the cross section is square, then

f;;s Equatipns (4.65) and (4.66) demonstrate, the swell factors can be correlated with
¢ numerically determined mean state of deformation in the melt, &;.
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of CAB (according to [16])

Note: ) ) '
The values of swelling determined by this procedure do not take into consideration the

swelling which occurs due to the rearrangement qf the velocity profile at the_ dﬁe (:ljﬁleet
into a block profile, even for purely viscous fluids. Because of that, especxat yt n
the elastic recovery is small, too low a swell factqr can resulrteg(r)lrtr;;hbee;:s\?pu ation.
xamples of the results from the computations are p .
g?gmz%c taien from [16] illustrates the effect of the. geometry on thehbulldl-upitgng
decay of reversible deformations by means of a slit shaped flow 1?1 antne weffect
variable height H. The right half of /the figure in each case shows the 3 rfong Tec
of convergent regions of the flow channels, where in addition to shegr e.ogmal t,
extensional deformation occurs; the latter must be weighted more heavily wit drespec
to the reversible deformation. This means that the eﬁ"ept of the so-called lan ?ones
in extrusion dies is made evident here. Die | and die 2 show that‘ defc;lrma g)ns,
introduced directly at the end of the channelf, arle more slngsill-effcctwe than those
i ced further upstream (fading memory of polymer melts). )
1I{lftlreolcti;flt side of Fig. 131n25 shows also the effect of thfa land region on the dleformahtlc:;
profile over the cross-section of the flow chz'mnel.‘Dxe 3 shows lower ep 'va;luel:]s, w rc;te
comparatively steep increase near the wall is attrlbuta‘ble to the quite high s e;llrve :
in the last narrow section of the die 3. The land_reglon, therefore, does not ha
positive effect on the decay of reversible defqrmatlon near thf: die wgl], cical
In the case of the build-up of reversible, elastic d;formathns in an axially symme mthe
channel, deformations in the circumferential dlre.ctlon,.m qddmon to tho;e; n e
longitudinal direction, must be taken into comsideration in convergent/diverg
annular slit regions of the channel [12, 17]h deally det
ig. 426 [17] shows the average, matnematically :
clz:ilrgcumferen[tia]l deformation over the length of the flow channel of a crq;lshea\listdif
of an extrusion blow molding line {compare Fig. 4.9). The average, reve{{jSI' e, :ase ix;
longitudinal deformation initially increases ;teeply becguse of the hrapl hm(e;lraxation
flow velocity in the inlet region. However, this deformation decays throug rdiameter.
processes up to the end of the following channel section with constant pipe g
The flow velocity is reduced greatly in the annular cross-sectional region com

at the mandrel tip, as a resuit of which negative, longitudinal deformations occur a2

ermined longitudinal and
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die

a long period of time becomes available for relaxation; consequently the reversible,
longitudinal deformations decay strongly. In this region of the channel, however,
the average radius of the annulus becomes larger and the reversible circumferential
deformations increase greatly. The increasing flow velocity in the region of the mandrel
support, subsequently, again leads to an increase in longitudinal deformations, while
the circumferential deformations can relax.

The large cross-sectional areas following the mandrel support lead to decay of
longitudinal deformations through compression and relaxation. Subsequently, as the
width of the outlet slit and the mean radius of the annulus decrease, longitudinal
deformations are built-up once again, while circumferential deformations decay. At
320 mm, the location of the smallest mean radius of the annulus, the circumferential
deformations start to increase once again while the longitudinal deformations decrease.
Fig. 4.26 illustrates, moreover, how different widths of the outlet slit affect the reversible
deformation and, therefore, the swell.

The effect of the process parameters (throughput and temperature of the material)
on the reversible deformation is discussed thoroughly for slit-shaped channels in [16],
gc% tubular and annular flow channels on an example of a blow molding head in [12,
Fig. 4.27 [16] illustrates the correlation between the swell factor Swy of an extruded
flat ribbon with the calculated mean deformation €Rr as it is represented by Equation
(4.65) for different materials. The maximum deviations from the mean correlation lines

are less than 10% for PS and approximately 2% for PE-HD [16].

The procedure introduced here opens up the possibility of including the elastic

Properties of a material in the design of extrusion dies and enables the designer to

+ analyze the effect of swell behavior qualitatively and to make quantitative predictions

- of the swelling behavior as process parameters and flow channel geometry are varied,

- When correlations similar to those in Fig. 4.27 exist.

Thus‘ this analysis shows the strong influence of convergent regions of the channels on

welling, while parallel regions of the channel-such as land regions, for example, lead
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to a decay of.reversible, elastic deforn‘lations‘ It must be keplt1 in mmi?i?ﬁgii\lvst\;zi
that a parallel land at the end of the die once again mcrease the Ilalress YAy
of the die. An optimized channel geometry, therefore, must be the res

pressure loss computations with the computation of reversible deformations.

Symbois and Abbreviations

X, 2 coordinates ) o )
v. yl;y vy velocity components in the direction of coordinates x, ¥,z
Xy ¥

D diameter

T extra stress tensor
Z gravitational constant
U internal energy

q vector of heat flux

v specific volume

p 0 .
indrical coordinate
%W fg,rlrll;ixr‘;;re of the melt at the die wall, die }vall temperature
Tr controlled temperature in the body of the die N
k coefficient of heat transfer between the contact layer me t/die
s distance (see Eq. 4.21)
Bi Biot number ] i
NT number of layers in the difference grid
N number (quantity)
€ residual
Wi weight function
Q area (or volume) of an element
b ON shape function
Tm mass temperature
Ry radius of a pipe bend
Sw swelling factor ) )
Dy diameter of the die orifice
[ normal vector '
ER reversible deformation ;
FR mean (average) reversible deformarion
&g local shear rate
& local extension rate

i deformation
€rep representative rate of

References 117
a,b valuation factors for shear rate and extension rate (Eq. 4.60)
K,K* factor for the ratio of thickness and width swelling
Swy swelling factor of an extruded flat band in the direction of its thickness
Swg swelling factor of an extruded flat band in the direction of its width
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5 Monoextrusion Dies for Thermoplastics

After having developed the fundamental theoretical considerations for the desien of
ﬁqw channels of extrusion dies in the preceding chapters, now in Chapter 5 the ?ocus
\Ylll be on types of design, applications and the layout of dies for the discharge of a
sx_ngle melt. These will be referred to as moncexirusion dies in contrast to coextrusion
;hes (see Chapter 6). In discussing this subject, the extrusion dies will be divided
m.tt% %yoglps acg?rding to the geometry of their exit cross section since as a rule dies
with similar exit cross sections are practically i

regardloss of the eximcng pradu P ally equal in the way they are constructed,

51 Dies with Circular Exit Cross Section

Dies with a circular exit cross section are used for the i i

. ! production of pellets, extrusion
of.ﬁbers, strands aqd solid rods. The latter two shapes are extruded ginerally through
axially fed dies, while the melt flow for fibers is frequently deflected.

5.1.1 Designs and Applications

Pelletizer Die Plates

Petlletlzﬁrtdifi plat.es §elrve fEhe formation of plastic strands which are subsequently cut
into pellets. In principle, there are two pelletizing i iffer i
into P jndividuapl stepi AR pelletizing methods which differ in the sequernce
~ Hot pelletizing: Strand extrusion - cutting - cooling
- _Cold pelletizing: Sirand exirusion — cooling ~ Guttine
In both mgthoc}s, the pelletizer Al TARES over The Task of extruding the strands; in
hot pe]letx‘zmg it acts, in addition to that, as a cutting plate (counter-knife) Th’ere
are essentially two types of knife arrangement: centric and excentric (Fig 5.1) The
gdvantage of.thg exceptric arrangement is that there is no need to deﬂec.t t-hfa.melt
in the c}xe. This is particularly important for heat sensitive melts, because there is no
stagnation causec} by their deflection in the flow channel. When désigninv the die plate
for the hot pelletizing process, it is necessary to take into consideration ?he COOUIII) of
the.pellets, which follows the cutting step. Different methods of cooling as well asgthe
typical process conditions are shown in Table 5.1 [11.
The boreholes in the pelletizer die plate (Fig. 5.2) typically have a conical entry with
the entry angle kept at less than 30 degrees to climinate secondary flows. In adgilition
El;]e holes generally have a relatively small length to diameter ratio (L/D less than 10;
;I;)I;?diaggaggemefnthof the holes of the die plate is either linear or circular. To avoid
. eadxon o the melt in the holes during the underwater pelletizing and resulting
o egC' lge to the melt pressure, the boreholes are partially insulated by the use
o p hla inserts (Fig. 5.3). This arrangement allows higher temperature melt to be
: ught to the copled zone at the die outlet [3]. The heating of the pelletizing plate is
DOI](? either electrically or by high pressure steam.
dulgmgt;tart-up a pressure pe'ak of 500 to 700 bar can occur in front of the plate
e Sr;g ¢ steady state operation the pressure loss still can be up to 250 bar [3]. Ag
by me time .the mass ﬂqw through a single hole can be up to 15 kg per hour [4]
comprehensive description of the pelletizing technique is given in [2]. .
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In order to eliminate dirt particles from a polymeric melt or remove particles of 52 g g E
the same material with a different (mostly higher) degree of polymerization, various £ x R 2 2
screening or filtering devices are used betwesn the extruder and the die [5]. The
. ~— t
following filters are used successfully [6]: ol = =
o " v o
— Filters from sand grit g 3 ~ < oldalds E
— Filters from sintered metal (prepared by powder metallurgy) s £z = § 8|8 § =] g =
-~ Filters from wire mesh é",; z
The fltration of a polymeric melt requires that the pressure losses are kept at 2 | 3 Sia 5
permissible level and that certain requirements for flow uniformity and serviceability S8 3 og & $
etc. are met [5]. To keep the residence time and the distribution of the melts in §h€ a3 AE I galH B g
filtering device to a minimum, only such filtering arrangements are practical which g ; E
have large filter areas in a housing of small volume [5]. These requirements are best - =3 5 ;
met by a concentric arrangement of fitering inserts in a candle form or as discs. The Gl e ';D% " 51 g _g §
filtering devices are stretched over or between perforated supports which allow the = 8 £ sl 3 5 ‘3: £
filtered melt to proceed to the exit from the housing. e 3 2 5 g :‘"
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Fig. 5.3 Underwater pelletizer die [3]

The effectiveness of a filter is determined by the amount of mass throughput, ﬁltermlg1
area, pore size and by the flow rates and pressure losses resulting theref;oorgé zltcscwe

as by the physical properties of the filter [5, 7}: Mass Fhroughputs o;er 7 ) kg per
hour are possible in the production of fibers w1th'ﬁ1termg areas of O to 7 m~ -

Automatic melt filtration systems are an interestlx}g development in thl§ area. egy
offer advantages with regard to compactness, undxs?urbed flow, and mamtenafncet[d
9]. An example is shown in Fig. 5.4. A screen pgck is plac;d between two perforate

discs. A so-called feeler is attached on the inlet side, whlgh is capable of sweeping over
the entire cross-section of the disc by rotating. This rotation starts whenever a pressure
limit is exceeded due to increasing clogging of the. screens. As 5000 as t'he feeler Iiavgs
its parking position, the contaminated melt flows in thq opposite fjlrectxon 1t:lhroug tci
screen pack and perforated discs due to the pressure build-up. This reversei o¥hpressa

the filtered dirt particles through the holes which were covered by the fecler. h15 f\;v )E
the dirt particles removed from the screen pack pass along the.hollow drive shaft o
the feeler to the outside. Depending on polymer, degree and kind of contamination,
the system shown here allows throughputs up to 500 k.g per hour [8]. ' .
A very good description containing many useful hints for the congtrucﬁc}n atnd
computation (involving pressure losses) of screen packs and the supporting perforate

discs is given in [5, 10].

Spinnerets

inning polymeric melts, e.g. polypropylene, polyamide, or polyester into filaments
g?;;?:l:nslo—gcglleﬁ spinnerets are upsed. These contain a very h.xgh numl?er oflboref}gi)ej
(spinning nozzles). These spinnerets are frequently placed in a horizontal posi 11 "
so that the filaments can be pulled away downwards [11, 12]. If a melt w1thA a ot
viscosity is processed, a gear pump is[g?ced between the extruder and the spinnere
which assures a uniform melt stream . .
The spinnerets can be of circular shape with diar.m?ters from 40 to SQ mm, Wltlh ﬂgi
plate thickness between 10 to 45 mm and containing 10 to 1000 spinning hgoes o
they can be rectangular. Typical measurements of the latter can be 60 mmx60 m
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Fig. 5.4 Melt filter [8]. I Contaminated melt, 2 Feed (inlet) chamber, 3 Screen pack, 4 Breaker
plate pack, 5 Cleaning fingers, 6 Clean mely, 7, /0 Pressure transducer well, 8§ Outlet
chamber, 9 Drive shaft /1 Concentrated contaminant

to 150 mmx450 mm, with plate thickness berween 20 and 30 mm. The number
of holes can be up to 10,000 [12). The individual boreholes in the plate can be
arranged in a linear or circular fashion; the distances between them are typically 6 to
10 mm {12]. The individual holes have, as a rule, an exit diameter between 0.2 and
0.6 mm with L/D ratios from 1 to 4. The diameter of the inlet hole is between 2 and
3 mm with a transition angle between 60 and 90 degrees into the outlet region [12].
Smaller transition angles may produce fibers with a better surface. The best results for
polypropylene monofilaments were achieved according to {14] with transition angles
less than 20 degrees . To produce filaments of good quality the surface of the borehole
has to be extremely smooth and the edge of the outlet sharp, but without burrs [11,
12].

Besides round shaped holes, other geometries, such as triangular, Y-shaped, and
T-shaped holes are used [11, 12).

Under production conditions, the spinning plates are subjected not only to pressures
up to 300 bar and to high mechanical stresses but also to high temperatures (up to
300 °C) which can cause strong corrosive attack. The latter is made worse by cleaning
the spinning plates in salt baths. Therefore, all the above stresses have to be taken into
consideration when selecting the material for this purpose. Useful data can be found
in [11, 12].

Solid Rods

Solid rods from plastics with diameters up to 500 mm and also flat bars with cross-
sectional dimensions up to 250 mmx 100 mm [15] are produced by dies that differ
from others by the particular arrangement in which the calibrating section is attached
to the melt shaping die by a flange (see Fig. 5.5 [16]). Since the calibration section has
to be cooled very strongly, there must be good thermal insulation between it and the
die {15, 16, 17].

The flow channel in the die is shaped in such a way that the melt exits from a relatively
small diameter, approximately 8 to 10 mm (16], and enters the attached guiding zone
of the calibration section at a relatively steep angle. A solid skin is formed in contact
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Fig. 5.5 Solid bar extrusion, I Heat separation, 2 Cooling water outlet, 3 Calibrating s;ction, 4
Melt, 5 Water level, 6 Water bath, 7 Solidified layer, 8 Cooling water inlet, 9 Die

with the cooled wall and a wedge or cone shaped melt zone is formed in the rod (Fig.
5.5). The melt pressure acts thereby on the inclined solidified surface and this may
lead to increased friction forces in the calibrator and thus to jamming of the profile.
For that reason it is important to build the calibration line just so long so that by its
end the solidified layers are so thick, they can resist not only the pressure from the
melted core but also the take-off tension.

The volume shrinkage due to the cooling can produce voids in the rod. To avoid
this, the extruder has to operate at a sufficiently high pressure. This required pressure
as well as the value of the pressure at which the jamming in the calibrator occurs
determine the operating conditions for the given extrusion line.

The pressure limits can be altered under some circumstance by coating the surface of
the calibrator by PTFE, for example, or by feeding a lubricant between the surfaces
of the extrudate and the calibrator [16, 17]. However, it may happen that the pressure
required to eliminate a void can no longer be applied. Then profile brakes, which slow
down the exit speed of the profile from the calibrator [16], have to be installed. For
products with larger cross sections and resulting slow cooling rates the typical line
speeds are, for example 2.5 m/h for a 60 mm and 0.5 m/h for a 200 mm polyamide
round rod [15]. Often tempering has to be done on rods with thick walls to eliminate
internal (residual) stresses due to process conditions. When materials with a low melt
viscosity are processed, it is often necessary to install a valve between the extruder and
the die which increases the melt pressure and thereby its homogeneity [15, 16, 17].

5.1.2 Design

When designing perforated plates there are a variety of requirements that have to be

met. They differ with the application: the plate may be used for pelletizing or as a

support for screens.

For a pelletizer plate, the following requircments are typical

— low pressure loss .

— uniform geometry of the extrudate over time (stable flow of melt, elimination of
melt break) and across the plate (equal flow through all holes).

 forming strands to the required diameter (ie. consideration of the extrudate

swelling)
— elimination of zones of stagnation in front of the plate

w
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Typical requirements for a breaker plate are:

— low pressure loss

- support for the screen packs

- elimination of stagnation zones in front of and behind the breaker plate

A correct design is achieved only, when its rheological and mechanical aspects are in

tune (for mechanical design see Chapter 9.1).

The pressure loss of a breaker plate limits the maximum possible throughput and

hence tl}e productivity of the equipment. This is particularly important when only

a low discharge pressure is available or if there is another pressure-consuming part

lgcgted after the screen pack such as a blown film die. The permissible pressure loss is

limited by the mechanical strength of the plate; the boreholes reduce the mechanical

strength. This has to be taken into consideration [18]. The careful mechanical design

of perforated plates for the hot pelletizing is extremely important, because if the

plate bends, which can happen quite easily, it does so in the direction of the knife

which in turn cannot fit well, resulting in a poor cut (Fig. 5.1). The pressure loss of

a plate consists of the following components: inlet pressure loss, capillary pressure

loss and outlet pressure loss. The inlet and outlet pressure losses are caused by the

rearrangement of the velocity profile from approximately plug flow in front of the

orifice to a parabolic profile in the orifice and back to plug flow behind it (Fig. 5.6)

(see also Chapter 2.1.4).

Perforated plates are often made with a conical borehole in the inlet zone (Fig. 5.7)

[21, 22] to eliminate stagnation zones, secondary flows and unstable whirls at the inlet.

The L/D ratio of the cylindrical part of the orifice runs usually under 10 (2] and the

opening angle of the inlet between 30 and 90 degrees.

A simple calculation of the pressure loss for short holes (L/D under 10) is not possible

since the pressure losses at the inlet are at least of the same order as the pressure losses,

in the cylindrical part of the nozzle or even higher [2, 24-27]. Rather, the following

procedure is recommended: ,

1. Calculation of the viscous pressure loss in the cylindrical part of the hole, for
example by the method of the representative viscosity: ’
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Fig. 5.6 Velgcity profiles during the flow through a breaker plate. I Stagnation zone, 2 Inlet
region, 3 Orifice, 4 Melt strand
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Fig. 5.7 Breaker plate with conical boreholes

2.

Intet pressure loss Ape (Pa)

With 7g = f (Jg) (determined e.g.. by Carreau or Ostwald-deWaele Constitutive
Equation).

= 52
and jp= Py e, (5.2)
with e, =0.815 ‘ .
When determining the inlet pressure loss, the fact that there is a good correlgtlon
between the inlet pressure loss and the shear stress at the wall in {hxa' established
flow can be utilized. This correlation, tabulated fqr many polymers, is independent
of temperature (Fig. 5.8) [20]. For such a sitpatlon where the area for thi? ﬂow
passage in the capillary is large relative to its length'thevabove correlatan is
practically independent of the geometry (flow from an infinitely large contamar%i
The relationship between the inlet pressure loss and the shear stress at the wa
can be determined from results from a capillary rheorqeter. For these, the Bagley
correction is applied or the measurements are arranged in such a way that they are
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Fig. 5.8 Relationship between the inlet pressure
loss and the shear stress at the wall
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performed using a capillary with a slit and at least one pressure gauge in front of
the capillary and two along the capillary.

To evaluate the correlation for the calculation of the total pressure loss, the shear
stress at the wall is determined in the second step from the calculated pressure loss
using the momentum balance:

Tw Ay = Apg - Ay, (5.3)

_ AppR .

TW—-— 2L .

Thus, the corresponding inlet pressure loss can be found from the shear stress
calculated above:

Apg =[(ty) (5.5)

3. The total pressure loss of the orifice is obtained from the addition of the values of
the viscous pressure loss in the cylindrical part of the nozzle and the inlet pressure
loss:

(5.4)

Apyg = Apg + Apg. (5.6)

This procedure gives good results also for channels with a conical inlet zone provided
the opening angle is greater than 60 degrees. Also, for these nozzles the shear stress
at the wall in the cylindrical part of the channel must be calculated.

When more accurate data are required, it is reasonable to determine the pressure loss
in the capillary rheometer for the material in question and use the capillary having the
inlet shape and length as the hole which will be used in the intended application.
The mass flow for a single orifice can be up 1o 15 kg per hour [4]. This can be used
for an approximate lay-out of the nozzle.

In the described procedure, the interaction of the streams through each hole was
not considered. Besides experimental study, only a demanding three-dimensional flow
computation using FEM can be applied to analyze this problem.

The condition for a uniform extrudate geomeiry over a certain period of time is that
no flow instabilities occur. These have several sources: depending on the material
and operating conditions, unstable flow in the inlet zone which leads to a winding
corkscrew-like extrudate or the melt fracture which manifests itself in a rough non-
uniform surface of the extrudate. The melt fracture results predominantly from the
partial loss of the wall adhesion in the channel (Fig. 5.9, see also Chapter 3.5.2) [23,
28, 29, 30]. Generally, the occurrence of fow instabilities depends on the level of the
rate of deformation, which means the productivity of the equipment is limited by these

b) c/

';a@\;/@ @\
e
(1]

Fig. 59 Flow instabilities. a) Stable flow, b) Unstable inlet region, ¢} Melt fracture
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Fig. 510 Example of a breaker plate
assembly. I Inlet,
2 Qutlet, 3 Screen pack,
4 Breaker plate

effects. It depends on the material being processed, whether instabilities in the inlet
and/or melt fracture occur and which of thase two effects occurs in which range of
deformation.

PE-HD is the known exception here: in the range of high shear rates a condition of
slipping occurs due to a complete loss of wall adhesion which produces extrudates
with good surfaces [30].

The design of the channel can influence the occurrence of the imstabilities at the
inlet and the resulting corkscrew shaped extrudate. A conical inlet zone and a long,
cylindrical land region reduce the occurrence of the problem.

A uniform volume flow through all holes of a plate can be achieved by such an
arrangement, where the flow path from the melt entrance {extruder adapter) is equal
to each hole. As an alternative a suitable pre-distribution must be assured, so that
all boreholes are supplied with the melt uniformly. In general, it is true that a
higher pressure loss of the individual holes improves the uniformity of the individual
streams.

When deciding on the diameter of the holes of the perforated plate consider that the
strand will be larger than the hole because of extrudate swelling. This is particularly
important when designing plates for underwater pelletizing because the size of the
extrudate is not affected by an additional stretching.

An exact computation of the extrudate swelling in advance is at this time possible
only in a few cases and only after an exact experimental examination of the material
and the respective channel geometry. A generally valid relationship is provided by the
phenomenological correlation between the extrudate swelling and the shear stress at
the wall similar to the correlation between the inlet pressure loss and the shear stress
at the wall (for the former, see Chapter 7).

Another consideration in design of the perforated plates is that the size of the holes
is not too large, causing a screen rupture. “When considering that, the arrangement
and sizing of the screen pack as well as its total pressure loss have to be taken into
account. For the purpose of the calculation of the pressure loss the screen pack can be
regarded as an accumulation of perforated discs [31, 32]. When using the perforated
plates it is also important that there are no stagnation zones behind them which
would increase the residence time of the material and can lead to degradation. For
that purpose perforated plates are often made with a conical outlet (Fig. 5.10).

5.2 Dies with Slit Exit Cross-Section

Dies with flat slit-shaped exit cross-sections are used for the production of extrudates
with large width to thickness ratios such as films and sheets, as well as for the coafing
of substrate webs. The distinction between the flat extrudates film and sheet is difficult

~,
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éo make since both the thickness and the ability to be wound are brought in for the
ecision about the category [33-37]. (The ability to be wound means that there is
gothgermz_menL_dﬁfocmavt.xon\e}pﬁd/or damage of the product). Considering the fact that
oth notions run smoothly into each other, an arbifrary borderline carf be set at th
thickness_of 0.5.te.07 mm. T e
?Jdd;es \\%;h t_@: slit shape opening show a great similari
made up. The suBStanhal difierences between them are based ‘geometry of the
manifold {melt disinibution channel) used. The vari e T o
e . variet i
e Tollowing sestion nnel) C «-TLEEX_SEE?_TFOMS will be discussed
welk - polzesl [

the way they are

e e e T

._j""o'
5.2.1 Designs and Applications |
7.

i

An tathIEESI%Q die for sheets or films shapes a round melt strand into a flat rectangular
sheet. The distribution ol the melt is"accomplished by a manifold foifowed by a fow
resistance region — also referred to as land. ]

[iSIaree eeon ~ 8 B
As shown in Figs, 511 and 5.12, the melt flow enters the die in the center and is spread /ébg T )

w{ olil both sides to form an even fAf extrudate. Experiments to evaluate
tpe I ding of t CRLCHE R u“e‘.STd%: only, Te-asymmettically; and diStrib g it were
discontied due to fechnical difficultics. R o

Section A-A

Al o 9 8
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ig. 5.11 lat slit die for film extrusion. ! Lip, 2 Choker r, 3 anif sland, 5 Flex
F F. : -1 P oker bar, Manifold, 4 Island 1
Lip, 6 Manifold, 7 Body of the die, 8§ Lard, 9 Choker bar (locally adjustable), 10 Li
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Fig. 5.12 Flat slit die for the extrusion of sh i
; eets. | Lip, 2 Choker bar, 3 Mani j
Choker bar (locally adjustable), 6 Body of the die anifold, 4 Isfan. 3
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In order to obtain as uniform a melt flow across the entire width of die as possible,
the flow channel geometry has to be designed with the consideration of the materia)
"properties, operating comditiony and theslogy. This procedure is discussed in Chapter
Differences in the flow across the die during its operation almost always occur and
y seyeral methods. In flat film extrusion local differences in the flow
rate are usua‘lY_@@ened‘ out by local Ehanges in the gap width of the die lips. This
15 done,-for-exam: & by wslight bending of the lip by pressing screws (flex lip), the

material-isweakened)and thus provides the required point of bending (Fig. 5.11). The

)

-{imited capacity of steel for deformation allows deflections of up to about 2 mm [38}
The lip recovers due to the elasticity of the steel and the melt pressure, — " -
In exceptional cases flat film dies have an additional device, calle a-¢hoker bar or

restrictor bar (Fig. 5.11). This is a locally adjustable (bendable) profile—strip 1n the
interior of the die, which is capable of making coarse adjustments only because of its

massive size. .

For sheet extrusion_the choker bar is a standard equipment to assure a uniform melt
distribution. But still, the fiex lips are used here for fine adjustments (Fig. 5.12).
Moteover—there is also the possibility to control the melt distribution and thus the
gauge of the extrudate by changing the temperature profile across the die. This method
is used only in special cases.

Extrusion dies for coating of flat subtrates are built the same way as dies for flat
sheets without a choker bar;_the regulation. as needed..can he.ascomplishad by
adjustable lips. In order to be able to extrude films and sheets by a wide slit die with
differei rage thickness, very massive lips are used, which can generally be adjusted
or changed only when the unit is at a stand still.

Typically, the length OEWM—%” 30 and about 90 mm [34],
although it can be much more in some cases.

Depending on the s?)léﬂiﬁ’é or stretching behavior of the processed material, the lips,
which run parallel across the entire width of the die, can be adjusted by several per
cent closer or more open to achieve the required thickness of the extrudate [39].
However, this is only feasible when the melt is not purposely stretched after it leaves
the orifice. il

In thick sheet extrusion the melt usually leaves the die in the horizontal direction and
also proceeds this way to the calender stack. However, the melt for the fabrication
of cast film or coated webs can be discharzed at an angle or straight down, either
tangentially or perpendicularly, onto a cooling roll (casting roll) or onto a carrier web
running on a guide roll. Therefore these two types of dies are called casting dies. The
melt has to be rerouted in these cases by means of an elbow between the extruder and
the die.

The exit gaps for the extrusion of flat film and for extrusion coating are between 0.25
and 0.7 mm [40]. Usual die widths are between 1,500 to approximately 4,000 mm
[41].

Sheet can be extruded with a thickness of up to 40 mm, whereby the widths can be
up to 4,000 mm [40, 42—44]. The operating width of a flat slit die can be reduced by
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Fig. 513 Flat Slit dies ~ Manifold shapes

flow as it comes from the extruder into a flat shape, a special flow channel system

is necessary. There are several types, the most imporiant OHes T m 1
mre referred to a8 1-manifold, fishtail nglifold and coatfa;gce)r :nalgifollcgi'
There are additional types under development 47, 48], but none of them hasmnd
wwwidespread-use so far. The dies with the coathanger manifold are_the mos;_frequentl
used todgy. Th.e reason for that is that, 1f properly designed they provi?z;%‘.‘g.gog

ﬁl?\mamm;f‘ﬁapendem of the operating conditions.
A dlsgdvantage o IS system is the mgh manufacturing costs because of th
com h'cated flow channel geometry involved (Fig. 5.14), =
Flat slit dies (or SHeg mfmﬁmm'msimple and therefore much less
expensive to make. They am"used for extrusion coating lines. This
Row disiioution S e optimiaes o pane O (B sepsiium-materily The

‘ an be optimized or influenced by the geometric modification .f h

manifol i i g
m gisei ?r? Ezg[isals].of the choker bar. Theoretical studies for the design of such dies
_—

i
3

exchangeable or movable lips as well as by systems deckling the cross section [45].
The latter is done only seldom because this method does not usually create favorable
rheological conditions for the proper melt distribution; often dead spots occur which
can cause problems when thermally sensitive materials are processed [45, 46].

As was mentioned at the beginning of this chapter, the main concern in the rheological
is to obtain as uniform melt flow

configuration of the flow channels of flat slit dies l
across the width of the lip opening as possible. Now, in order to transform the circular

Fig. 5.14  Principle of the coathanger manifold

T



Lisrs This can be done by a locking mechanism
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ion costs, the fshtail manifold lies in

istributi i uct i ‘
distribution quality And prod ioned systems. Studies deterriimifng s

e ously mentl

- between, the two_previ y me ] e
tfhrzorlrggdiglj configuration are presented in [52-54]. AS‘IFS the gszzzvﬁtf;e e
il ifold by itself does not bring about a umiorm g
e S A ohoker bar, have to be added s renresent
Thcreasingly complicated geometry of flow chann : p! e
" et tech: ol 2 rher costs. Because of that, often in the
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higher technological demands and thus hig o s e o and 2Ty e

i icati ises are made '
practical apph.caUOnsfgommspi_zflz]i.ihmf’té“?ﬁ’fﬁe flaf exfrusion die include another
o . ohe sub] Tre A Creases
T—‘f"”%ﬁi‘fWWe die which is subjected to pressure."As tm?e g:nu;penin
iicsi(;;‘ rrﬁé?‘e glnechanical effort must be expendedl to prev;al?t thi a;izsigppens'ﬁ’ﬁig—%
. i am _she ;
‘up the die. This phenomenon is relerred to as g Hellme, 5

ibuti i duct
Tegative elfect on the thickness dismbug}og across ;ki?eglit;égttgza?r;mrﬂ on
it di icted in Fig. 5.15 [38] have so-¢ ! :
o o che d6p119 e‘ cor ograted into both halves of the die (top a_grg‘?bgttq;g) Ag
L e O s w channel is incorporate

{vision 1 2 dest ¢ the flo
asymmetrica SeHTral division 15 Such a design wher o
cks compared o the die.with

S0 COrIeciive elements, such a

i ie i rse,
in one half of the die, the other half remains plane. Such a die is, of cou

expensive to make, but has certain flow rg&;tqg..igi}g?ad -ompar
o piihies-Shve e DN reae
I'division.

Q&
- i ies operate
%’/mperaé with pressure_losses up to 200 bar [33, 4{0].. Z?it;régh?ve ap}ower
ta uch lower pressure losses mainly because the materials [or co
at m

iscosi ing temperature [45].
T o arehovissociy : he pressure at the die entry can reach 400 bar.

40 In SUCh cases precautlonaly measures must be t ato endUIe SUCh lalge forces.
hen p SSINg hlgh V1SCOS1
&

with (togglesy or hydratilic pistﬁms. [allf)],
i i i ist of a single, mechanic
e t:)lcolfklglel;ewg—csi;g;c?licess of t%is die there are
har;nel as well as the die lips [40]. Moreoverci d;f;s
&) have been proposed and actually use [d',
less stress on the screws_holdlng .thef ie
re). Furthermore, the lips are , in fact,
ative to each other under the existing

or by the use of s .
extre>1,'r\ely stable, U-shgpe‘d dl_e bl
strips containing the distribution ¢ "
with a fow channel rerouting (Fig. 5.16)
40, 55]. The rerouting of. the rr}elts leads to
together (a smaller area is sgbjected' to pre:sul
not forced apart, but only slightly displaced re

in Fi . Here also
o [45t].commonly used shapes of the choker bar are shown in 51(%;15&11&5: dieeon o
ghle mgsthe choker bar mounted under an angl'e under 45 geg\f,eeier R e O okor
leftc))rfhich is very advantageous from a flow point of view. Ho ,
e

Flat slit dies {(Johnson {38 For f For thick
i B) For films, C) )
it di A) For films and thin sheets, e
1‘11 tt h(tsialbs) (a lexiblfg li][;))!( )iex lip), b Transverse channel for flow equalization, ¢
sheets F F

t
Locally defiectable channel wall, { Choker bar, 5 Cartridge heater

Fig. 5.15
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bar, as well as with the one shown on the right, dead spots occur. In these dead spots,
local degradation of the material as well as deposition of additives, fillers, pigments
etc, so-called plate-out occur frequently. For that reason there are, if possible, no
choker bars used in dies for extruding PVC,

The local adjustment of the choker bar, ie. its bending is done by tractor and pressing
screws, which are alternately arranged over the width of the die at 40 to 60 mm
intervals. In some cases, differential push/pull screws and push/pull screws are used
which, when turned clockwise and counterclockwise, move the choker bar up and
down respectively. Flexible, i.e. locally bendable lips, are commonly used today for Aat
film extrusion and coating dies because they allow a relatively fine regulation of the
thickness distribution without any appreciable disturbance of the flow. Moreover, this
is only possible during the operation of the machine, something which is critical also
when sliding lips are used. In that case only a coarse adjustment can be made because
of the friction between the lips and the body of the die and because of possible play
in the setting of the adjustment screws [45].

Another interesting possibility to influence the melt distribution is shown in the
middle of Fig. 5.15. In that case a region of the bottom half of the die is weakened
mechanically, so that a membrane, as it were, is formed across the entire width. It

can be very slightly deformed by pressure screws which provide limited additional
regulation of the flow.

The membrane section is followed by a groove shaped, transverse channel, which
runs also across the entire width of the die and is connected to the above regulating
element. Its purpose is to equalize the pressure and, therefore, the flow through the
die [56, 57].

The regulation of the flow over choker bars and by adjusting the lips is difficult
particularly for wide dies because of the large number of adjustment screws; it
requires a great deal of experience and feel on the part of the operator.

Because of that, most of the wide flat slit dies are equipped with adjustment elements
controlled electrically which cause the required bending of the lips and choker bars.
A system which contains a hydraulically operated screw-driving system on a rail
alongside the die that can be moved up against each adjusting screw of the choker
bar and adjust it is described in [44, 58, 59]. A wide fat slit die is described in
[37] which contains a choker bar adjustable locally up and down by means of small
electric motors with highly stepped-down gears. Several systems for automatic lip
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Fig. 5.17 Flat slit die with heated die
bolts for gap adjustment (Welex)
[61], 1 Bolt for the choker bar
adjustment, 2 Bolt for the lip
adjustment, 3 Bolt heating,
4 Heating block

adjustment were developed. Here also electric motors are utilized as control elements
for the adjusting screws of the lips [41]. The set-up shown in Fig. 5.17 (60, 61) is the
most widely used and well established on the market. The flexible lip in this system
is adjusted by a heat expansion bolt, the expansion of which is regulated by electric
heating. When the heating required for the expansion of the bolt is switched off, the
lips can be reset quickly by an additional cooling of the bolt with air. This system
is used successfully for automatically controlling thickness in flat sheet extrusion [62,
63].
In the recent past an extrusion die was demonstrated which uses so-called translators
operating on the piezoelectric principle for the control elements for the lip adjustment
[64]. Such a piezotranslator can vary its length from fractions of millimeters up to
several millimeters depending on the applied voltage. Its reaction time is only a few
milliseconds, so it provides a very fast gauge control [64].

The wide fat slit dies are generally heated by electricity either by cartridge heaters
located in the body of the die or by heating bands placed against the outside of the
die. Inductive heating systems are in an experimental stage {13]. In order to attain as
uniform a die temperature across its entire width as possible, heat pipes, which are
very efficient in heat transfer, are sometimes used [65].

If the lips are massive and with materials which flow with difficulty, rod-shaped lip
heaters placed lengthwise are sometimes used in addition to the usual heating systems.
Selectively controilable heating systems for the regulation of flow as suggested in [67]
and tried on the die described in [37] have had many problems and therefore have

not found widespread practical use.

RS- 1
5.2.2 Design . (Q\z\of" X,D«‘/\“‘E

The manifold of the wide flat slit die serves the purpose of distributing the melt
across the width of the slit in such a manner that there is the desired volume flow
distribution across the die orifice. Generally, a uniform gauge of the extrudate 18
—Fequired. However, there are applications, such as sheets (or films) which are oriented
uniaxially or biaxially in the subsequent procedure. In that case the sheet leaving
the die has to have a certain gauge profile [67, 68]. The second requirement is that

the melt has a relatively uniform history of deformation, temperature and residence
That ThHe abc f

time. Finally, it is expected thaf'the above requirements are met over a wide range O

operating conditions and for a variety of materials.

§
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! > 5 , first, ytical formulas for the design of manifolds f
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Fig. 5.19 System of coordinates in a fat slit die
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Vow

B (x) = const. = & 5.7)
(

,
i
I (s Zslit (land))

. X . Y .
(Tata=F T \ 8

(R = pipe (manifold pipe)) \\
(R = pipe (manifold pipe))

i

C—Vem v (59)

T |
_ o o,
FAp (x) = Apg (x) + Apg(x) = const. 'y
M&Mrmulé&n of the fequimment for equal flow resistance on.all flow
paths across the entire width of the die results from Equation (5.10):

(5.10)

0Ap (x) —o
ax .. .
These basic relationships are valid for all design work pertaining to manifolds.
Furthermore, the following restrictions apply:
— isothermal, steady-state, laminar and full)‘r developed flow
— iicompressibility of the melt (i.e g=const)
—Tgnoring the inlet and outlet effects
- wall adhesion _ . )
THe faltowitg=simplifications applying to the design formulas shown in the sections
below: ) '
considering the manifold to be a pipe or a flat slit
l/[: constant slit height in the land area

e

5.2.2.1 Fishtail Manifold '
For the fishtail manifold (Fig. 5.20) the length of the land across the entire width is
assumed to be linear:

(5.11)

(5.12)

ylx)=y, - 7T~

y Fig. 5.20 Fishtail manifold
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The pressure loss in the manifold is obtained by the application of the method of
representative data: e
/_____’,___-——J_‘______——_____—-—_—_—_";— L 8“\“( ) )
Bi7gi(x) Vox
App (x) = : L
pr(x) / TRIGIL d (5.13)

x

The pressure loss in the slit is:

1275(x) Vo Yo
iR
If considering also the relationship between the length of the manifold and the width
of the die in Equation (5.13):

d,-
Al (5.15)

l.))
( (

we obtain the course of the manifold radius across the entire die width usin Equation
(5.11)% ‘“"“—-"’—""’L

o L

1 Ap(x) BHx

= [3‘ ) o st (@))J
B

The advantages of the fishtail manifold are:
relatively simple techniques used in its manufacture because of the linear course of
the distribution channel
- WirErcomputing € pressure loss in the manifold (Equation (5.13)). the real length
of the distribution channel is taken info account (Equation 5.15). This is particulary
important for manifolds with very long lands.
The main disadvantage of the fishiail manifold is the great change in the shear rate
across the length of the distribution channel. This is equivalerrwith @ variable Toading
of Tmmterial-across variable low pathways:

Apg(x) = (5.14)

(5.16)

5.2.2,.2 Coathanger Manifold

Unlike in the fishtail manifold, in the coathanger manifold the course of the length of.
the land across the width is not assumed, but rather developed by trial and error with
the goal to keep thie Stress on the mell As Uniform and low as possible.

One possible way of doing this is the study of the Jnean residence time along the
stream line. The mean residence time is calculated from the mean velocity in the flow
CIOS§ §8Ction and the length of the fow path:

e e
X
- 1 y(x)
ty(x)= [ = dx 4 = 5.17
W= [ o i 17
L
where
the mean velocity in the manifold B, (x) = M—)— (5.18)
J R T IRIG) :
3 H = I.flclal
the mean velocity in the land g(x) = const = T (5.19)
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A formula for the design of a flat wide slit die with a manifqld which inplu@gs Fhe
optimized residence time distribution is such_ﬂ_m_.t_the cross-section of the c}lllstrl ]ijghn
channe] of the manifold is shaped so as to minimize the residence time through the

entire-manifold [69]7 This means, (Harfor .
L

inimum has to be found. ) ) )
%’Eél?;g]rgh for the mimmum value from Equation (5.20) yields as solution the following

shape of the cross section of the distribution channel:

i

X\3

R =Ry (3)°

Futhermore, it can be shown, that the condition of th; minimum of the residence time

in the distribution channel is equivalent to the condition of constant shear stress at
the wall in the distribution channel [6. a7. . ‘

The shape for the land follows by using Equation (5.21):

/—’TT/ (522)

The geometric _shapes of functions (5.21} and (522) are independent of nll]at%ria]
Jbehavior and the operating conditions. However, Ry and y, are affected by the flow

behavior of the melt. For the simh Taw by Prandtl-Eyring the following relationships
result:

(5.21)

4V, _LAp Ry l%&) (5.23)
nRAC 3 A L\3AL,

for the maximum radius of the distribution channel and
_67i=l_fi§£w lﬁéﬁ) (5.24)
H2CL 2y, A 2y, 4

for the maximum length of the land. The functions ¢ (1) and w(r) are summations of
the hyperbolic functions of the form: with

- i ﬁ & (5.24.1)
T34 L
8 [1 1. I
p) = 2103 coshu— - sinhu+ ;{—Z(coshu - l)} (5.25)
for the flow in the channel and with
_L1HA8p (5.25.1)
) ¥ A
(5.26)

1.
wir) = —3; (coshr - ;smhr)
2

for the flow through the slit. ) )
R, and y, cannot be determined explicitly from Equations (5.23) and (5.24) respectively.

To determine these values, an iterative computational procedure or nomograms have
to be used [70] (Fig. 5.21).
LSBT UR S e
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Fig. 5.21 Nomograms for the design of flat slit dies utilizing the Sinh Law [69]

The following procedure is recommended when using nomograms:
1. Assumption, i.e. the choice of R, based on empirical data, determination of Ap
from Fig. 521a. Repeat until Ap lies within the required range.
2. Assumption of H based on empirical data, determined with Ap from step 1 from
5.21b. Repeat until y, lies within the required range.

The procedure as presented previously permits the design of wide flat slit dies with
consideration of the residence times and the shear stress at the wall in the distribution
chanmel However, @ die can be designed by USIHg This~netliiod {6t only one material
“{How properties of which can be represented by the sinh lawg-and for only one specific
operating condition (mass throughput and mass temperature). Deviation from the
operating conditions from the flow behavior lead to a change in the function of the
distribution channel.

The manufacture of a die with a non-linear course of the land length (see Equation
{5.22)) is rather difficult and is only possible with the use of numerically controlled
milling machines.

Another procedure for the design of wide fat slit dies is based on the method
of representative data which allows the computation of the pressure loss by the
furrdammental die equations valid for Newtonian liquids [71].

The advantage of this method is that any material law can be used for the description
of the relationship between shear rate and temparaiire,

A% an additional condition for the defermination of the contour of the distribution

channel required here [71] is that the representative_shear rate in the distribution
Shannel (manifold) remains constant. That means: .
- AVe(®) N .
R= 73 ) e, =const. (5.27)

From the relationship between the volumetric fow rate in the channel and the path
coordinate (Equation (5.8)), and from Equation (3.27) 1t follows:
e AT NN

-4,

Tr= TR3(x)
T

(5.28)
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Resolving for R(x), the following is obtained:

L
where R(L) =R, ) N o ]
This contour is identical with that found by using the conditions minimum reglder}ce
time in the distribution channel and constant shear rate at the wall in the distribution
channel (Equation (5.21)). ‘ ‘
The total pressure loss along the flow path consists of the pressure loss in the
distribution channel &md tHe Pressuie 1055 across the land. It |5 obtained from the

following relation (similar to Equations (5.13) and (5.14)):

L ¢ .
877p (x) Vox 12775(x) ¥,
R4 (x)L - T.H3

X
The relationship between dl and dx is not known here, therefore it is simplified by
setting

y(x). (5.30)

Ap(x) = Apg (x) + Apg(x) =

dl =dx (5.31)

From the zissumptions of a constant shear rate in the distribution channels (Equation

5.27) and constant fow velocity at the exit from the land gap (Equation (5.7)) with a
constant slit height in the land region it follows:

iig 7 f (x) = const, (5.32)
RTSE

fig # f (x) = const (5.33)

By the differentiation of Equation (5.30}, setting the result to zero and using Equation
(5.29) the following differential equation for the course of the length of the land results,
thus: ——TTTTTT

dy(x) g 2H?x é (5.34)

After integration of Equation (5.34) the following relationship results:

g HLP2 T (5.35)

(5.36)

(5.37)

The maximum radius of the distribution channel, Ry, and the maximu‘m ‘lenth of the
Tand y, are mutualty related through the Bquation (537 amnd-throngh-the viscosities
{and thus by shear rates) in the channel Zad The sIiT
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o =S Gr) =7 (%eo), l (538)
‘ |

[ fis=fs)=f E_Z%egw (5.39)

As quantities defining the geometry, H and Yo are assumed and R, or y, calculated.
For all design formulas presented so far, it holds true that (thermally) absolutely
uniform distribution is achieved only with the specific design material at the design
specific point of operation. Therefore, these design procedures are referred to as
depending on.operating conditions. When expanding this design using the method of
representative data by adding the condition of equal shear rates, a procedure which is
independent of the opeTating conditions results. 1his means:

7s=Tr: (5.40)

From this it follows:

fis = fg- (5.41)
From Equation (5.40) it follows:

47, .= 6V, . 4o
TR3 o LHZW (5.42)

Solving for Ry, the resultis:

\R():(iﬁng)l“‘ J - (543)

3neq

Putting Ry into Equation (5.37) y, results:

! 4/3
e (32) e, | — ot
L\t

\‘As can be seen from Equation (5.42) and (5.44), after introducing the condition of
equal sheartare 1 (ie flow chanrel and the land gap the operating conditions and
the material do not have any influence on the result of the desien,

he~design—is—independent of the operating conditions, as required, and therefore
it always produces a distribution channel which theoretically distributes the melt
uniformly.
Another advantage of this formula is that it produces equal shear rates and equal
melt stress on every flow pathway.
The disadvantage of this design independent of the operating conditions is that
the calculated maximum lengths of lands are relatively large. The large land areas
combimed—withr it very Mg forces causing opening
of the die, which often cannot be prevented mechanically. Therefore, the design of
wide slit dies by the method independent of processing conditions is feasible only in
exceptional cases, i.e. only for narrow dies. On the other hand, the design of the flow
channel by this method is practical for side-fed mandrel dies (see Chapters 5.3.3, 9.2
and 9.3). '
The pressure loss of the manifold system can be computed by using Equation (5.30).
Since all flow pathways are equivalent with regard to the pressure drop based on the
chosen conditions, it is sufficient to consider only the pressure drop which results from
the flow across th& maximum land width in the middle of the die (x= L); from that'




142 5 Monoextrusion Dies for Thermoplastics [References p. 207]

the total pressure loss for the die can be determined:

(5.45)

[:‘ R
The computation of the tesidence time along a streamline can be calculated with the

help of Equation (5.17). If the relationship between the flow through the manifold, iFs
radius and the current time coordinate is included in that equation, the following is

the result:
L

27 1/3 L3
T(x)= nR LT /x—‘“ dx + Ayl ™ s, (5.46)
' Ya 6

X
The residence time in the die can be calculated from the mean velocity at the exit of

{he die and the maximum [ength of land in the centerof thediE:

;- LA (5.47)
7,

When designing a die using the above equations the following w

Tecommended: ,
L. Dehinition of the maximum permissible pressure drop and of the height of the land
gap from empirical data, determination of the maximum length of the land in the

center of the die. (Equation (5.45)). T ‘
Determinatioirof-the maximtra tadius of the distribution channel {from Equation

(5.3%). Since this value enters into the deter.m_iggﬁtj_om_,o_f«t_he__[c_pnes_enta_ti_yg_yis_c_o_si;y

in the channel, an iterative procedure is meaningful,

3. An estimation of thc dependence of the die on the processing conditions can
~5& done by Taking Rgfoundin Step 2 and determining a_tew valte y; for e
différent operating point of another material and then comparing it with the value
Sbtained in Step 1. The smaller the difieredce between the two values of yq, the less
promouced 75 the dependénce on the operating conditions,

A disadvantage of design methods discussed above is, when applied to the coathanger

(8]

manifold, that the length of the distribution channel projected onto the slit at the

outlet and not the exact [ength is used for the calculations. This leads to an insufficient
thickiiess OF The EXirudate at the outside regions of the die, particularly if the maximum
length of land is great.

Starting with the condition consideration of the exact length of the distribution
channel, the analytical procedure for the design of the coathanger manifold was
developed {72]. The power law i osen to represent the an_additional
condition set for the design is the requirement of an equal mean residence time on all
fow pathways. Tiis Tequirernenl 1§ €quivalent with the condition equal Jocal residence
time at any location in the die:

e I 48
5 () = h= 5200 =const. (5.48)

(For the definition of dL see Fig. 5.22)

dig(x) =

The above leads to the following relationship of the radius of the distribution channel
and the current time coordinate:

R(x) =R, (%) & (5.49)
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with |

m(n+1)

““\
Ry= Bm-+1)]"3 [H I/JL ) _
=lemsy) \&x) Y (5-50)
The funct Oﬂ.il'l" orrelation between the radius of the flow channel of the manifold and
the current time .coordinate (Equation (5.49)) corresponds to the relationships upheld
by conditions minimum residence time in the distribution channel (Equation (5.21))
and constant representative shear rate in the distribution channel (Equation (5.29)).
For the slope of the land length, the following relationship applies:

ao_[ wrwmy "
A [L(3) - @R/

After integration the course of the length of the land along the flow coordinate is:

y(x):_%kl/z [L(%)z/z /L ({_)2/3:
+ kln (L(%)I/Bqt L(—L‘-)W_:)J (5.52)

(5.51)

with

R4 (x)

k= (5.53)
An interesting variation of the design method described above is represented by the
lay-out of a manifold for a wide slit die with a slit shape distribution channel [73].
The distribution channel is not shaped as pimpm‘p'[ﬁe—ﬁt (Fig.
5.22). This shape of the channel is advantageous from the point of the rheological
dt?sxgn and of the manufacturing technology. Dead spots in the distribution channel
will not occur because the flow is a combination of flow in the direction of the channel
and the direction of the slit (Fig. 5.23).

Vital = 2‘70; Section A-A
! hix)

L

vz

L“" X

blx=0 =2 e

{ \i\ B

L

Fig. 5.22 Manifold for a flat slit die with a slit-shaped channel
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Fig. 5.23 Flow in the slit-shaped distribution channel (schematic)
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What is striking about the die with the vonstant distribution channel width b(x)
presented above, is the fact that the. cross section of the distribution channel does
not become zero at the edges of the die; instead, it supplies melt to the outer region.
In the reference [73] the design of this type of die is described using the'power law
and requiring an equal residence time on each flow path for constant width of the
distribution channel b(x) and for a constant ratio of height/width (h(x)/b(,"c)) in thgt
channel. This design is particularly simple when the method of representative data is
applied. The basis here is the correlation between the flow coordinate and the length
of the distribution channel:

[

dl = /dx? +dy? (5.54)

and the correlation between the pressure loss across the land slir and the pressure loss
in the distribution channel:

dp = _d_pd_y : (5.55)
dl  dydl ’

A rearrangement of Equation (5.54) yields
SV S (5.56)

When combining Equations (5.55) and {5.56) a relationship for the determination of
the course of the land length is obtained

oL (5.57)

dx d_p d_P_ 2—1
dy/ di

The volumetric flow rate in the distribution channel of th%s spef:ia} type of die cannot
be described by Equation (5.8), rather, the following relationship is valid here:

; 4 5.58

Vk(x)=§702—(x+b). (5.58)
With the pressure gradient in the land slit

dp 125V, (5.59)

dy (B/2)H3
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and in the distribution channel

dp 125, Vy(x +b)

al = EB (B2 (5-:60)
This inserted into Equation (5.57) yields:

dy 1

= (5.61)

dx

3 2
As { h{x) b |
mo\ H b+x
As an additional' condition for the determination of the contour of the distribution
channel the requirement for a constant shear rate in it is introduced

7\ =const, == 67 ()
Vi L= B2 (x) en (5.62)
and refers to the end of the channel.
|4 v
6—0.. 0
B/Z(x+b) 63/2b
(5.63)

bh(x) ‘a= bhi ‘o
From that
h(x) =hg+/1+x/b (5.64)
with the slit height at the end of the distribution channel he
h(x=0)=hg. (5.65)

Setting the above into Equation (5.61) and integrating the function for the land length
we obtain:

¥ (x) = 2b/k)/k(L —x/b—1 (5.66)

with

s (V]
X k—[’7k<H>J . (5.67)

For !15 = H follows j, =9, and hence Ty = 7, @Qﬂgn_imw
conditions). k becomes equal to one and the following simple relationship for the

course of the SOt Tength-is: '
1

|
ylx)=2vx-b. | (5.68)

5.2.2.3 Numerical Procedures

As an alternative to the analytical methods of design presented above which allow the
determination of the remaining geometrical parameter after selection of the shape of
the land length or the dimensions of the diStribTHoA channel There 1§ & pOssibility to
Uo-the design numernically: )

Lo accomplish this, the geometry of the die is divided into segments; the volumetric
flow rates and pressure balances are done in each of them (Fig. 5.24) [74]. For each
segment n, the following relationship between incoming and outcoming volumetric
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Fig. 5.24 Segmentation of a flat slit die for the numerical calculation
g 52

fiow rate in the distribution channel applies:
Vn = I‘/II+1 + VL : .
The volumetric flow rate ¥, from the manifold is the function of the pressure in the

(5.69)

certer-ofthe-segnrent and the sif geomefry:
Vi=f(p—po) H(x), y(x)]. "
The pressure in the center of the segment is calculated as the mean value from the
pressures at the segmental joints.
[-)_p11+Ptl+l (571)
=

The pressure loss in the distribution channe! from one segmental j(;]int ;o th:I o;rkllderi;:
ultimately determined from the volumetric flow rate throughout the chann

geometry:

(5.70)

(5.72)
Po=Pny1 +APg,

APR =f(r/u’ V11+I’R(x))‘ e
Starting with known values for V., and p Eat thtg bo%g%gyasg t(l;6735)egg1ievr;r,l fhe
ations (5. 73).
V. can be determunéd by iteration applymg quati o
dllétrlbution of the outcoming volumetric flow rate, 1.e.'V!_ for e%(:lh tsggﬁmnzntthzncc(imrse
of the three geometric parameters R(x), y(x) andelfl(x), Ith:S}S)oSstzrt: o B e e
i i iteration. The pro
of the third geometric parameter by i L
inati the die, since the values for the p I
mination of the geometry at the edge of X
?:tetﬁre disributon—chanmet(surrounding pressure) and the volumetiic How rates 1

(5.73)

K €
tre—distribution—channel{(generally—equal-to—zero)—are~known as mitial values, Th
el are.
antages of the numerical design of the oW channel . I
i(‘j:[;'he‘disign"Df'di’é"with"?a‘"ﬁ'j‘/““s“g‘i‘ééfﬁed geometry, e.g. wide flat slit die with a slit heig
which is not constant, in the land region, is possible.

— Any distribution of the exiting volumg flow can he_specified. This allows for the. .

design of dies which purposely have a non-uniform yolume flow distribution, for

[e. . ) .

_ Xcggllgonal ‘consideration of the inlet pressur losses during the ox;(tar_ﬁc;»zbféocgdﬂtlo

distribution channel into the land slit. During the overflow, the melt is suf Jon]y e

a stretch (Fig. 5.25). Consequently, the ‘le.,akage fiow has to overcomelosS v
pressure loss in the slit, Ap;, but in addition to that the inlet pressure
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Fig. 525 Inlet pressure drop due to the flow from the distribution channel into the land gap

channel to the slit, Ap,. The magnitude of this inlet pressure loss is dependent on
the geometry and the velocity of the passing flow, i.e. on the extent to which the
melt is stretched and on the extensional viscosity. The latter is the measure of the
resistance of the melt to elongational deformation. The inlet pressure loss can be
taken into account by applying Equation {5.70) and subtracting this pressure loss
from the driving pressure p, thus:

Vi =fl(p— Apg ~po), H(x), y(x)]. (5.74)

The fact that the inlet pressure loss Apg depends on the volumetric flow rate through
the slit and the geometric conditions has to be considered.

Apg=f[Vy, H(x), R(x)). (5.75)

The disadvantages of the numerical design of the flow channel are: a great deal of
programming is necessary, long computing times during the design and frequently
occurring mathematical stability problems in many applications.

5.2.2.4 Considerations for Clam Shelling

So-called clam shelling (opening up) due to the existing internal pressures is one of
the problems in the design of wide slit dies. The pressure distribution in a wide slit
die is depicted schematically in Fig. 5.26. Fig. 5.27 shows the resulting deformation of

Coathanger
manirald

Fig. 5.26 Typical pressure distribution in a flar slit die



e L

148 5 Monoextrusion Dies fo}r},TIfexnﬁﬂZGTiE

[References p. 207]

Fig. 5.27 Clam shelling due to internal pressure in a flat slit die

the die plates (see also Chapter 9.3 on this). The clam shelling increases the melt flow
in the center region of the die. .

The effect of this widening can be taken into account during the die design only
when the magnitude of the deflection as a function of the pressure distribution can be
determined. To compensate for the widening, the die can be made in such a way that
if it widens during the operation, it has the computed flow channel geometry. This
means that the die is made with a much smaller land slit in the middle region.

One possibility is to take the widening into account during the rheological design of
the land length or of the contour of the distribution channel. This means that the
manifold has to be designed with the height of the land slit which changes across its
width [68].

The possibilities of predicting the die widening by computation are discussed in
m].

5.2.2.5 Unconventional Manifolds

Manifold systems which accomplish the melt distribution across a distribution channel
and a land region are designed in such a way that for a uniform emerging flow, there
is an equal resistance to flow on each flow path. A situation where each flow path has
equal flow history as to the residence time and shear action cannot be achieved by
these systems (fishtail, coathanger). Therefore, alternatives have been recommended
which are desgned in such a way that each flow path is made the same length [77].
When observing the flow paths in a wide slit die (Fig. 5.28) which is made as a
divergent slit channel with a constant slit height, it is obvious that the flow paths in
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Fig. 528 Streamlines in a divergent fow channel
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Fig. 5.29 Streamlines in a centrally injected circular section

theltdi; ccel:ntelslr afrenshorter than those at its edges. Under the assumption of a point-like
melt feed, the following relationshi ini i A
e g ionship for minimum and maximum length of flow are

1,(0) = yg, (5.76)

(L) =/} +12 (5.77)

A flow channel geometry with equal len i

et gths on each flow path can be d
study of a centrally injected circular sector (Fig. 5.29). In ?his case, all ﬁec;\:/i;jaflrlcsm;ri
equally long; howevqr, the melt discharge is not located on the desired plane. This can
be corrected by curving the circular sector in the third dimension (z-direction) so th it
all flow paths end on the line 4 — B. :
Such a manifold has b in injecti i istri
e 8 Sl een used successfully in injection molding as a pre-distributor
In Fig. 5.30, there is a simple su i i i

g X : ggestion for the solution of the design of

1mamfold. Each flow path is raised in the middle to such an extent (hg(x)) t;:tdtlh:
ength of Fhe flow path ends on the edge of the die. The amount of elevation depends
on the point of exit x. With the projected length of the flow path

(=YX}

L(x)=1/y3+ 2, (5.78)

the length of flow at the edge of the die

LL)=/y3+L2=1(x) (5.79)

Saction A-A

1

Fig. 530 Flat slit manifold with streamlines of equal length
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and the resulting length of the flow path

1(x) =24/ (L, (x)/2)* + P (x) (5.80)
the h(x) for each flow path follows:
2 x2, (5.81)

e
t~
=

hx)=

1t is important to keep in mind that all the quantities refer to the point of exit x.
The above simple suggestion for solution is not optimum from the rheological point
of view because of the sharp break in the flow path, but it still was chosen for the
illustration of the process for the determination of the geometry for a wide slit die

with flow paths of equal length.
Advantages are:

- Independence of the material being used
~ independence of operation conditions

— uniform distribution

~ identical flow history on each flow path

Disadvantages of these dies are:
_ The die when built is rather high. For the type of adjustment of the flow path

described above the maximum height in the center of the die can be a quarter of
the width of the exit slit. Therefore, the application of this principle is feasible for
narrow dies only.

_ Both halves of the die can be made only by CNC milling machines. Moreover, the
machining times are long and the material consumption is very high because a great
deal of it has to be machined away to produce a deep channel.

— The setting up of the control program for the CNC machines is very time consuming,
considerably more 50 than that for conventional wide slit dies with a manifold.

5.2.2.6 Operating Performance of Wide Slit Dies

As explained earlier, there is a possibility for the design of extrusion dies with wide
tions. When the width of

slit openings which are independent of the operating conditio
T A E more than 500 mm, the long lands resulting from the design procedure give
rise to high pressure losses which lead to high separating forces. These can

back only byw& Because of this limitation, the wide slit dies
4re in THostcases designed as dependent on operating conditions.

Since these dies are operating under a variety of operating conditions and with a
variety of materials, their process behavior, ie. effect of changes in material and
operating conditions on the melt distribution is an important design criterion. A
simple method to determine if the die is dependent on process conditions is to do
the design for a spectrum of operating conditions and then compare the resulting
geometries (Fig. 5.31) [75].

The larger the change in the resulting geometry at various opera

more process dependent the die is.
The procedure described above provides a reference point for the design, however, an

evaluation of the resulting melt distribution is not possible.

This evaluation is only possible after the computation of the effect of the operating
point on the geometry of coathanger manifolds, designed to be independent ©
operating conditions [75], and die flow simulation [74,79-82].

For the above computation the distribution channel is divided into segments, including
the corresponding slit segments (Fig. 5.24). A flow and pressure balance is carried out
successively for each segment. The procedure here is similar fo the numerical design,

ting conditions, the
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Fig. 5,31 Effect of operating conditions on the - i
: g georaetry of a coathanger manifold desi
be independent of the operating conditions {75] ¢ ! esigned 1o

of the flow channel, the only difference bein i i y i y
! . g that in this case th
specified and the exiting flow is calculated. Setemelty s il
1ihe chechk of 1t]he.distnbution is started at the entry point in the middle of the die
ecause here the incoming flow rate in the distributi ’
ot o e oo ution channel {equal to half of the
In addition to that, the value of the unknown inlet pressure has to be specified and

then the more accurdle vaiue s determined by series. of ITeIAlions.
mIHaeS cglculatetd-cglstnbélt&ons for a wide slit die for one design point, for a different
s flow rate, for a different mass temperature, and after a ) i

. . ? ¢
shown in Figs. 5.32 and 5.33. ’ hange of material are
(Iit can bAc seen_that the increase _in the flow rate has_practically no effect on the
Illstrlbuhon, a decrease leads to a slight melt excess at the edge. The raised temperature
d'as a stmilar effect. A considerable worsening of the distribution effect is shown by a
Ble designed for PS and then recalculated for PE-LD.

¥y means of such a flow simulation, as shown, it i i i i

2 f R , 1t is possible to estimat

Operating window of a sheet die. P mate the size of an
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5.3 Dies with Annular Exit Cross Section

Dies for the extrusion of melt strands with an annular Cross section are .usec[iﬁfoi
the extrusion of pipes, hoses, tubular film and tubular parisons, for extrusion blo¥

molding as well as for cable and pipe jacketing.
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Spiral mandrel die

Spiral mandret
manifold

Fig. 5.34 Dies with an annular exit cross section (principle)

Extrusion of pipes and non-reinforced hoses is done mainly with straight dies. For
the extrusion of tubular films, reinforced hoses, parisons as well as for jacketing, the
extruder is at an angle — mostly 90 degrees — to the direction of the extrudate.

To produce the above-mentioned annular products mainly the die types shown in Fig.
5.34 are employed:

— mandrel support die (also referred to as spider supported or support ring die)

- screen pack die

- side fed mandrel die

- die with spiral distributor (also called spiral mandrel die)

All these dies have a common feature, namely a parallel land zone located at the die
exit, at the so-called outer die ring. The land zone allows the melt to relax and thus
reduce at least part of the deformation imposed on it during the process. This zone is
not present in blow molding dies with an adjustable width of the exit gap.

A separate temperature control of this die exit zone allows an effective control of the
surface quality of the extrudate.

Moreover, the position of the outer die ring can be adjusted, ie. centered relative to
the inner mandrel, thus, modifying the circumferential Aow at the exit.

5.3.1 Types
5.3.1.1 Center-fed Mandrel Support Dies

The melt stream, supplied by the extruder in a circular flow channel, is transformed in
such a die by the mandrel into an annular stream. The melt is divided in the mandrel
support zone into several separate melt streams and flows around the spider legs. The
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connecting, converging mandrel region, in which pipe dies become narrower at an
angle of 10-15 degrees [83] and in which the separate streams come together omnce
again, is followed by a die ring with parallel channel walls. Th; ratio of the length of
the paralle] land region to the height of the exit gap for the pipe ghes varies betwc;n
10:1 and 30: 1 [33, 42, 83]. The ratio of the mandrel support diameter to the exit
diameter for the pipe dies is usually 1.4 to 1.6 for PVC and 2 for‘ PE; however, the§e
values also depend on the diameter of the die [83]. The essential parts of the die,
such as mandrel housing and outer die ring are generally exchan‘geable, so that one
center-fed mandrel die can be used for several extrudate geometries. These parts are
not hatched in Fig. 5.35. In order to achieve a uniform mewlt flow through the annulus,
the outer die ring can be displaced radially by the centering screws qxounted around
the circumference. A clamping ring pre-tensioned with disc springs 1s often used in
this design [84]. The disc springs provide an adequate contact pressure so that a good
seal is achieved, but yet permit the outer ring to move. _ )
From all the dies shown in Fig. 5.34 the center-fed mandrel dies were the ones most
widely used in the past because, being fed into the center, they generaH.y prov1d§: a good
melt distribution and distribute the melt independently of the operating .condxtxogs.
However, they have a disadvantage in that spider legs cause flow marks, i.e. weld lines.
These are not always visible as local thin sections and str;aks, but they are always
present structurally and can lead to mechanicall}{ weak sections [85]. )
The high degree of melt orientation in the vicimty of the spider legs is among other
things the reason for the low marks. The orientation is produced by the high velocity
gradients in this zone when the melt adheres to the walls a‘nd particularly due. to the
large extension of the melt particles near the end of the spider legs as shown in [.85].
Differences in density due to differences in temperatures of the melt and the spider
can also play a role [86].
In order lso ¥educe tIEe giow marks, which are unavoidabl; witlz the use of center fed
mandrel support dies, there are essentially three possibilit.les [.83’ 87} :
_ An increase in the mass temperature of the residence time in the dxle .
— Uniform distribution along the circumference using a smearing device, for
example. o ) )
- Producing a uniform structure over the entire circumference by orientating the
molecules longitudinally, also between the spider legs.

Fig. 535 Mandrel support die (principle). / Mandrel tip, 2 Mandrel support, 3 Spider leg

4 Centering screw, 5 Die ring, 6 Relaxation zone
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Fig. 536 Ceater-fed mandrel support dies and different methods to reduce weld lines [85]

The accomplish that, the following concepts were proposed in [85]:

— The use of elements, rotating about the die axis, in order to eliminate the flow
marks [88]. The disadvantage of this system is that the rotating elements require an
additional drive and can cause sealing problems.

~ Coating the spider legs with a non-wetting material, such as PTFE. The disadvantage
here is, that such a coating wears off rapidly in practical use [89].

- Lengthening the flow path and hence increasing the residence time. This is possible,
but the total pressure loss of the die must not exceed the maximum permissible
value (Fig. 5.36).

— Heating the spider legs. This often is difficult because of the relative small size of
the legs, but gradual improvements are achievable [86] (Fig. 5.36).

- Forcing the stream to follow a strongly convergent flow after the spider legs. This
is almost always done in practice as shown in Fig. 5.35.

— Attaching restrictor beads or breaker plates. Both are used in practice for polyolefin
[12, 83].

- Using smear devices (Fig. 5.36). Multiple helical fAutes are cut in the mandrel and
the housing with opposite pitch. This induces melt flow components in tangential
direction and, thus, leads to blurring, that is a broader spreading of the flow
markings on the circumference of the extrudate. Multiple flighted smear devices,
mounted on only one side can also be used successfully.

Some of the mandrel support systems which are designed so as to reduce the formation

of weld lines are shown in Fig. 5.37. It should te noted here that a perforated plate

(screen plate) should not be used for the reasons of unsatisfactory strength as the

mandrel support element (83]. Moreover, for exactly the same reason as the tangential

mandrel supports it does not meet the requirements for the spreading of the defects

over a larger area of the circumference completely [90]. The mandrel supports with a

supporting ring and offset spider legs used especially in parison dies of the extrusion

blow molding machines are considerably better. The way they work is, that the flow
marks (defects) do not extend all the way through the entire wall for the extrudate
which is advantageous. However, the flow resistances of the passage areas must be

matched accurately in order to achieve equal mean passage velocities [91].

The spider legs must be designed with the flow in mind and should not be longer

than 30 to 80 mm and not wider than 9 to 12 mm [83] and should run out with a

sharp angle of approximately 8 degrees. The passage gap heights are in practice 10 to

25 mm and the number of spider legs increases approximately with the square of the

diameter [83].
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Tangentiat spider legs

Offset spider legs
2N

DI I L A

Support ring Fig. 537 Mandrel support system

The corners at the root of the spider legs should be designed_ 50 that no regions of
stagnation arise, which could cause a degradation of heat sensitive materials.

The center-fed mandrel support dies can be subjected to pressures up to 600 bar [&3],
because of that the spider legs must be‘dimensioned such that the forces resulting
from the high pressures can be withstood safely. )

From the point of view of mechanical strength the outside diameters of the center-fed
mandrel support dies do not exceed 700 mm [45].

5.3.1.2 Screen Pack Dies

This type of die is mainly used for the extru§iqn of large diameter pipes from
polyolefins [83, 92]. After the melt enters such a die it comes up ggamst a cone-shapfsd
mandrel (torpedo) by which it is diverted [rom the main axial flow to the rad}al
(outside) direction (Fig. 5.38). The melt then passes through a tubular bo_dy with
numerous boreholes (diameter 1 to 2.5 mim), the so-cal_led screen pack. To .th1.s screen
pack the adjacent mandrel is attached. After the melt is dwerte;l once again into the
axial direction, it flows through a parallel die land with an gd}ustable die ring in a
similar way as in the center-fed mandrel support die. The section of'the die following
the screen pack is interchangeable to a degree to accommodate different extrudate
dimensions. . e
In a way, the screen pack die can be regarded as a special form of the center- ;O
mandrel support die, in which there are only very small total pressure losses (.approx X
to 120 bar) due to the large passage area of the screen pack [83]. This has a direct eﬁ'ec
on the cost efficiency of the process (higher throughputs, lower energy consumption)
as well as on the quality of the extrudate and often lower mass temperatures. Foé
safety reasons, especially during the start-up, the screen pack dies today are designe

for pressures up to approximately 300 bar [83].
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Fig. 5.38 Screen pack extruder head (For pipes with diameters 32 to 110 mim; Hoechst)

A great advantage of these dies, when compared to the center-fed mandrel support
dies, is, that they are built more compactly: a ratio of mandrel exit diameter to screen
pack diameter of 1.4 is possible. As a result, they are considerably lighter (50 to 65%
of the weight of comparable center-fed mandrel support dies) and can therefore be
handled much easier [83].

5.3.1.3 Side-fed Mandrel Dies

In a side-fed mandrel die the melt is brought in at an angle - frequently 90 degrees.
This is necessary especially if something must be passed through the mandrel, e.g.
supporting or cooling air or a semi-finished product to be jacketed.

The entering melt is passed around the mandrel by way of a manifold or even a
manifold system, which may be mounted on the mandrel and/or the outer body of the
die. This way, the melt stream is gradually deflected from the radial entry flow direction
to the axial exit flow direction. A typical mandrel with manifold is shown in Fig, 5.39.

Fig. 5.39 Mandrel of a side-fed die
with a coathanger manifold
(principle) (principle)

Fig. 540 Mandrel of a side-fed die
with a heart-shaped manifold
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ment of the low geometry in this die can be visualized by imagining the
E?edselivtelr(:linifo]d shown in Igig. 5.14 to be wrapped 'around a truncated cone. The
difficulty with these dies lies in designing the manifold in such a way that the material
exits uniformly through the annular opening around the entire c1rcurn.ference. '
When using side-fed mandrel dies, a similar problem occurs as described prevtjougly,
namely weld lines; the methods to deal with them are glso the same. .Anc_)ther esign
form of the mandrel, a so-called heart-shaped curve, is shown in Fig. 5.40. In th¥s
system the melt stream is divided into two separate melt streams; each of thﬁm 115
guided on flow paths around a half of the mandrel (the !engths of the Pathwaysfs Ou(?
be equal if possible) until they are combined once again. Two weld lines are formed,
which is one more than in the design shown in Fig. 5.39. The name heart-shaped curve
is derived from the fact that the torpedo on the mandrel has a heart-.shaped contour.
The characteristic difference from the mandrel support discussed prevxqusly (F]g. 5.39)
is that here the melt stream flows around the torpedo and not over it as it does in
the flat slit manifold (over a land) or in a mandrel with manifold. This heart-shaped
form is used frequently in the die making; particularly when attempting equal flow
pathways for all melt particles. _ )
As in all other types of extrusion dies, the side-fed mandrel support die has a parallel
land region at the exit with a die ring which can be centered.

5.3.1.4 Spiral Mandrel Dies

iral mandrel dies (Fig. 5.41) the melt stream supplied by the extruder 1s_ﬁr§t of.all
Id?vsiged into several se(pafate streams. Star-shaped and. ring-shaped melt distributing
systems can be used for this purpose (the latter type is preferred when large center
boreholes are required in the mandrels [93]). o . .
These primary distributors discharge into spxrahng channels, mac;hmed into the
mandrel, through which they wind their way in the form of a multiple thread. The
depth of the channel decreases steadily and the_gap between tbe mandrel jimd the
outer part of the die (die housing) increases steadily in the dlrecpon qf.extn_lsmn.'
This way, it is assumed that the stream flowing through one spiral divides 1tself.mto
two partial streams. One of them flows axially over a land formed between two spirals
and the other follows the course of the spiral channel in the helical direction. Therefore,
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Fig. 5.41 Spiral mandrel dies for blown film extrusion (Reifenhduser)
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finally the exit melt flow is only in axial direction. This melt stream is formed by the
superposition of the partial axial and helical streams from all channels of the spiral
distribution channel. By this arrangement, there are no weld lines and besides the
desired mechanical homogeneity, uniform melt temperature is achieved. The complete
elimination of weld lines and flow marks are one of the greatest advantages of this
system for melt distribution [94].

The spiral mandrel dies usually have an interchangeable outlet region that can be
centered. The outlet region usually has a die land and its temperature can be controlled
separately.

5.3.2 Applications

5.3.2.1 Pipe Dies

Pipes are extruded predominantly by longitudinally fed (in-line) dies. So-called
crosshead or offset dies are used only in combination with internal cooling or internal
calibration. For this reason the use of side-fed dies is limited [13, 33, 42, 83]. The usual
diameters of extruded pipes range between several millimeters up to 1.6 meters with
wall gauges up to 60 mm [92].

The construction of the dies used for this purpose depends on the type of material to
be processed and the desired dimensions of the finished pipe. Thus, pipes made from
rigid PVC are generally extruded with in-line dies, the largest outside diameters being
approximately 630 mm. (83, 92]. Large polyolefin pipes are predominantly produced
by screen pack dies as well as by spiral mandrel dies. The latter usually works with
higher pressure losses than the former which usually run typically at 70 to 120 bar.
As with other dies, with pipe dies the mandrel and die ring can be exchanged so that
pipes with different outside diameters and wall gauges can be produced {83]. In [97] a
die is shown which allows the extrusion of pipes with different wall thicknesses by using
a slightly conical (approx. 2 degrees) outer ring region and a mandrel which can be
adjusted mechanically or hydraulically in the axial direction even during operation.
Dies for pipes with a diameter greater than 630 mm can no longer be centered while
in operation and are therefore centered with a template before the run.

Small and medium sized rigid PVC pipes are produced using center-fed dies with the
ratio of mandrel support to mandrel diameters between 1.4 to 1.6: L. In the design
of these dies careful attention is paid to avoiding areas of melt stagnation (dead
spots) during operation. These dies are designed for pressure of approximately 250 to
600 bar [83]. Polyethylene pipes with smaller diameters are extruded with the mandrel
support/mandrel diameter ratio of 2:1, this ratio can become even 1.3: 1 for larger
diameters [33, 83]. If this ratio becomes too small, the danger exists that the melt,
having passed the spider legs, will not be able to flow together again which can cause
flow lines. When this happens, breaker plates (perforated discs) are inserted behind
the spider legs to homogenize the melt.

In pipe dies with diameters greater than 140 mm the mandrel has a separate
Eggjperature control in addition to the usual temperature control of the die ring.
The properties of a large polyolefin pipe; especially the creep rupture strength are
strongly affected by the internal stresses introduced by the subsequent cooling and
calibrating and possibly by crosslinking or degradation of the material during the
processing [93, 94, 98]. Therefore, the temperature of the melt should be kept as low
as possible, as should the mechanical stresses on the melt. If this is achieved by the
use of spiral mandrel dies, then the main pressure drop occurs in the spiral mandrel
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Fig. 542 Triple die for pipe extrusion
with flow control [97].
1 Sliding sleeve,
2 Threaded sleeve with a bevel
gear,
3 Drive shaft with a bevel gear,
4 Mandrei

section due to its large exit gap and not in the die land region. This is in contrast to
blown film dies [93, 94]. . _ ) .
To improve handling, the dies for large pipes ars mognted on a mobile carrlafgz This
is not surprising considering that, for example, the weight of a 630 mm center fed pipe
die is approximately 2.8 metric tons {83, 92]. ) o .
Smaller?pt’hin-walled pipes can be produced using rpulﬂ—exxt dies, by means oﬁ v}/Igch
high extruder outputs can be utilized better and yv1th less stress on Fhe materia ‘fui
to the lower melt velocities in the individua[_j sections of the d1§, which caT man;ies
itself in lower shrinkage. Furthermore, the surfg.ce appearance is better at lower flow
velocities and it is simpler to maintain the required tolerances [97, 99]. . .
Fig. 5.42 shows a multiple pipe die with an individual flow regulation with the purpos
ttaini iti tlowing melt.
of attaining equal mean velocities of tl'%e.ou : ‘ )
A summary of patent literature pertaining to extrusion dies for the production of

pipes and hoses is given in [100].

5.3.2.2 Blown Film Dies

. . 4
trusion of blown film today spiral mandrel dies are most frequer}tly use
'Ilflhefh:m:)c()st always necessary change in the direction of melt flow frorré.horllgoitjalg?
vertical is accomplished by the use of an elbow place_d in front of the .le][ =des’i ns,
101, 102]. Center-fed dies with spiders and t;olw{sfsiségce zones or similar g
in the past have not been overly successfu , 103].
%She: \i«rildth opf the gap at the outlet of the blown ﬁlrp d1e§ is usually bet\xieentp.i rélamn
(thin film) and 1.6 mm (construction ﬁlrn)[z1r St?e{?}t:tmde cﬂalrns/t;ﬁsainﬁtite ;;c;dxc;egion
everal centimeters up to 2.5 meters . The paralle !
ggfef:t the dimensional toll?arances as well as the quality of the film; def?lf:és in th:rﬁig;\sl
channel surface have a particularly negative effect in this region [104].h e O{ltigmately
region, the better the optical properties of the film. The actual len§t (as tli‘le s
manufactured) of the parallel die land is usually a compromise b«rt\veen e e
required for a satisfactory melt relaxation and the length still having an accep

pressure drop.

[References p. 207] 5.3 Dies with Annular Exit Cross Section 161
N 4
A\ |
P>

TR

5 |k \
, / fIB | | \

Lt L g ! L
AN S 0 20 40 60 80% 100 v ! 0 20 40 60 80% 100
Percentage of the pressure consumption Percentage of the pressure consumption

l
p
|
|
f

Fig. 543 Pressure loss in a blown film die 93].
14 Inlet (star shaped distributor), I B Inlet (ring type distributor),
2 Rotational part, 3 Spiral mandrel distributor, 4 Transition, 5 Parallel die land

The shrinkage of a blown film, an important quality attribute, is affected by the
deformation of the melt in the shaping die as well as by the blow-up and the take-off
conditions after it emerges from the die. The effect of the design of the flow channel
of the die on the melt shrinkage was proven the first time in {105]. Another factor to
be considered in this context, the subsequent blow-up of the flm (the formation of
the so-called bubble), also introduces reversible deformations in the material. These
can be much greater than those imposed by the die, particularly if the blow-up ratio
is high.

Fig. 543 illustrates the percentage pressure consumption in blown film dies with spiral
mandrel with star shaped and ring type distributors, The high pressure consumption
in the die land, as well as the relatively low percentage pressure drop in the spiral
mandrel melt distributor are clearly demonstrated. The total pressure drop in both
dies is between approximately 200 to 230 bar. In blown film dies for the processing
of polyolefins these values can be as high as 350 bar, while the dies are designed for
pressures up to 500 bar [45].

When compared to pipe dies and extrusion blow molding dies, blown film dies are

frequently provided by a special turning device. Its purpose is to spread bands with

thicker gauges around the circumference so that an accumulation of the material in

one place, which leads to a heavier band on the wind-up roll, is eliminated [13, 106].

This arrangement can be used with center fed as well as side fed dies. Much effort

is required to assure a good seal, to devise ways of cleaning and for support of the

revolving parts by suitable bearings [45]. DC motors are used for this purpose and the

Iotating parts of the dies move slowly, usually at five to twenty minutes per revolution.

An example of such an arrangement is given in Fig. 5.44 [45].

5.3.2.3 Dies for the Exirusion of Parisons for Blow Molding

In extrusion blow molding, the tubular parison is always ejected perpendicularly
downwards from the die. Since the extruder is usually arranged horizontally in this
process, the term “crosshead die” is often used for parison die.
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Fig. 5.44 Distribution channel of a rotating blown film die [105]. I Rotating part, 2 Sealing sleeve,
i 3 Butting ring, 4 Stationary part

Parison dies are divided into those in which the melt is shaped continuously and those
with melt accumulators, in which the extrudate, called parison, is pushed out rapidly
after the necessary volume is plasticized and accumulated in the storage chamber.d
In center-fed parison dies, elbows (bent pipes) are usually .useq between thq extruI er
and the die which serve the purpose of changing the flow direction from horizontal to
vertical. When designing such an elbow, it is important to select a proper ratio of th.e
channel radius to the internal radius of the elbow to achieve favorz}ble hydrodynamic
properties; this ratio should be according to [107] between 6 to 8 in ordei1 to prle\ffgt
secondary flows (see also Chapter 4.4.5). Moreover, Awhen designing thp channel, 1115
recommended in [107 to 109] to design convergent, circular cl}annels with taper anﬁ es
no larger than 30 degrees and convergent annular channels with taper angles lesIs tl.an
25 degrees and differences between outer and inner apgl; up to 15 degrqes. n-line
mandrel dies and crosshead dies are used as melt dlst.nbutmg systems in parison
extrusion. For coextrusion blow molding equipment spiral mandrels are also often
elected for that purpose [110]. ‘ ' _
i\/hen considerinz si%e—fed mandrel dies as existing systems producing eltherdsmfhjE
or multiple streams, which subsequently overlap [73], it can l?e concluded tha
variations frequently used in the past with a glrcumferentxa! rmg-shaped gro_m;e
of a large diameter followed by a flow channfl with a high tﬂo{\;}r]eswtance (principle
f overflowing dam) do not meet today’s quality requirements _— '
'?'hs situationgis di%ferent when one looks at the side-fed mandrel dies with heart-
shaped manifolds. In this case the melt is divided into two or ‘fOLllv‘ partial stream(sj,
which are then lead by means of an empirically determined dlstrlbutxon curve ar(ﬁg
the mandrel and then partially overlap (offset heart-sha'ped manifold) [90, 111, Il].
The overlapping has the effect that the Aow ma{ks, wbu:h are formed autoxl?atlczal)(l
in this system, do not penetrate through the entire thickness of the wall. T (115 »\; o
spot can be further reduced when two manifolds shifted 180 degrees apart pro ucamS
asymmetrical wall thickness which is thinnest at the point where the bondmghsi o
form. The overlapping of both melt streams must be. arranged in such a way tha
resulting wall thickness is uniform along the entire mrcumferer}ce, land (Fig
Modern parison dies include mandrels with cc_)athaqger manifolds and a.fan wali
5.39) allowing the formation of a parison which exits the die with a uniform s
thickness and velocity around the circumference. The negative effect of the flow [rgnathc
resulting in this process can be offset by the method descnbfd above, namely by
use of a concentric arrangement of two manifold systems {73].

[References p. 207] 5.3 Dies with Annular Exit Cross Section 163

S

Z A

7

7

K&
I

Doz

Lz

777
RN
Y

7

SSSNEZ
e
ELLIAIINY,

7
SN

L A

Fig. 546 Melt distributor system: Double
coathanger with attached guiding
lands (Bekum)
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Fig. 545 Blow molding head, BKSV (Bekum)

Fig. 545 depicts an interesting variation, namely a parison head which has two
coathanger manifolds attached to a mandrel (Fig. 5.46). Each manifold SWeeps across
180 degrees. The parison produced by this method has two flow marks, which are
deflected tangentially by slanted flights attached to the mandrel on its circumference.
This way a continuous weak spot in the axial direction is eliminated [73].

Mandrel support dies for blow molding are most commonly set up with support ring
and offset spider legs (Fig. 5.47). These eliminate defects extending throughout the
wall and, being center-fed, they present no problems with the melt distribution 91,
111]. When designing the above dies, it is important to pay match the separate streams
accurately in order to avoid partial advance of the melt, which can lead to fluctuations
in wall thickness and to surface defects [o11.

The advantages and disadvantages of these mandrel support dies with offset spider legs
are discussed in [111]; disadvantages are the high pressure drop and the related high
shear deformation. When processing thermally sensitive materials it is recommended
to use parison dies with a mandrel support having two spider legs (torpedo) as shown
in Fig. 5.48 [113]. By this design the zones with detrimental flow can be eliminated to
the highest degree.- Moreover, it is possible to position both spider legs in the farther
located split plane of the mold located downstream. Thus, the flow lines are hardly
foticeable in the finished product [113].

The pressure losses occurring in the mandrel support dies are examined in [114],

Parison dies for the continuous Jorming of preforms

Both. previou'sly'described side-fed mandrel dies and in-line mandrel dies in widely
Varying geometrics are used in this application. When blow molding articles with a
volume up to 5 liters, multiple heads are used that produce two, three or a maximum
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Ve

Fig. 5.47 Parison die with a support ring

with offset spider and offset spider
legs (Battenfeld-Fischer).

I Stroke limiter, 2 Motion

pickup, 3 Supporting air,

4 Extruder connection, 3 Die
dividing plane, 6 Spider leg,

7 Mandrel support (spider),

8 Nozzle centering,

9 Maximum nozzle diameter,

10 Miminum nozzle diameter

Fig. 5.48 Parison die with two spider leg
mandrel support (Battenfeld-
Fischer).
I Supporting air, )
2 Connection Extruder, 3 Spider
legs, 4 Mandrel support (spider),
5 Die dividing plane, )
6 Nozzle centering, 7 Maximum
nozzle diameter

[References p. 207] 5.3 Dies with Annular Exit Cross Section 165

of four parisons simultaneously fed by a single extruder [115]. The major problem
here is the distribution of the melt into the individual dies with often different local
material and die temperatures as well as flow resistances [116], which result in different
exit velocities of the individual parisons. In multiple heads crosshead flow splitters are
most frequently used as melt distributors, because of their compact design they allow
smaller axial distances than in-line mandrel dies [73].

Parison heads for discontinuous preparation of preforms

These parison heads, also referred to as accumulator heads, are used in cases where
a large amount of melt is needed for sizeable parisons and when the melt strength
of the material used is so low that the parisons would draw-down and neck or even
tear-off if the continuous process is used. Another factor is the danger of an excessive
cooling of the parison during the continuous process.

Modern accumulator heads have volumes from 1 to 400 liters [73]; for example, in
the processing of polyethylene, accumulator heads are used starting with the melt
consumption of 2.5 liters per shot. There are many accumulator systems of different
designs in use [107, 111, 112, 117]. The ram accumulator heads are considered to be
state of the art [73]. They contain a ram serving the purpose of ejecting the melt (Fig.
5.49).

Moreover, all modern designs guarantee the FIFQ prnciple (first in-first out), which
means that the melt entering the accumulator as first, is also ejected as first. This way
the residence time is kept to a minimum. The ejector piston is moved upwards by the
pressure of the melt during the filling phase.

The differences between the various designs are in the melt injection and distribution,
located above the accumulator.

Thus, Fig. 5.50 (left) shows a parison die with a mandrel fed from two sides as well
as a sleeve pulled down far guiding the ram [115]. On the right side of Fig 5.50
there is a manifold system with two offset heart-shaped curves which bring about the
overlapping of the melt streams. The advantage of this design, too, is that the surface
of the ram is constantly flushed by the melt.

Fig. 5.51 shows the so-called two-tier heart-shape curve system [118], which represents
the further development of the bolt-type mandrel support described in [111]. Here

Fig. 549 Blow molding head with an annular ram
) accumulator.  Annular groove, 2 Sleeve,
3 Melt feed, 4 Annular ram, 5 Accumulator,
6 Adjustable mandrel
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al

Fig. 550 Parison dies with tubular ram accumulator and different melt distribution systems [114].
a) With an annular groove distributor, b) With a double offset heart shaped curve, |
Melt feed, 2 Distributing channels, 3 Ring channel (annular‘ groove), 4 Annular ram.
5 Accumulator, 6 Gap, 7 Sleeve, 8§ Torpedo, 9 Mandrel (adjustable), 10 Ape{ture, 11
External melt stream, 12 Internal melt stream, 13 End point of the forked section

two melt tubes are formed in two separately fed planes with heart-shaped distributors
and subsequent ring channels. These two tubular melt streams cor:nbme downstream
while the flow marks caused by the heart-shaped curves are opposite to one another.
Sections through the two distributor planes with the heart-shaped inner torpedo are
shown in Fig. 5.52 [118]. . ) .
In all types of parison dies the flow channel can ha\{e widely varying geo{ne}t}rlcsé
cylindrical, divergent, convergent. In convergent and divergent orifices the widt 15 0
the exit gap can be altered by a relative movement of the mandr‘el and_ the die in
the axial direction while the parison is emerging. In crosshead parison d}es, the last
mandrel section is moved, while in in-line parison dies, the last die section is moved.

As a rule the adjustment is made hydraulically, while programming instrumentation
is employed to predetermine the desired profiles of parison wall thickness [119]. For

Fig. 5.51 Two-level heart-shaped
distributor (Battenfeld-
Fischer)
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Fig, 552 Two-level heart-shaped distri-
butor (schematic sectional view)
(Battenfeld-Fischer)

the production of hellow bodies with a complex geometry, so-called PWTC (partial
wall thickness control) systems have found a wide use. These allow a control of the
wall thickness along its circumference within certain limits [120, 121]. If the use of
this type of gauge control is not possible, the outside die rings are adjusted in their
geometry, i.e. shaped radially [107, 122].

The outside die rings usually have their own temperature control independent of the
rest of the head and can be centered. The mandrels, as a rule, are not heated. The
dimensions of the orifice are chosen with regard to the swelling behavior of the material
to be processed [116, 123]. The relationships used for the selection and computation
of the geometry of the orifice with regard to the geometry and dimensions of the final
product are discussed in [107, 124].

5.3.2.4 Coating Dies

Coating dies belong to the group of extrusion dies with the annular exit cross section,
Their characteristic is that they apply a layer of melt to a semi-finished product
that is lead through a core tube designed for this purpose. Typical applications for
this process are coating of electrical conductors (cable coating), conductors of light
waves (fiber optics) and pipes. The purpose of coating is electrical insulation, surface
Improvement, an improvement in protection against corrosion, etc. [116]. The extruder
in coating lines is usually positioned at an angle of 30 to 90 degrees to the direction
of the movement of the semi-finished product; the perpendicular direction being
predominant.

The following statements relate to the wire coating dies because they represent the
most natural application for the process. Fig. 5.53 shows an example of the general
features of a wire coating die. In principle there are two distinct die designs for this
coating process [13, 125]: the pressure coating die and the tube coating die.
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A O R R

Fig. 5.53 Basic design of a wire-coating die. ! Manifold (here: a heart-shaped curve), 2 Annular
slit, 3 Torpedo (hollow mandrel), 4 Mandrel orifice (torpedo tip guiding the wire), 5
Wire, 6 Die ring

Pressure coating die

For the pressure coating the conductor is esnveloped by the melt under pressure
within the die (Fig. 5.54, top). This procedure is preferred for the manufacture of .
cable coatings (primary coating), especially when coating stranded conductors where
the melt should also penetrate between the individual conductor wires to avoid air
inclusion. To further reinforce this, vacuum may be applied.

Pressure coating has an additional benefit, namely an improved adhesion of the melt

to the conductor [13].

Tube coating die

When using the tube coating die, a melt tube similar to that from a tubing die is
extruded and applied to the conductor outside the flow channel by stretching due to
the take-off speed and sometimes aided by the use of vacuum (Fig. 5.54, bottom). This
method is often used for coating of already insulated cores, i.e. for applying additional
coatings (secondary coating) and for coating of metal pipes with polyethylene.

The advantage of this method is that the individual layers are truly coaxial [125].
With applications previously discussed, in coating it is also important to achieve a
uniform exit of the melt along the circumference by the use of an appropriate melt
distribution system.

To accomplish this, side-fed mandrel dies with heart-shaped curves and coathanger
manifolds are predominantly used [126, 127], where the latter, due to its good
distribution characteristics and appropriate design, are preferred. Spiral mandrel dies
have not been used, as far as it is known, but the use of spiral-shaped manifolds are
described in the literature [89, 109, 128].

After the manifold system the mandrel and the die housing taper towards the conductor
(Fig. 5.53) in order to gradually increase the flow rate and match it with the speed of
the wire.

The guide tip, as well as the die that can be centered and separately heated, can be
exchanged to accommodate different conductors and provide a variety of coatings
with different gauges. In order to prevent the melt from leaking into the mandrel
core because of the sometimes considerable pressures that occur during operation of
coating dies, the clearance between the conductor and the tip must be kept at the
minimum. For the pressure coating the clearance can be approximately 0.05 mm; for
the tube coating between 0.2 to 0.3 mm [13].
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Fig. 5.54 Wire coating dies, a) for pressure coating (to i i
dies, p), b) for tube coating (bottom), /| W
Torpedo, 3 Die body, 4 Vacuum (if necessary) e ! e, 2

Because .of this small clearance and the high wire speeds the guide tip is subjected to
spbstantlal wear. Therefore, it is often made with inserts made of diamond, aluminum
silicate or hard metal alloys [33, 125]. The centering of the die ring is done by bolts.
OnI.y very small adjustments of the melt flow are necessary when the dies are properly
designed because the throughput changes exponentially with the gap width by a power
of up to three.

Fig. 5.55 Pre-centered pressure coating die [125). 1 Wire guide, 2 Internal wire, 3 Wear resistant
insert, 4 Restrictor ring, 5 Die ring
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Fig. 5.55 shows a precentered die, for which, as the name indicates, no additional
centering is required [125]. It is claimed that a further advantage of this die is that
the conductor is already surrounded by a thin layer of melt as it passes through the
inner conductor guide. This reduces the wear of the guide and improves the adhesion
between the conductor and the polymer.

The geometry of the orifice of the outer die ring affects the permissible maximurm
coating speeds as well as the surface quality of the extrudate. The latter is positively
affected by less taper and longer die lands {129]. According to [109] die lands of 0.2
to 2 D are suitable for plasticized PVC (PVC-P) and 2 to 5 D for polyethylene. The
product quality is influenced by the size of the die relative to the dimensions of the
product to be coated. If the die is too large, the residence times are too long, if it is
too small, the extrudate dimensional control can be adversely affected, because the die
provides an insufficient damping action between the screw and the die exit. In some
wire coating dies the mandrel or the mandrel tip can be shifted in order to change the
resistance to eliminate flow markings caused by the distributor system. As with pipe
dies and blown film dies, only mandrels of large dies can have a separate temperature

control.

5.3.3 Design

When contemplating a rheological design of dies with annular cross sections,
distinctions must be made between different types of dies.

In mandrel dies and screen pack dies the melt distribution along the circumference is
good as a result of the basic geometry. Here the total pressure loss and the sectional
forces for the mechanical design, minimum and maximum shear stresses at the wall for
the occurrence of stagnation zones and melt fracture, shear and temperature history
for the evaluation of the load on the melt, and, finally, the configuration of the
mandre] support zone for the elimination of stagnation zones and flow instabilities
are important. ;

The design of the mixing prooves is very similar to the design of spiral mandrel
distributors and therefore will be discussed in this context.

The foremost objective in the rheological design of side-fed mandrel dies, heart-shaped
curve manifold dies as well as spiral mandrel dies is a good melt distribution, as is the
case with slit dies.

For the jacketing dies for pressure coating especially, a rheological consideration
pertaining to the coating zone is necessary. )

5.3.3.1 Center-fed Mandrel Dies and Screen Pack Dies

For center-fed mandrel dies and screen pack dies generally the same rules apply. The

only major exception is the calculation of the pressure loss for the screen pack; for

that purpose the procedure for the calculation of the pressure drop for breaker plates

can be used.

In mandrel support dies, there are four different zones which have to be considered

(Fig. 5.35) {130]:

— The diverting zone in which the melt stream emerging from the extruder is diverted
90 degrees and is distributed by the mandrel tip into an annular cross-section.

— The mandrel support zone in which the mandrel is held by either spider legs or by
a perforated plate

~ The relaxation zone where the fow marks, caused by the spider legs, can be
distributed and where the melt flow becomes uniform along the circumference.

— The land region where the extrudate is shaped to the proper dimensions (diameter
and wall thickness).

[References p. 207) 5.3 Dies with Annular Exit Cross Section 171

When designing the diverting zone it is important to keep in mind that the length of
t}}e mandrel tip is in the same order of magnitude as the nominal diameter of the
die, D, and that the increase in the cross sectional area should be continuous along
the flow path [130, 131] in order to eliminate stagnation zones. For the design of the
mandrql support both rheological and mechanical factors are important. The goal in
the design of this zone is to make the spider legs in such a way that they can resist the
forces due to pressure and shear acting onto the mandrel and that they have minimum
gffect on the flow. Therefore, the rheological and mechanical design factors are closely
intertwined in this zone. The mechanical design of a mandre! die will be discussed in
more detail in Chapter 9.2.

The process of the rheological design depends on the mandrel support system used

Examples of some usual types are shown in Fig. 5.37. .
The rules derived in Chapter 5.1.2 can be readily applied to the computation of flow
in the area of the breaker plate mandrel support.

Thp computation of the flow in the spider leg zone can be done by applying the
prmmpl;s for the computation of an annular gap or a flat slit. However, it is necessary
to Fake into account the reduction of the actual cross section of flow by the spider legs.
This can be done most advantageously by determining the flow in the spider region by
multlplymg the volumetric flow rate with the quotient from the cross section without
the spider legs and the remaining area of the cross section (Fig. 5.56).

The pressure drop in the spider leg zone is:

Aps=F[V", R, Ry, n(7)], (5.82)
Ko (RS - R}

RRE— R}~ N5 B-(R, — K’ )
V=V K. (5.84)

The flow gltqation is somewhat more complicated in the zone of the mandrel support
ring. The inside and the outside annular gap have to be considered as two connected
p:ar'allel flow resistances; it is not known beforehand how the volume stream will be
dlyl.d?d between the two gaps. A computation of the flow distribution is possible by
utilizing the condition that the pressure drop across the inside gap is equal to that of
the outside gap:

Ap=Apy. (5.85)

a) Spider leg mandre]
support

b) Mandrel support with
a supporting ring

Fig. 5.56 Spider geometries.
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Also the following is true:

Vit V=V (3-86)
By combining Equations (5.83), (5.84) and {5.86) with Equation (5.85) the flow rates

are determined by iteration. )
Applying the method of representative data for the computation of pressure loss in
the annular cross section, the following relation is obtained:

Ap 8y VK 81ty (Vg — V1) Knr (5.87)

L mRI—RI)R? (R}, —R}RG

with
v &
2 =K\ 0§ i
A = i X 5.87.
Ra<1—l—lu + Tk ) R k R, (5.87.1)
and with
7K
—_— =a (5.88)
(RI—=RHR?|; 4 o
It follows:
. . a
VI = Vlolnl ’ 1 (589)

a; +ay

Equation (5.89) can only be solved by iteration since the volumetric flow rates enter
into a; and ay through shear rate dependent viscosity.

This allows the computation of pressure losses, shear stresses at the wall, volumetric
flow rates and representative shear rates in the support ring zone and the evaluation of
conditions in actual dies. When designing the relations of the slit heights of the inside
and outside annular channels it is appropriate to strive for a uniform distribution of the
flow. The optimum location of the support ring, given its height, can be calculated from
Equations (5.85) or {5.87). After solution of the problem, the following relationship is

obtained:
- 2
1Ky Ry o2 2
R = R 4 I (R 2 g (5.90)

a [ \/;I—*—WIIKI[(R[) (aII R1[I)

Since R, and Ry are related through the height of the support ring and, further,
since #i;, K, and R, depend on Ry and Ry, Equation (5.90), too, can be solved only
by iteration.

For the length of the spider legs the value equal to 0.5 to 0.7 D, (based on strength
studies) is recommended [130].

The melt deformations occurring in the mandrel support zone can be relaxed in the
following relaxation zone. In this zone of continuous compression, ie. reduced flow
cross sections, the flow disturbances caused by the walls of the spider legs, can also
relax.

The usual ratios of channel cross section area (immediately after the mandrel suppqrt)
to the area of the die exit cross section are 5 to 7 [85] with the length of the relaxation
zone of 2.5 D, [130].

From a design point of view it is possible to attain the ratio of the maximum diameter
of the outer ring orifice Dy to its nominal diameter Dy, at 1.25 [85], for screen pack
dies the maximum value of Dy/D, is 14 [92].
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In blow molding dies the melt elasticity often has a negative effect when the Dy/D,
ratios are high. The melt tube shrinks considerably in dimensions when emerging from
the die.

The maximum values for Dy/D, depend on the type of the polymer used and
its molecular weight (I for PE-HD, 0.8 for high molecular weight PE-HD). When
designing the geometry of the flow channel for the entire head, it is important that a
stable melt flow is assured and that no instabilities, e.g. those due to the loss of wall
adhesion, occur. This is particularly critical for PE-HD; in this case the shear rate
must not be higher than 30 57! [85].

5.3.3.2 Side-fed Mandrel Dies

In side-fed mandrel dies the melt is always supplied by the extruder to the die at an
angle, mostly at 90 degrees. This means that the melt must pass in an appropriate way
around the mandrel in order to attain a uniform velocity at the exit of the die.

A simple solution to this requirement is to add a ring-shaped groove with a large cross
section which runs around the mandrel and to attach a zone with an annular slit to
it. This zone has to have a high resistance to flow (Fig. 5.57). This type of die can be
seen as a T-manifold wrapped around a cylinder [132, 133]. However, it provides a
very poor melt distribution with a wide spectrum of residence times.

Another simple solution is to insert an annular torpedo around where the melt has to
flow (Fig. 5.58). This assures that the flow path of the melt entrance to the melt exit
on the side of injection is equal to the flow path on the opposite side.

Al Mett entry Saction A-A
| -
N
|
360° Fig. 5.57 Development of a flow splitter
with an annular groove and a
A parallel die tand
Melt entry

|
|
N
|
|
|
|

N

I ‘anpedo
360°

Fig. 5.58 Development of a flow
splitter with a spreading

. /f/-/l// /FL(/ e} eart-shape
AAANNN N\ A\ pody thegrshaped

Section A-A
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The distribution in this type of die with heart-shaped manifold is poor; a good
distribution can only be obtained by a subsequent region with parallel die lands with
a high flow resistance [134]. Another disadvantage of this die is that two characteristic
weld lines are formed, because of the splitting of the fow.

The design of side-fed mandrel dies with theoretically fully uniform melt distribution
is possible if the design principles developed for fishtail and coathanger manifolds are
applied. This is permissible, as long as the mandrel diameter is substantially greater
than the height of the gap in the land zone and the diameter of the distributor channel
(Fig. 5.59).

In contrast to the wide flat slit manifold, the high pressure drop and resulting internal
pressures can be handled more easily in crosshead dies, because the pipe-shaped
housing only has to be designed for the internal pressure. This generally allows a
manifold design independent of the operating conditions.

However, because of the resulting great maximum length of the lands resulting from
the above design procedure, it is prudent to choose a design strategy which takes
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Fig. 5.59 Development of a fishtail manifold and of a coathanger manifold. a) Fishtail manifold,
b) Coathanger manifold, J Die land, 2 Distribution channel, 3 Housing, 4 Mandrel, 5

Parallel die land

Fig. 5.60 Tapered mandrel with a coathanger manifold. 7 Melt inlet, 2 Distribution channel, 3
Die land region, 4 Slit
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into account the exact length of the distribution channel. Generally, an exit section
is incorporated at the end of a side-fed mandrel die where the melt stream is shaped
to the desired diameter. A particularly space saving arrangement with a low pressure
consumption is a so-called conical flow splitter that has the distribution channel
wrapped around a truncated cone and not around a cylinder (Fig. 5.60).

Since the mandrel is tapered, the distribution channel cannot be made with a constant
slit height in the land region [135]. Rather, it is necessary to increase the land slit
height in the direction of flow in such a way that the shear rate in the slit remains
constant. From the relationship for the representative shear rate

67,
ST ) 0 G

it follows with r(y) and rg,

ro.

hy)=/ 22 h . 5.92
(y) ’.(y) ( )
ry) =rpi, +ysina (5.93)

For the design independent of the operating conditions, the maximum radius of the
distribution channel Ry at the point

Ry =0.889(r i M) 7°. (5.94)
The maximum land length y, on the surface line, (== :
yo=hB 1 (6.29h8 sina+5.016r12), (5.95)
The maximum radius of the mandrel i}, can be calculated from the above, thus:
. Peax
Fhoax = Fmin + QRg + y) sine -+ 1—”;& cosa. (5.96)

This value is important for the estimation of the space required for the head.
The radius of the distribution channel as a function of distance is obtained from the
requirement for the constant shear rate in the distribution channel:

¢ 1/3
R({&) =R, <;t-> . (597
For the course of the land length the following relationship results:

23 2 . ,
é) (Tfl/] &7 gy T 'Sln“+4R3> {5.98)

e1=o % .
v Th3 e i * SiR A 4RY

The pressure loss in the manifold and the mean residence time can be computed from
the following equations:

8Vyns : 3/2
BPigat = I [ + yy3in )2 —120] (5.99)
sinarnhd
and
. ol . 372
va ~ 3 S?Illnot;;x [(rmin + YoSIm a)3/2 - rm/in] (5' 100)
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5.3.3.3 Spiral Mandrel Dies

In contrast to the wide flat slit dies or side-fed mandrel dies with coathanger or fishtail
manifolds, in the design of spiral mandrel dies it is not possible to find a procedure
producing a suitable geometry from specified flow distribution at the exit.

This is further complicated by the fact that in a spiral mandrel die the spectrum of

the residence times and the leakage volume flow along the spiral have to be brought

in as additional design criteria.

In this case the determination of the geometry by computation is not possible;

therefore, the process has to be reversed: A flow simulation is performed for a given

geometry, which provides the flow distribution along the spiral and the exit gap [79].

For the computation a number of assumptions have to be made:

— The flows in the spiral and the annular slit are developed and do not affect each
other.

— The leakage flow, leaving the spiral, has no effect on the flow in it.

— The effect of curvatures in the mandrel is neglected (same consideration as for the
problem above). This assumption is permissible because the diameter of the mandrel
is considerably greater than the diameters of the channel and the annular slit.

— The spiral is divided into segments for the purpose of the computation. From the
assumption that the isobars in the die run parallel to the exit gap, it follows (Fig.

561):

Apsh't = Apspiral
With pressure gradients along the annular slit (land) and along the spiral respectively
the following relationship results:

doj _dr L (5.101)
dy dl spiral SITLOY
A good description of the geometry of the spiral distributor is crucial for the accuracy
of the computation. A reasonable way for that is the description of the geometry
through the base points for the slope of the spiral, through dimensions of the spiral
channel and the height of the annular gap.
In order to facilitate the establishment of the relationship between individual segments,
it is recommended to express the position (H(6)), the width (b(6)) and the depth (t(6))
of the spiral in terms of the circumferential angle and for the height of the annular
gap in terms of the mandrel height (A(y)). During the computation a volumetric flow

slit

70,3607

Fig. 5.61 Development geometry of a spiral distributor
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Fig. 5.62 Volumetric flow rate balance
at a segment of a spiral

distributor
rate balance for each segment is taken (see Fig. 5.62):
Vip(n) + V() = Vo, (n+ 1) + Vy(n + Ny) (5.102)
with
360° 1
Ny = Ny N (5.103)

Note: index sp for spiral, index sl for slit .
The leakage volumetric flow rate leaving the spiral corresponds to the difference
between the outcoming and incoming volumetric flow rates through the slit

Vi =Vyn+ Ngy =V, (n). (5.104)

In the next step the pressure loss in the spiral channel is calculated:

d ,
I =1 b)) (5.105)
spiral
with
. V. )+ VYV, (n+1
Vsp = __Si)___zLﬁl (5.106)

From this and Equation (5.101) the pressure loss across the land is obtained. From
this pressure loss the volumetric flow rate through the slit can be determined.

s o (?)} . (5.107)

Vin+N,)=Ff {%

stit

Since Equation (5.105) as well as Equation (5.107) cannot be solved analytically, the
iterative procedure must be applied.
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Fig. 5.63 Results from the computation
B of the flow simulation for a

I spiral distributor. a) Leakage
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The computation starts at the beginning of the spiral, where the fAow rate through
the spiral (volume flow coming in from the extruder leld}ad by the selected numbgr
of spiral turns) and the incoming flow rate through the slit are known. The latter is
equal to zero up to the first overlap, i.e. up to the beginning of the next spiral turn.

P, ()=0  for 1<n<Ny (5.108)

With this the flow rate leaving the slit up to the first overlap ¥y(n) for Np,) sn<
(Ng + Ng) can be calculated. ‘ _ ' ]
These computed leakage flow rates exiting from the slit are used in the next step o
the computation incomning slit flow. N

This procedure is repeated up to the last overlap; here the exiting leakage flow equals
the fAlow from the die. The typical results from the computation of the leakage flow
and of the outcoming flow for a spiral distributor designed with four spirals are shown
in Fig. 5.63. o .

The distribution of the volume flow at the die exit is very uniform, ne‘ve.rthcless there
are still four maximums caused by the four spirals. The maximum deviations from the
uniform exit volumetric flow rate for the case in question are +8.3% and i—-4.2°/o.
For the design not only a uniform exit flow is important. Another factor of importance
is the requirement that the leakage flow, as shown in Fig. 5.63 (top), increases steadlly
from the half of the steady leakage flow (steady leakage flow = flow entering the spiral
divided by the length of the spiral) until it reaches a maximum value of three to fouﬁ
times the steady leakage volume flow at approximately one .thlrd of the sp'lral lengt
and then decreases steadily until it becomes zero at approximately two thirds of the
length of the spiral and then stays at this value ugtil the end of the splra.l [136). 1
In spite of the possibilities offered by the flow simulations for Fhe design of spira
distributors, the experience of the designer is of cons@erable importance because
of the many geometrical variables (number of turns, spiral slope, spiral depth, slit
height).

[References p. 207] 5.3 Dies with Annular Exit Cross Section 179

5.3.3.4 Coating Dies

For coating dies mainly side-fed mandrel dies with heart-shaped, fishtail, and
coathanger distributors are used. Not only a good melt distribution is important,
but also, particularly in the pressure coating, a proper configuration of the die orifice,
which is matched to the thickness of the coating and the speed of the wire or pipe
being coated.

For the study of the flow and temperature conditions within a pressure coating die
the flow in an annular slit can be assumed. In the zone where the melt meets the wire
until the exit from the die, the boundary condition at the inside diameter must be
changed. Under the assumption of a good adhesion of the melt to the wire a drag flow
is induced by the moving wire and the viscosity of the melt. A longitudinal section
through a pressure coating die for a high speed coating is shown in Fig. 5.64, the die

/_ Tuice
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Fig. 5.64 Longitudinal section through a
pressure coating die [138]
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Fig. 5.65 Results from flow and tempera-
. ture computations for a pressure
0 02 04 06 08 10 coating die. a) Velocity profile, b)
(Rg=r 1/ (R, R;) Temperature profile
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was subjected to computations of flow and temperature fields using a finite diﬂ'fzrenge
program [138]. The computed velocity and temperature profiles at different points in
the die for a PE-LD are shown in Fig. 5.65.

The strong influence of the drag flow is clearly seen in the region, where the melt
meets the wire (z* =0). Towards the die exit this effect decreases when compared to
the pressure flow resulting from the decreasing channel cross section. At the die exit
(z*=1) the flow velocity has its maximum within the flow stream. A

The strong increase in temperature at the die wall is caused by the high shear rate at
the wall.

An FDM computation of the flow conditicns for very high speeds of the wir.e showed
that the drag flow caused by the wire can have repercussions on the velocity profile
before the point where the melt meets the wire [140]. The geometry of the die under
study is shown in Fig. 5.66.

The investigation was done on a melt with constant viscosity. It was assumed that the
take-off speed of the wire is 15 times greater than the mean velocity of the melt at the

entrance to the die, B,.
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Fig. 5.66 The geometry of the wire coating die under study
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I Fig. 5.67 b) Velocity profiles in the wire
0.2 0.4 0.6 0.8 10 coating die (section cuts 6 to 9,
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The computed velocity profiles for different sections along the coating die are depicted
in Fig. 5.67.

It is obvious that already in the mandrel zone (z/R < ~0.55) there is an effect of the
drag flow. The strong effect of the drag flow causes negative components of flow in
the outside region of the annular slit.

This yields the shape of the stream lines in the die shown in Fig. 5.68. The counterflow
leads to the formation of a vortex in the flow channel. An additional result is the
dimensionless pressure profile in the die as a function of the drag number S (Fig. 5.69).
The drag number is equal to the ratio of the haul-off speed of the wire and the mean
velocity of the melt at the die entrance.

For high drag numbers a pressure gradient against the direction of flow can be
observed in the region where the melt meets the conductor. The computation of flow
can provide important information, such as temperature distribution and the resulting
load on the melt, the pressure drop of the die and the portion of the wire haul-off
force that is caused by the viscous stresses.

Sl
0+ Mandrel region /75— — — == — —i—— —
ol 2 Ly ; i (3 ;
-2 -1 0 1 2

Fig. 5.68 Stream lines in a wire coating die
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5.4 Formulas for the Computation of the Pressure Loss in the Flow
Channel Geometries other than Pipe or Slit

The formulas for the design of dies introduced in Chapter 5 are applicable in
principle to ideal one-dimensional flow channel geometries (pipe, flat infinite slit,
annular slit). The above flow channel cross sections are not, in many cases, suitable
for manufacturing purposes, however. Therefore, in the following sections, several
formulas for the computation of flow in other flow channels will be introduced.
Another problem is that often such flow channels are needed where the area of the
cross section changes in the direction of flow. Such a case was already presented in
Chapter 3, where the procedure of dividing convergent or divergent flow channels
into segments of a constant cross sectional areas for the purpose of computing the
corresponding pressure loss was applied.
The principal shapes of distribution channels are: slits with a small width to height
ratio, rectangular with one semi-circular side, teardrop shape and half teardrop
(Fig. 5.70).
There is a variety of formulas available for the computation of the pressure loss for
the above geometries:
1. Formulas covering simple flow channel geometries with equal area.
2. Formulas covering simple flow channel geometries with constant volume/area or
circumference/cross section ratios (equal hydraulic diameter):

4-4
dyyg. = o (5.109)
3. Dividing non-ideal cross sections into ideal cross sections which can be subjected
to computation. .
This method can be used for the computation of pressure loss of slit channels with
an edge eflect or rectangular channels with one semi-circular side. The method of
dividing a non-ideal cross section is demonstrated in Fig. 5.71. The foundation of
this procedure is in the study of isovels (lines of equal velocity). In order to tz{ke
the edge effect into account, the flow channels are replaced by semicircles with
diameters equal to the height of the flow channel.
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In order to explain the procedure, the derivation of the pressure loss using the
method of representative data will be briefly demonstrated.
The pressure loss is equal in both substitution cross sections, thus

dp _ Bng VR _ 125 Vs
dx =R~ BH (5.110)

Furthermore, the following is true:

Ve + Vs =V (5.111)

Now the relgtionship between the total volumetric flow rate ¥,,,, and the pressure
drop is required. After combining Equations (5.110) and (5.111) and rearrangement
the following equation results:

_d__lz o V{olal 5112
dx  (rR%/87x)+ (2B'R?/37s) (5-112)

There are several ways to determine the viscosities 75 and g.

The viscosities can be determined separately for the two substitute geometries.
For reasons of continuity the velocity and viscosity profiles on the boundary between
the semicircle and slit substitute geometries must be equal.

Therefore, it is permissible to start with the same viscosity in both substitute cross
sections. The solution of Equation (5.110) can be obtained by iteration.
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4. Computation of the pressure losses of the non-ideal flow channel geometry by
means of the Finite Difference Method (FDM) or Finite Element Method (FEM).
These procedures are very accurate.

5. The use of correction factors, called fow coefficients for the computation of the
pressure loss. These coeflicients are useful for the correction of results per 1. or 2.
and must be first determined as functions of the flow geometry, the melt properties
(How exponent) and the process conditions e.g. per 3. or 4. or by experiments.

The application of the flow coefficients has the advantage that similarities between
cross sections, for which the pressure loss is being determined, can be utilized.
The determination of the flow coefficient function based on the results from 3. will
be shown below.

When the result from 3. is related to the pressure loss of a one-dimensional flow
through a slit having a constant height/width ratio, the flow coefficient fp results:

dp
f= i T (5.113)
Podp
dx substitute geometry

When setting

1 =1g =g (5.114)
and combining Equations (5.112) and {5.114), the result is :
H [/ 3n .
fp=1+§<—3—5—1> for H/B<1 (5.115)
and
B [ 3n !
= — | == . 5.116
Tp 1+H<32 1) for H/B>1 ( )

The flow coefficient is now dependent only on the height/width ratio of the
cross section under consideration. For very small or very large H/B ratios the
flow coefficient approaches umity. In sich cases the edge effect may be neglected

(Fig. 5.72).
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Fig. 5.72 Flow coefficient function for the computation of pressure loss in slits with the
consideration of the edge effect (width/height<10)
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Fig. 573 Flow coefficient function for the computation of pressure loss for rectangular flow
channels with one semicircular side

A flow coefficient function determined by the application of FEM is depicted in
Fig. 5.73 [137]. Here the pressure loss in a rectangular channel with one semi-
circular side was set into relationship with a pressure loss of a pipe with an equal
hydraulic diameter.
The studies involving computations with FEM show that the flow coefficients are
independent of the material, operating conditions and the absolute value of the
rectangular cross section with one semi-circular side. Considering the above, it appears
that determination of the flow coeflicient by means of FEM computations is the most
reasonable way.
To perform the computations requires a great deal of work at first; however, the actual
computation of pressure losses from the thus determined Aow coefficient function is

fast and accurate.

5.5 Dies with Irregular Outlet Geometry (Profile Dies)

The term profiles became well established in the rubber and plastics processing
industry for extruded semi-finished products with an irregular cross scction, although
generally this term also includes simple extrudates, such as pipes, slabs, solid bars
etc. Nevertheless, this practical definition of profiles will be adopted and will cover all
products extruded from dies with other than annular or rectangular shape.

The production of profiles, which have exact measurements, shapes and a relatively
low cost, is the most difficult proposition in extrusion technology [16, 141, 143, 144].
The reason for that is the seemingly unlimited variety of profiles with different shapes
and sizes and the difficulty, sometimes even impossibility, of designing the required
dies using relatively simple and proven theoretical computations and studies. It should
be stated then that the design of dies of many profiles still depends to a high degree
on empirical procedures and requires a great deal of experience on the part of the die

designer.
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5.5.1 Designs and Applications

In view of the large number of profile geometries, a rough division can be' made

between solid and hollow profiles,

Hollow profiles, as their name already indicates, contain closed hollows, as is the case

with window frame profiles. Conversely, a U-profile is an open profile [16, 141, 142].

An additional, more detailed classification is given in Fig. 5.74 [145, 146]:

— Tubular profiles with relatively uniform wall thickness and rounded corners

- Hollow profiles with an outer wall that encloses a hollow chamber, while the walls
can have different gauges and also sharp corners and fins can be present.

- Profiles with hollow chambers and legs which can point to the outside; different
wall thicknesses are possible

— Solid profiles in all the above forms, while the individual sections are made from the
same material with different color or properties {e.g. hardness) or from a different
material altogether. )

~ Core profiles as hollow profiles with a core of a different material (e.g. steel, wood).

Almost all profile dies are fed axially and the profile, still in the molten stage, exits with

an approximate contour of the semi-finished product. In the design of the flow channel

and of the cross section of the die orifice, swelling (recovery of reversible deformations

stored in the material) and shrinkage (volume contraction of the material during

subsequent cooling), the rearrangement of the velocity profile in the die orifice to the

block-shaped profile on the outside and the so-called draw down must be taken into

consideration [140, 141, 147, 148].

Generally, profile dies can be divided into three groups [16, 141, 142, 149]:

~ Plate dies

— Stepped dies

— Profile dies with a gradual change in the cross section

Plate Dies

Plate dies (Fig. 5.75) consist of a die base with a die plate, which can be exchanged
easily and quickly. These dies are mostly used for small profiles. There are very sharp
changes in the flow channel geometry in this type of die. This can lead to dead spots
that can — especially in the processing of rigid PVC (PVC-U) — result in degradation
of the polymer.

Furthermore, it is not possible to attain high extrusion speeds [16, 142] or to achieve
a high dimensional accuracy because of the precipitous narrowing of the cross section.
Therefore, even though they are easily manufactured at low cost, these dies are seldom

ALY

Profile tube Hollow profile Chamber profile

Solid profile Composite profile Core profile

Fig. 5.74 Profile types [145, 146]
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Fig. 5.75 Plate die (profile die) {141]

used in the processing of plastics. Their use is restricted primarily to the extrusion
of plasticized PVC (PVC-P) or the simplest profiles from rigid PVC (PVC-U) when
only short runs are required [16, 142]. However, these dies are still widely used for the
processing of rubber.

From the point of view of flow, the die is designed strictly empirically; it is important
to make sure that the plate is thick enough (approx. 5 to 20 mm [151]) in order to
allow local flow adjustments to be made done by changing land length (length of the
flow resistance zone) {16, 142].

To avoid deformation by the pressure of the melt, the die plate is sometimes reinforced
by welding on bridges (Fig. 5.76) [151].

Because the overall concept of plate dies is rather poor from the point of view of flow,
close attention must be paid to accurate temperature control in the die [151].

The insert dies, described in [151] and depicted in Fig. 5.77, are derived from plate
dies. Exchangeable inserts, which are rheologically considerably more advantageous,
are used in the insert die.
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Melt flow
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Fig. 5.76 Reinforcing bridges on a die plate [151]

Die plate
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Fig. 5.77 Modular die with die inserts for
profile extrusion [150]
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Fig. 5.78 Multistage die {141]

Stepped Dies Fig. 5.79 Profile die with a continuous change of the flow channel cross section [142]

Stepped dies (Fig. 5.78) show a stepwise change in the flow channel They are forrnqd
by connecting several die plates of a plate die in series. The contour is worked out 1
each disc; only at the inlet of each disc are the edges beveled.
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These transitions, too, are critical in processing of rigid PVC (PVC-U); thus, the
comments made about the plate dies are applicable to the process behavior and use
of multistage dies as well. Therefore, these dies are used for simple profiles only [16,

142).

\

Dies with a Gradual Change in the Cross Section

These dies are always required whenever profiles with a high dimensional accuracy
are produced at high extrusion speeds (Fig. 5.79). Therefore, the following, has to be
taken into consideration in the determination of the flow channel geometry [141]:

— The flow channel must not have any dead spots (stagnation zones)

_ From the time it enters the die until it leaves, the melt must be accelerated as
steadily as possible until it reaches the desired exit velocity in the die land, ie. just
before the exit. Decelerations, i.e. increases in cross section, should be avoided, if
possible, unless caused by the mandrel (core) support.

— The design of the die should be kept simple and it should be possible to take it apart
easily either for cleaning or modifications of the flow channel (compare Fig. 5.80) if
required.

From this it follows that profile dies with channels of gradually changing cross section

consist of three essential sections [16]:

- Feed section (connecting part)

~ Transition part (serving partly as a supporting plate)

- Parallel die land (orifice)

Fig. 5.80 Profile die [145]. a Heating plate, b Heater band, ¢ Parallel die land, d Transition part
(mounting plate), e Entrance part
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Fig. 5.82 Window profile die [141]

These can be seen in Figs. 5.80 and 5.81. However, this separation is not always
so obvious and the individual sections merge into another (Fig. 5.82 and 5.83). The
contour of the parallef die land corresponds approximately to that of the profile.

Figs. 5.79 and 5.82 as well as 5.84 show elaborate profile dies with very complicated
torpedoes (cores, mandrels) that, in contrast to pipe dies, are rigidly connected to
the outer die ring. The centering of profile dies, therefore, cannot be adjusted. For
the reason of geometry, the spider legs in such dies are in some cases designed to be
mechanically weak so that the core floats in the melt stream and centers itself. However,
this is successful only if the design of the flow channel is correct. In contrast to the
system of mandrel support, mandrel and mandrel support tip in the pipe extrusion
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(Fig. 5.35), the core in the profile extrusion is usually made from one piece together
with the support plate on which it is mounted! Such a part, although extremely
complicated, is entirely appropriate, since it would be very difficult to reass_ernble _the
individual core segments after the necessary corrections havi: been made in starting
up the die [140, 141]. As in the case of center-fed dies, the spider legs are streamhned
$o they don’t interfere with the flow and all edges between spider legs and housing or
core are rounded off to avoid stagnation zones. ‘

Fig. 5.84 shows boat-shaped depressions behind the supporting fins in the flow
direction. These depressions are intended to bring about the advance of the 'melt
and to ensure that the material fins of the extruded profile can be formed with 2
sufficient amount of melt [140].

In addition, Fig. 5.84 shows that air is supplied to the hollow chambers of the profile
to prevent collapse of the profile at the orifice. This is particularly important _when
starting up the profile extrusion line [140]. The air supply should always be ayallable
for the hollow profiles.

As already mentioned, heavy sections should be avoided in proﬁles. If, however, two
different melt streams must flow next to each other in the die, they can be kept
separate by a thin dividing fin (Fig. 5.85). The two melt streams do remain co.nnected,
however; the fin does not go through all the way, so a continuous weld. llln_c (and
therefore a defect) is avoided in the extruded product [140, 150]. The dividing fin
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should end a short distance (approx. 3 mm [152]) before the die exit, at which point
the two separate melt streams can once again merge completely.

The necessary flow restriction zones of different length in the wide and narrow regions
of the channels are clearly shown in Fig. 5.85. The flow restriction zone is shorter near
the walls, which restrict the channel at the sides, so that the additional frictional effect
of the walls can be taken into consideration in the distribution of the flow.

The temperature of the torpedo of profile dies is generally not controlled. Besides the
heating system for the die, there is an additional heating system for the die land.

5.5.2 Design

There are essentially five factors affecting the quality of an extruded profile [145]:
~ Accuracy of dimensions
- Shape accuracy in cross section as well as along the length
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— Accuracy in function
— Surface appearance
- Special features .
[n order to meet these requirements, the design has to start only when it is clear that
the profile is suitable for the material and process. While doing this, the following
design rules should be observed [16,140-142, 150, 153]: .
~ The profile cross section should be kept as simple as possible. Internal walls should
be avoided since they cannot be cooled directly and therefore can cause sink marks

in the profile (Fig. 5.86).

- The wall thickness of t!
thickness of the external wall. The edges shou
0.25 to 0.50 times the wall thickness) {153]. . ‘

~ The profile should be designed in such a way that it keeps its shape for a short time

after it exits the die but is still soft. ) . ‘
— Heavy sections and sudden changes in the wall thickness have to be avoided since

they cause difficulties in the melt distribution in the die, problems in cooling (sink
marks due to differential shrinkage); and profile distortion.

- Hollow chambers should not be too small, otherwise the torpedoes (cores) can
become too small and will not operate satisfactorily.

-~ Flat strips on the profile should be as short as possible because they are cooled
faster (sometimes on both sides), causing a distortion of the profile.

he internal walls should be 20 to 30% sma}ler than the
1d be rounded (their radius should be

Distortion
General:
Avoided by: ) )
a) Same wall fhicknesses b) Symmefrical design
of profile
Specified profile Substitute profile
|

=

1

L_.— F . -
Shrinkage (sink marks)
a) Avoiding material accumulations b) Taking the shrinAkage.of the
interior cross-piece info

N\ N Z . .
= consideration
= N== S N

Fig. 5.86 Recommendations for designing profiles [140, 153]
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— A symmetrical profile or a profile with a rotational symmetry causes the least
distortion because the stresses during the cooling balance themselves.

— The axis of the profile, which is determined from the center of gravity, should
coincide with the axis of the screw in order to reduce the differences in the flow
paths.

After the cross section of the profile is established the lay-out of the flow channel
follows.
The goal of the lay-out of the flow channel is a uniform average melt velocity at the
die exit. Also, the swelling of the extrudate and shrinkage (upon cooling) must be
taken into account so that the profile has the proper contour after it leaves the die.
Besides that, as is generally the case in the design of the flow channel, attention has
to be paid to the elimination of stagnation zones and assuring that the spectrum of
the residence times in the die is rather narrow. When defining the dimensions of the
exit cross section of profile dies, the following factors must be considered: proceeding
from the desired extrudate cross section, compensations (positive or negative) must
be made for swelling of the extrudate after emerging from the die, for shrinkage on
cooling and draw down, Le. difference between the mean velocity of the melt emerging
from the die and the take-up speed.

Swelling

The swelling of the material at the exit from the die is caused on the one hand by
the rearrangement of the velocity profile at the die orifice from a parabolic shape in
the flow channel, due to wall adhesion, to a plug flow. This results in local extensions
and compressions in the emerging extrudate and, therefore, leads to distortion of its
cross section. On the other hand the reversible deformations stored in the material
will relax (viscoelasticity, see Chapter 2.1.3) (Fig. 5.87). These stored deformations are
caused by the stretching in the transitions in flow channel cross section as well as
shear actions.

A study of the effect of geometry and operating conditions on the swelling behavior
of an extrudate of a rectangular cross section [154] could not yield any generally valid
rules for the prediction of swelling by calculation, but still a number of correlations
have been found. The investigation was done on a PVC-type compound and involved
the correlation between the relaxation zone, inlet angle and apparent shear rate and
the swelling based on the area and the swelling in the height and width of a rectangular
profile. It was found that the swelling increases when the relaxation zone was shortened
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Fig. 5.87 Extrudate swelling and its causes
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Fig. 588 Measurements of the swelling ratio. a) Swelling ratio as a function of the length of the
die land, b) Swelling ratio as a function of the apparent shear rate

and the shear rate increased (Fig. 5.88). From that a function has been derived of the

following form:
S=a+b-el~t/9 (5.117)

This equation represents the relationship of the swelling potential based on shearing

and rearrangement of the velocity profile (a) wit.h thp deformations occurring in
the inlet zone (b) and the ratio of the residence time in the relaxation zone to the
characteristic relaxation time of the melt (£,/c). The values of swelling are plotged
e ratio for the length of the relaxation zone and apparent shear rate (which
is proportional to the residence time) in Fig. 5.89. It can be seen, that the values of
swelling for longer residence times follow the Equation (5.117), the swelling poFennal
due to shear and rearrangement of the velocity profile is a= 1.5. For low residence
times the curves for different relaxation zones deviate from each other. The reason for
this is that the deformations imposed in the inlet zone can already relax durmg.the
entry. The result of this is that b (state of deforma.ti.on of th'e melt at the entry into
the relaxation zone) depends on the operating conditions. This cannot be represented
by a simple equation such as (5.117). .

Aynotherpimpgrtant point is the difference between swelling in the th}ckness gmd Fhe
width. It is well known that the swelling is the most pronounced in the direction
of the greatest velocity gradient, Le. in the sm‘allest dimension (Elg..5.90). A dlxlrfacs
relationship between the ratio of height to width and the dlstrlbutlpn of swe 11111:
cannot be given because the direction and the amount of deformation imposed in the

inlet are also important factors.
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Fig. 5.90 Results from measurements of the swelling ratio, a} Swelling in the direction of height
as a function of the apparent shear rate, b} Swelling in the direction of width as a
function of the apparent shear rate

A prediction of swelling by computation using FEM is possible, although with
limitations. For this purpose the flow behavior of the melt has to be expressed
by a material law which considers its memory. The material data required for the
material laws of this type exist only in few cases. The necessary three-dimensional
computation of flow requires a long computation time.

The difficulties in the computation of swelling have led to the situation that in practice
the values resulting from experience are used for the corrections for the cross section
of the die orifice. These values are, of course, dependent on material, geometry and
operating conditions and can be used only as a starting point (Table 5.2).

Table 5.2 Reduction of the exit cross section to accomodate swelling

Material Reduction References
Rigid PVC: 10% (wall thickness 1-2 mm) {141, 151]

3-6% (wall thickness 3—4 mm) [151]
Hi-PVC: 10-20% [141, 151]
Shrinkage

When cooling an extruded profile from the melt temperature to ambient temperature a
volume contraction occurs, which is referred to as shrinkage. The amount of shrinkage
can be determined from the p-v-T diagram of the polymer. The longitudinal shrinkage
can be calculated from the volume shrinkage under the assumption of an isotropic
behavior.

Drawdown

The profile is pulled from the die into the calibration unit by using a light stretching in
order to get into contact with the cold wall of the calibrator quickly. To compensate
for this so-called drawdown, the cross section of the orifice must be increased. The
values for this, obtained from experience, are summarized in Table 5.3.

The estimation of the required cross section of the orifice can be based on the data
from swelling, shrinkage and drawdown. If there are no data of this kind, the cross
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section can be made 10-15% smaller than the cross section of the profile. This way a
correction is possible later, if necessary.

Table 5.3 Increase in orifice cross section to accommodate draw down

Increase in Orifice Cross Section References

Material
igi : —109 small profiles [141, 150]
Rigid PVC: 2_1842 fsmal profiles) [13, 152]
3-5% (large profiles) [141, 150]
Plasticized PVC: 12-15% [13, 152]
PE: 15-20% [13, 152]
PS: 8-10% [13]
PA: 20% (13]

After the design of the orifice cross section, the flow disFribution in the die must be
considered. A uniform exit velocity is achieved by mgtchmg ‘th.e pressure losses in all
regions of the die. To do this, the orifice cross section is first divided into cross sections
which can be subject to simple computations. ) . .
Since these partial cross sections, generally, have different flow resistances provided
the flow velocity of the melt is uniform, the lengths of the flow cha_nnels (lengths of the
flow resistance zones) will be adjusted in such a way that there is the same pressure
loss for each flow pathway. ‘

The process is expliined briefly using the profile Fiepicted in Fig. 5.91 (compare Cf'lapte[f"
7.4.1). The ratio of the lengths of the flow resistance zones Lp/Lg as a function o
exit cross section, behavior of the material and of the operating conditions is to be
obtained. i _ ) -

The exit cross section is divided into a pipe and a flat slit. With the condition of equal
mean shear rate, the expressions for the volumetric flow rates are obtained:

(5.118)
(5.119)

f/R=D~7tR2,

Vo=5'B-H.

Fig. 591 Profile die with adjusted lengths
of the flow resistance zones
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The condition of equal pressure loss on each flow pathway leads to:

_ 8ﬁRf¢R2L _ 12753BH |

R r=—g s (5.120)
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Ls

The ratio of the lengths of the flow resistance zones is then:
7
i

Is £>2 5.121
7R<H ’ (5.121)

The properties of the material and the operating conditions enter into the ratio of the
viscosities. The viscosities can be determined from the representative shear rates and a
constitutive equation. The representative shear rate as a function of the average melt
velocity can be determined utilizing Equations (5.118) and (5.119) and:

3
2

. 4P
TR R (5.122)
. 6D

’sT geo (5.123)

Of course, this computation has built-in errors, because the following factors are
neglected:

— the mutual influence of the partial streams

— the cross-flow

~ the effects of obstructing sidewalls

In spite of this, the computation is acceptable in many cases, especially when profiles
have a constant wall thickness that is smaller than the width of the fins (see Fig. 5.92).
The computation of the flow by the use of FEM offers help when designing the flow
resistance zones of profiles with complicated shapes. When applying this method, the
above mentioned errors can be eliminated at the cost of developing the FEM structure
and computertime intensive, complex three-dimensional flow computation [e.g. 155].
Fig. 5.93 shows the result of a 3-D FEM computation of a profile cross section in the
core region shown in the same figure in the lower right. Because of symmetry only half
of the profile is considered. The FE mesh reproduces the region of the flow channel in
which the melt flows towards the core and where the profile is formed; the individual
pathways are drawn in.

Fig. 592 Profiles of cross sections which can be
calculated easily
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Fig. 593 Stream lines for a flow through a profile
die (3D-FEM computation)

When designing flow channels, the following general rules should be taken into account
141]: .

E Tk]le cross section should be reduced steadily in the direction of the flow starting at
the extruder exit under an angle approximately 12 degrees until it reaches the exit
cross section. The flow resistance of the parallel die lands should be about ten to
twelve times greater than that of the preceding channel. The maximum length.of
the parallel die land is 90 mm. From this limiting value and the computed ratios
of the flow resistance zones in the individual partial cross sections, the individual
lengths of the parallel die lands are obtained. Furthermore, it is important to keep
the L/H ratio between 20 and 50 [150, 151].

~ The edges at the spider legs are rounded off (R =0.2H) and run out at an angle of
about 8 degrees. )

After the die is finished, it is tested with the material to be used and at the reququd

throughput, If the Aow at the exit is not uniform, the die lands are shortened in

steps.

Frepquently, the die is hardened before the last correction in orgier to allow changes

which may be necessary if the die is distorted during the harden}ng process.

The costs for the preliminary tests and corrections of a profile die may be as much as

10 to 50% of the costs of the profile die [16].

5.6 Dies for Foamed Semi-finished Products

After the previous chapters dealt thoroughly with dies for the proc}uctiop of extrudates
from solid polymeric materials, the following section will des:cnbe d1e§ as they arg
used for the extrusion of foamed products, Here too, profiles with and without hollow
chambers as well as coextrudates of solid and foamed materials are produced.
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The prerequisites for a production without interruptions and a high quality product

are: proper screw geometry and compound formulation, correct design of the die and

calibration, and appropriate processing conditions [156].

There are essentially two methods to extrude foamed semi-finished products:

— Expansion of the melt containing the foaming agent immediately after it emerges
from the die

— Expansion of the melt containing the foaming agent at some later point.

In the first method the expansion is done either free to the outside and subsequently

the extrudate moves through the calibration and cooling line or the expansion occurs

in such a device that is attached by a flange to the die. This is called the expansion

to the inside. These procedures are mainly used for the production of foamed sheets,

which are stretched over a “cooling bulb” [157] after being extruded, mainly from an

annular die and expanded freely.

In addition to the above, there are methods where one melt with and without blowing

agent are fed into a coextrusion die producing, for example, a profile consisting of a

foamed core and 2 solid inner and outer skin [159].

The second method mentioned is used mainly for processing polyethylene, which

contains not only a foaming agent, but also a crosslinking agent. The conventionally

extruded, not yet crosslinked and not yet expanded (mostly) flat web, also called

matrix, is subsequently first crosslinked and then expanded in an oven [158]. To

produce the melt web the usual wide slit dies are used.

The process of direct expansion after the exit from the die orifice requires special

design considerations which will be discussed below.

It is necessary to ensure that the gas, splitting off from the blowing agent, remains

dissolved in the melt in the extruder and in the die, ie. there must be no premature

foaming in the extruder or in the die. Such premature foaming would result in gas

bubbles being torn open by the flow of the melt along the wall of the die and would

lead to a product with a poor and rough surface.

Furthermore, it has to be kept in mind that the gas-filled melt has a low viscosity and,

therefore, flows easily through the die. Therefore, it is necessary to build up a sufficient

pressure in both the extruder and the die by a proper design of the flow channel.

For example, for the extrusion of rigid foam from PVC pressures of 100 to 300 bar

are considered sufficient [156]. Rheological studies dealing with foam extrusion are )

reported in [174].

5.6.1 Dies for Foamed Films

In order to build up the necessary counter-pressure, the annular exit gap is narrowed
towards the orifice. If the film is relatively thick, the die lips may be cooled in order
to increase the flow resistance [160]. This type of die can be designed with the slit
at an angle to the outside (mostly 45 degrees) in order to eliminate the formation of
wrinkles during the expansion.

The spider legs are quite a problem here because the flow marks are even more
pronounced in the foamed sheet than they are in the solid one [161]. Therefore, the
number of spider legs is kept to a minimum in such dies. One or two spider legs are
commonplace, and they are arranged in such a fashion that when the sheet is later slit
sideways, the knit lines (i.e. flow marks) lie in the cutting plane [160].

The methods of minimizing the effect of flow marks are discussed in {162] and Chapter
5.3.1.1. For example, by arranging flow resistance beads in the mandrel zone behind
the passage through the mandrel support, the quality of an extruded foamed sheet

from PE was improved.
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5.6.2 Dies for Foamed Profiles

Many types of dies for this purpose will be discussed briefly in the following section.
A more detailed discussion of this subject is in [156]:

Longitudinally fed, solid profile dies

These dies exhibit a high flow resistance and are employed for the production of
thin-walled profiles with a small cross-sectional area (Fig. 5.94). By comparison with
solid profile dies, it can be seen that a short (1-2 mm long) and narrow (approx. 10%
of the channel height) flow restriction zone is arranged in the exit region of the die.

The function of this flow restriction zone is to greatly reduce the pressure near the die
exit, and in doing so initiate the foaming process. 3

Plate dies with torpedoes

These dies are similar to those generally used in profile extrusion, the torpedo ensuring
adequate build-up of pressure in the extruder (Fig. 5.75). The construction with the
easily exchangeable die plates permits several geometrically similar profiles to be
produced with the same die. The flow can be corrected easily at the die plate.

Dies with restrictor grids and (if necessary) torpedoes

Thin walled restrictor grids [164] are used to build up a high flow resistance while
reducing the flow cross section as little as possible. The flow can be regulated by the
local length of the restrictor grid (Fig. 5.95). This design is suitable when foamed
profiles with a large cross section, large wall thicknesses and varying wall thickness
distribution are to be produced. The individual strands formed in the restrictor grid
are brought together and fused in the die exit region.

Torpedoes can be introduced in such a grid. They can affect the flow distribution,
greatly change the volumetric weight of the foamed profile in certain selected regions
and even form cavities [165].

Dies for hollow profiles

These correspond in their configuration to those of dies for melts without blowing
agent. In detail, however, the following should be realized: A flow restriction zone

ABCD
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Fig. 5.95 Dies with restrictor grid {164] or restrictor grid and torpedo body [165] for foam
profiles

and a short parallel die land (length approx 5 to 10 times the channel height) should
be installed in the die exit region; the compression ratio between the core/mandrel
support zone and the die orifice should be 10:1 to 15:1.

The design of a profile die for a rigid foam from PVC is even more difficult than that
for a die for solid profiles from rigid PVC because of the expansion of the material on
leaving the die orifice in addition to the swell and the rearrangement of the velocity
profile [156]. Since the expansion process also depends on various factors, such as
type of blowing agent, formulation, temperature, mixing, etc, it is prudent — in the
absence of practical experience — to be guided by the values for the dimensions of the
die orifice given in Table 5.4 [156].

Table 5.4 Dimensions of die orifice for the required profile dimensions

Dimensions of the die orifice

Final size
of profile (calibrated) % of the final
mm mm size of profile
Profile width 10to 30 6 to 18 60
30 to 60 21 to 42 70
60 to 100 48 to 80 80
100 te 150 90 to 135 90
over 150 150 100
Profile thickness up to 3 up to L5 50
Jto 8§ 1.35t0 36
8 to 12 4 to 6 50

These values are kept purposely small in order to make reworking possible. They also
depend on the ratio of the width to thickness and according to [156] are valid for
the ratio of 3 to 15. Above this ratio, the width no longer is corrected; below it, the
width is adjusted in the same way as the thickness [156]. The design of a die for
foamed profiles should take into account that the flow channel must become more
narrow continuously towards the die orifice. Enlargements in the flow channel are to
be avoided as are potential areas of stagnation [156, 163].
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5.7 Special Dies

5.7.1 Dies for Coating of Profiles of Arbitrary Cross Section

To this group belong naturally dies for the coating of profiles of any shape whether
for the improvement of the surface or protection against corrosion [16]. The profile
is moving through a (hollow) mandrel, the same way as in the standard coating
procedure; the mandrel has a properly designed fit and a contour with a tight
tolerance. Also, in this case the application of the material onto the profile to be
coated is assisted by vacuum.

Fig. 5.96 shows, as an example, a die for the coating of aluminum foils of the thickness
of approximately 50~200 pum with CAB for edgings. The strips of aluminum run flat
into the die, are coated in it and subsequently shaped and cooled in the calibrator
[166].

To avoid scratching of the aluminum foil the foil entry channel is highly polished. The
melt is applied onto the foil almost tangentially. An axial adjustment of the mandrel
allows an optimum setting of the orifice gap.

The calibration line should be no longer than 15 to 25 cm in this case, so that profile
is not torn off due to the increasing friction in the calibration and cooling sections

[166]

Catibration device {block)

Die for coating the foil strips

P ol e ‘
i (—Edging
8T / '8 Section A-A
ApY UiA Inlet opening
Folded
upwards 7
B
////////,
Material inlef Section B-8
: 5/ t ATT TTA
7
I ;I/ [ sl fo\] 448 N
Die plate 7 SI cHion A-B ! ///
\: i < echian A- JE ST R A,
T [SAR i dic Section C-C
"l‘ ——— =il inlet Quttet

Fig. 5.96 Die and calibration device for the extrusion of edging (CAB coated aluminium foil]
[166]

5.7.2 Dies for the Production of Profiles with Reinforcing Inserts

There is a wide variety of manufacturing methods for placing reinforcing inserts into
extruded plastic and rubber profiles. In [167] there is a detailed treatment of this
subject. According to that review, there are basically three possibilities for producing

reinforced semi-finished products:
— Supplying of an insert, prefabricated independent of the extrusion process, into the

jacketing die
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— First extrusion of the inside layer, which is subsequently reinforced, then application
of the outside coat.

— Simultaneous production of the reinforcing insert with the extrusion of the profile.
The last method above is used, for example, to coat a wire which is spirally wound
in the die and simultaneously coated with the melt.

The example for the second method is given in [168]. The production of a reinforced

hose is described, where in the first step, the so-called raw hose is extruded from

plasticized PVC. After cooling, this hose is wrapped with yarns in a winding machine.

In order to attain a good adhesion, the hose is subsequently heated on the surface

and the tightly woven yarn easily melts into the plastic. The last step is then jacketing

with an outside coat in an appropriate jacketing die [168].

5.7.3 Dies for the Production of Nets

Nets from plastics can be extruded by using center fed or side-fed dies that have the
exit region as depicted in Fig. 5.97 [33, 169, 173]. The outer die ring can be turned
continuously or in steps. In a side-fed die, also the mandrel can be turned, in addition
to the rotation of the outside die ring. The tooth system can be in the gap on gap or
the tooth on gap position. Half as many strands are extruded in the first position as
in the second, that is, the points of intersection of a net are formed; in the second
position the net yarns are formed, linking the points of intersection of the net. Nets of
different structure can be produced by varying the programmed motion of the rotary

parts [169, 173].

Datait Z

Mandrel fixed or revolving in the opposite
direction fo the rotation of the die ring

Position for making
the knats of the nef

Position for making
the yarns of the net

Die ring {revelving) Melt outlet

Fig. 597 Exit gap of a die producing extruded nets

5.7.4 Slit Die with Driven Screw for the Production of Slabs

This special design of a wide slit die is used mainly in Japan for the extrusion of
wide and thick slabs from rigid PVC. A separately driven screw in the die body
distributes the melt supplied by the extruder (Fig. 5.98). The melt can continuously
escape laterally along the length of the die over a flow resistance zone and into a
connected lip region. This way a flat sheet or slab is formed. The local flow control
can be done by a choker bar or by an adjustable lip (Flexlip) [172].
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Fig. 598 Screw die for sheet extrusion [171], I Screw, 2 Choker bar, 3 Adjustable lips

One advantage of this technically complex and quite expensive system is that no
melt stagnations occur and, therefore, the danger of degradation of the rigid PVC
is reduced. Hence, the amount of stabilizer can be reduced, resulting in cost savings
[171]. A theoretical analysis of the flow of the melt in the screw and in the connected
flow resistance zone and lip region is given in [170].

Symbols and Abbreviations

b width
Ahyd hydraulic diameter
e correction factor for a_circular cross section L
eq correction factor for a rectangular cross section
Ip flow correctioni coefficient
h height :
hg height of the slit at the end of the distribution channel
! length
m mass flow rate
m flow exponent (Power Law)
Ap pressure loss
PE TAIET pressure loss
Apatal total pressure loss
Apr pressure loss due to viscosity
Po surrounding pressure
ty mean residence time
i mean velocity
[ mean melt velocity
X time coordinate
A o t{Sinh-Law)
Aq area of a cross section
Aw wall surface
B width
C constant (Sinh-Law)

Dy TExtrusion)-die diameter
m nominal die diameter
FDM Finite Difference Method

FEM Finite Element Method

H height

L length

Ny Number of turns (of a spiral)

radius

References 207

T temperature

14 volumetric flow rate

b1 angle

¢ angle of a slope

Z summing function
3 representative-shear tate

i r tative viscosity—

Ain

representative viscosity in a pipe !
i

Wy

summing function

g density

™ shear stress at the wall
9m mass temperature

[ coordinate

Indices

a outside

i inside

K circle

1 segment

p flow path

R pipe (distributor pipe)
sl slit (die land)
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6 Coextrusion Dies for Thermoplastics

Many products made from polymers cannot meet the requirements imposed on them
when produced from a single material. In such cases the solution may be to combine
different materials in a multilayer structure and, thus, create a new product that
combines the positive properties of the individual components. Examples include:

— Multiple layer flat sheets (films) and tubular film

- Multiple layer hollow bodies

— Cables with multiple layer insulation

— Profiles with jackets or soft lips

and many more.

A part of such products could be produced by multiple step extrusion. In such a
case one material would be processed first, in order to prepare a supporting layer
or to coat a wire with a smooth layer. Subsequently, after a full or partial cooling
of the first semi-finished product, the application of the second or several additional
layers, as the case may be, would follow (compare also Chapters 5.3.24 and 5.7.1).
In most cases, however, the coexirusion is more suitable because of economic and
technological efficiency [1-10]. In doing so, two or more melts are extruded with a
single die in the three following ways:

— completely separately

— first separately and then together, or

— together

6.1 Designs

6.1.1 Externally Combining Coextrusion Dies

These dies are most frequently made with only two exit slits (Dual Slot Dies) because
more slits would make the design and manufacture of the die extremely complicated
[11].

As shown in Fig. 6.1 (left) for a flat sheet die, the two melt streams flow through two
fully separated channels through the die and are brought together only after emerging
from the orifice.

The two melt layers can be brought together with the help of a pressure roll (Fig.
6.1 — left). Such a device is particularly necessary when a third layer is added, or if
the extrusion speed is very high; in these cases the air enclosed between the layers is
entrained and may lead to defects in adhesion between layers [11]. The distribution of
the two melts in the die can be controlled independently. The combining of the layers
is simpler in the tubular film die shown in Fig. 6.1 (right).

To improve the adhesion of the layers a stream of gas activating their surfaces can be
blown into the space between the melts after they leave the die [12]. In this case, the
flow regulation is possible only for the outside layer by the sliding movement of the
die lip.

With dual slot dies, it is usually very simple to thermally insulate the flow channels
from each other, e.g. by using an air gap. This arrangement allows the processing of
melts with very different viscosities and at different temperatures. The disadvantages
are that two orifices must be adjusted, the difference in the neck-in of both layers must
be minimum, and the formation of fumes between layers can lead to organoleptic
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Fig. 6.1 Dual slot coextrusion dies, a) Flat slit die, I Heat separation, 2 Pressure roll, b) Blown
film die

problems. Moreover, thin layers often cool too rapidly, causing adhesion problems
[13].

6.1.2 Adapter (Feedblock) Dies

A multilayer extrudate can be produced by conventional dies when an adapter is used
to feed the individual melt streams into the die inlet. They flow together through the
die and leave it as a coextrudate.

The advantage of this procedure is that any number of individual layers can be
combined. The disadvantage is that all the materials must have almost identical flow
behavior and processing temperatures [14]. In spite of this, most coextrusion lines

today use feed block systems {14, 16].
There are in essence three types of adapters, which will be described below:

Fixed Adapter (Dow System)

In this adapter, as shown in Fig. 6.2 in connection with a flat sheet die, the gauges
of the individual layers are determined by the cross section of the feed channels and
the set mass flow rates. It is important that the individual melts meet in the die with

approximately equal velocities [14-16].

Slide Adapter (Reifenhaeuser System)
In the so-called slide adapter (Fig. 6.3) a slide serves the purpose of allowing the mass

streams to meet at equal velocity. Also, it can, in a similar fashion as the choker bar,

regulate the melt distribution across the width. For that purpose it either has a profile
or is made in sections on the side of the melt. When assembled or exchanged, the
slides can be inserted or removed from the side as a cassette without a need of taking
apart the connection between the extruder and the die [14].

Vane Adapter (Cloeren System)

The vane adapter (Fig. 6.4) differs from the slide adapter in that the elements of the
system which can control the process of joining of the streams are in the shape of
vanes that can be turned. Since this can happen even during the operation there is
a choice either to set a certain position or let the setting be established by the melt
streams [16]. Also, the venes can have profiles in order to be able to control the

distribution of the flow {16].
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Fig. 6.2 Feed !JIOCk (System Dow) for bringing melt streams together before the flat slit die. !
Flex lip, 2 Pressure bolt, 3 Cover layer material, 4 Melt channel with a flow restrictor, 3
Adapter, 6 Base layer material, 7 Main layer material

Fig. 6.3 Flat slit die with a sliding adapter (System
Reifenhiuser)

Beyond that, adapters can be classified also as internal and external devices which
can be connected in series and combined so as to attain the required configuration of
layers [3].

In an inner layer adapter (Fig. 6.5 ~ left) one melt is extruded into the other. Thisis a
suitable method if a thin layer is imbedded between two thick ones or if the internal
layer should have a minimum contact with the walls [3].

The outer layer adapter is used, as a rule, to apply a new layer from the outside onto
other layer(s) (Fig. 6.5 — left).

In order to be able to change the order of the layers simply and rapidly, revolving
adapters are employed, (see Fig. 6.6). In this system different arrangements of the
!ayers can be affected by the rotation of the adapter [1, 8]. Another method is to
install an exchangeable distributor (feed) block which defines the sequence of the
layers [16]. When the arrangement of the layers is being changed by an extruder being
stopped, this means one or more layers are eliminated. It is advisable to install check
valves to prevent the return flow of the melt into the idle extruder [3].
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Fig. 6.4 Flat slit die with a vane adapter (System Cloeren). I Flex lip, 2 Pressure screw, 3_ Covgr
layer material, 4. Possible entry for other materials (adhesive, barrier material), 5 Main
layer material, 6 Vane adapter, 7 Base laye material, 8§ Vane adapter for cover and base

layers, 9 Flow restriction zone
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side and outside layers, a) Flat slit die (3 layers), I QOutside layer

Fig. 6.5 Adapter dies for in
mandrel support, 2 Inside layer adapter

adapter, b) Blown film die (for 2 layers, with a

Parting surface fo
the collecting block

Sequence of layers with:
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Fig. 6.6 Revolving adapter for changing the sequence of layers (1, 8]
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6.1.3 Multi-Manifold Dies

In this type of die, each melt is first fed separately and distributed into the desired
form and then these partial streams are combined just before the die exit (Fig. 6.7).
Each melt stream can be adjusted individually, provided that appropriate adjustment
is available. An adjustment of lips or die orifice allows the control of the overall gauge
of the coextrudate. The method of combining the melts inside the die under pressure
also improves the mutual adhesion of the tayers.
Another advantage is that with multi-manifold dies, materials with vastly different flow
behavior and different melt temperatures can be processed [14]. The thermal insulation
of the individual channels from each other is very difficult to solve, considering the
already complicated design of the die. As a result, this type of die for a combination
of more than four layers becomes very complex and costly.

Fig. 6.7 Multi-layer dies for coextrusion, a) Flat slit die (3 layers), b) Blown film die (2 layers,
with a spiral distributor)

6.2 Applications

Coextruded composite structures are today state of the art in many areas of polymer
processing. In such a case the different melt streams can either envelop each other,
or can be arranged on top of each other or flow side by side. In the most frequent
and significant applications either enveloping (cable insulation or blown film, etc.) or
an arrangement of layers on top of each other are frequently used. Because of that,
several typical representative designs of extrusion dies for these applications will be
discussed in the following sections.

6.2.1 Film and Sheet Dies

‘Adapter dies are used in most cases for the production of coextruded flat film and
sheet. If the materials differ greatly in their flow behavior, multi-manifold dies are
employed. The melt distribution across the width is accomplished by the use of the
melt distributors (manifolds) discussed in detail in Chapter 5.2.

The individual melts in both types of die generally flow in layers over each other;
however, there are cases where one layer is enveloped by the other. This is done,
for example, to make the trim from one material only, which can be reground and
then reused for extrusion [17], or to avoid wasting an expensive barrier material by
trimming and/or if the inside layer has to be protected from the environment. As an
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example, the barrier properties of EVOH against oxygen decrease dramatically with
increasing moisture level [18].

For the packaging of food and beverages, coextrudates with seven or even more layers
are COMMmOon now.

6.2.2 Blown Film Dies

Multi-manifold dies have been used for years for the coextrusion of blown film. The
distribution of melt along the circumference in these dies is accomplished by a spiral
mandrel [19-21]. Fig. 6.8 shows a typical representative of this type; it is a die for
the production of a three-layer film. This coextrusion die, too, is equipped with a
revolving mechanism and internal cooling, which are both commonly used in the
blown film equipment. The most common method of bringing the melts together for
general multi-layer structures is shown on the left. The right hand figure shows the
case where the core is a thin tie layer or a barrier [20].

Blown film made with up to five layers for use in food packaging is state of the art
today [21, 22].

Fig. 6.8 Three-layer coextrusion die for blown film
(Battenfeld)

6.2.3 Dies for the Extrusion of Parisons for Blow Molding

Coextrusion has also become a common place in the continuous extrusion of parisons
for blow molding in many areas of application. Parisons with up to seven layers
are extruded and blow molded into hollow parts used for food packaging [23, 24].
For the distribution of melt around the circumference concentrically arranged hollow
mandrels with heart shaped and coathanger manifolds are used. Fig. 6.9 shows such a
head with seven heart-shaped curves for the extrusion of a six layer parison [24, 25].
Only very recently parison dies with spiral distributors were brought to the market
[26].

Coextrusion accumulator heads exist currently only as prototypes or are described
in patent applications [24, 27-29]. The individual accumulator chambers consist, for
example, of concentrically arranged circular channels, from which the melts are gjected
by individual annular rams [27, 28] or as described in [29] of a single accumulator
chamber in which the individual materials are arranged in the laminar form and

[N
o
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Fig. 6.9 Coextrusion die for 1 to 6 layers (Krupp-
Kautex)

are forced out by an outside piston and an inside piston. Design and technological
problems have prevented this type of head from a wider use up to now.

6.3 Computations of Flow and Design

When designing coextrusion dies a distinction must be made between the adapter and
multi-manifold dies.

The distribution channels for the individual melts in a multi-manifold die correspond
to the distributors for the single layer extrusion. One extrusion stream, i.e. a parallel
stream of several different melts through a common flow channel, occurs only in the
exit region of the die.

On the other hand, in the adapter die, the melt streams are first brought together and
then distributed together in a single manifold die. This means that the die manifold used
in the adapter coextrusion must be designed for the flow of multiple layers. In addition,
problems such as flow instabilities, rearrangement of the layers and instabilities at the
boundaries (interfaces) of the layers occur frequently in coextrusion. From that, it
can be concluded that not only the pressure loss of the multi-layer flow, but also the
position of the boundary (or boundaries) of the layers, velocity, temperature and shear
stress profiles have to be taken into account for the purpose of design.

When computing flow of multi-layer streams, the procedure is essentially the same as
for the computation of a single-layer flow. However, it has to be taken into account,
as a special boundary condition, that the material properties change at the boundaries
of the different melts. The location of the boundaries in the flow is not known.
It can be determined from the relationship of the volumetric flow rates and the
viscous properties of the individual materials. Moreover, the location of the maximum
velocity in the stream is not known either, perhaps with the exception of a symmetrical
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multilayer flow. The procedure of the computation of the flow for a flat multi-layer

stream is demonstrated below. ) .
The majority of actual coextrusion flows can be either computed as the flow in a flat

slit or at least approximated by it. ‘ ‘
The following assumptions are made for the computation (for coordinate system see

Fig. 6.10):

~ Wall adhesion of the melts

— Adhesion at the boundaries of the melt layers

— Laminar, incompressible flow

— Volume forces negligible when compared to friction forces

— Isothermal flow
— Neglecting the elastic behavior of the materials
Starting with a simplified momentum balance,
QC_ = .a_p (6.1)
oy @z
the relationship between the shear stress and the pressure loss is obtained by
integration
op
) =5,r—0c)
A
where the boundary condition t=~0 at the velocity maximum y=c was used.
Introducing the relationship between shear stress and shear rate into Equation (6.2),
we obtain

(6.2)

8
O REEAE) (6:3)

and with the relationship between the flow velocity and shear rate:

du(y)\ Bl _%p 4
»7(—5—),—> 3y =500 (6:4)

The boundary conditions for the solution of Equation (6.4) are
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— the adhesion to the wall

v(y=0)=0 (6.5)
and

vy=h)=0 (6.6)
— the adhesion at the boundary layers

um(am, n) = vn(am, n) (67)
with

l,mn indices of different layers

Um, Un flow velocity in layers m and n

am,n boundary between layers m and n
and the relationship between the flow velocity and the volumetric flow rate:

am.n
V= / v, () dy. (6.8)

m

A closed solution of the Equation (6.4) is usually not possible because the relationship

between the viscosity and shear rate is different in the individual layers.

Depending on which material law is chosen for the description of the relationship

between viscosity and the shear rate, different numerical procedures must be applied.

— The solution under the assumption of the Newtonian flow of the individual melts
and thus of constant viscosity between the boundary layers is truly simple, because
now it is possible to integrate Equation (6.4) analytically and hence to compute the
velocity profile of the flow [30]. A simple way to estimate the characteristics for two
simple forms of flow, namely symmetrical three-layer flow and two-layer flow, this
method of solution will be discussed more accurately below (Fig. 6.11).

al ' A

G2

Fig. 6.11 Simple multi-layer flows,
a) Symmetrical three-layer flow, b)

Two-layer flow
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- Also when applying the power law by Ostwald and de Waele an analytical integration
of Equation (6.4) is possible. In principle any multi-layer flow can be described using
this method [31-33].

— When applying the Finite-Difference-Method (FDM) or the Finite-Element-Method
(FEM) for Equation (6.4), the use of any viscosity law at any layer arrangement
is possible [30, 34, 35]. The FDM based procedure, too, will be described in more
detail below.

6.3.1 Computation of Simple Multi-layer Flow with Constant Viscosity

When neglecting the dependence of viscosity on the shear rate, the Equation (6.4) can
be integrated:

oy =22 (% ey + k) (69)

z 0

with
k= constant of integration

The next step in the process depends on the form of the flow under consideration.
In the symmetrical three-layer flow a core layer is enclosed by two identical surface
Jayers which have an equal volumetric flow rate (Fig. 6.11a).

From symmetry, it follows, that the maximum velocity is located in the middle of the
flow channel. For further derivation a coordinate system with the origin at the layer
boundary was found to be of advantage. Because of symmetry, it is sufficient to study
only one half of the channel.

With the condition of the adhesion to the wall of the channel, the velocity profile for
the boundary layer is:  /

v (—d;)=0

LIy d 6.10
H

The velocity profile of the core melt follows from the condition of the adhesion at the
boundary.

v (y)=

R

U[(O)=U3(O)
ap L [y m [di
[ SO A L2 Ladd R 6.11
v (y) 32 1, [2 dyy n 2 +dd, (6.11)

To determine the still unknown layer thickness, d, and d, and the pressure gradient
dp/Bz the relationship between the flow velocity and the volumetric flow rate can be

utilized.

0
V= / v, (y) dy, (6.12)
%
dy
V.=2/02(y) dy. (6.13)
0

~
[
L
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After integration:

. Bdp d} 1 d,

7l At W IO, SN e} ]
"8z p, 6 3!11 ’ (619

. gpd; 2 i, [ d? d

o==f2 . 24232l gt ) 15
2= %57, 6 n d32+6d2 (6.15)

The ratio of the layer thicknesses can be determined from the ratio of volumetric flow

rates.
d3 1y dy d,
. 4= 4 6-=-2{2-=+41
v d} nd \ 4 i

Vl ﬂ(7+3ﬁ>
mh d,

From a given ratio of flow rates and viscosities, the ratio of the layer thicknesses can
be determined from Equation (6.16) by iteration.

The location of the boundary follows from the ratio of the layer thicknesses and the
following geometric relation

2d, +2dy = h. (6.17)

The pressure loss is then obtained, for example, by rearrangement of Equation (6.14):

(6.16)

o ___ 6V (6.18)

o 3 4\
4 (““E)

When studying a two-layer flow (Fig. 6.11b) an additional unknown appears during
the computation of the location of the velocity maximum. Here it is also advantageous
to place the origin of the coordinate system at the layer interface.

From the condition of adhesion to the wall of the channel it follows:

v (—d) =0,
op 1 [y? dz
Ux()’)za—z;l' {‘5'*‘6)’-‘ -:):——cdl , (6.19)
vy(d,) =0,
ap 1 [y? d?
Uz()’)=a‘5g [)—2— +cy— <7’ +cd2)] . {6.20)

The condition of the adhesion at the layer interfaces leads to the relationship of the
ratio of layer thicknesses, the ratio of viscosities, and the location of the maximum

velocity.

v,(0) = v,(0),
,
n_d4
2

o hm 4 (6.21)
20, G
no d
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The still unknown quantities ratio of layer thickness ratio and pressure drop can
be also determined here from the relationship between the flow velocity and the

volumetric flow rate.

0
v [0 an (622
—dy
dy
V2=/vz(y) dy, (6.23)
0
Ll bt (6.24)
p=2l —52——5> (6.25)
< 0z 32
By combining Equations (6.21) with (6.24) and (6.25) the following results are
obtained:
gt Va4 m/ (6.26)
8z 12 17_2__{_@
mo 4
, (ﬁ 4'7—2@+317—2—>
_opd3 (=D \df mdm (6.27)

T G (nE)
dy\m o d

The relationship between the flow rate ratio, the viscosity ratio and the layer thickness

ratio is: ,
3
v, d m \ 4 o\ 4 (6.29)
—_ = 2
ooy +412-+d—2+<”—2>
m \d n 4y i

auges can be determined by iteration from Equation (6.28).
the layer thickness ratio using the

The ratio of the layer g
The location of the boundary layer follows from

geometric relationship

di+dy =1 (6.29)
The pressure drop is obtained, for example, by rearranging Equation (6.26)
. d
12V, <——’—71 — ﬁ—)
_ Ty 1 ) (6.30)

oz d,\? dy 1
3(22) 4424204}
< <d1> . m :
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The procedure demonstrated above allows the computation of the velocity profiles,
location of the interface, and pressure losses in a symmetrical three-layer flow 1s well
as in a two-layer flow in a flat slit at constant viscosities of the melts.

For the computation of the viscosity, for example, the method of the representative
data can be applied [34] (see also Chapter 3).

The representative shear rate is determined from the total volumetric flow rate; for
the computation of the representative viscosity for the individual melts the shear rate
found above enters the formula for viscosity.

3 6 'lolAI
= e 6.
l B- ,12 ‘o ( 3 1)

This procedure is appropriate as long as the viscosities of the melts involved do not
differ significantly. Otherwise, it is better to determine the shear rate for each individual
layer. The following procedure is recommended for that:

— Determination of the initial values of viscosity from the representative data

— Computation of the velocity profile, computation of the shear rate profile

()= 2 ) (6.33)
Y
— Determination of the shear rate at the wall ,, (two layer flow, outside (cover)
layer of the three-layer flow) or of the shear rate at the interface (core layer of the
three-layer flow).
— Multiplication of the shear rates with the correction factor eq:

7=7w e (6.34)

Determination of the corrected representative viscosities using the representative
shear rates determined above.

- Repeating the computation of the flow, This iterative procedure is repeated until
stable values of the viscosity are found. The described simple computation can also
be done with a programmable pocket calculator.

However, when the study is done on a multi-layer flow with more than two different

melts or volumetric flow rates (e.g. if V; 5 V5 in Fig. 6.11a) or when also temperature

profiles are to be determined, the solution can only be obtained by elaborate numerical
procedures.

6.3.2 Computation of Coexirusion Flow by the Explicit Finite Difference
Method

When describing a coextrusion flow, the continuity, momentum and energy equations
are first simplified by considering the boundary conditions and then solved; the process
is similar to that for single-layer flow [34].

Since the effect of the temperature field on the velocity field is considerably weaker
than vice versa, the de-coupling of both fields is possible.

First, the velocity profile is computed from the temperature profile extrapolated from
the preceding computational step.

Second, the new temperature profile is computed taking into consideration the velocity
profile obtained earlier [36].
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Fig. 6.12 Discretization of a flow channel
for computations with the Finite
Difference Method
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Because of that, the computations of velocity and temperature will be done separately
in the following sections.

The differential equation for the one-dimensional flow from a flat die has been
developed in Chapter 6.3.1

G,
n@) = ZEy-o. (6.3)

0z

When solving this equation, the location of the maximum velocity, the location of
the interface(s) the pressure drop and the shear rate profile must be determined by
iteration. Then, the velocity profile can be determined from the shear rate profile by
integration. The coursg of such an iterative process is shown in Fig. 6.13.

When applying the Finite-Difference Method, the flow channel is divided into
individual discrete layers (Fig. 6.12).

Across each of these discrete layers both the shear rate and the viscosity are taken as
being constant locally. This way Equation (6.3) can be solved by iteration when the

pressure drop and the position of the maximum velocity are given.

From the shear rate profile, the velocity profile, and from it the flow rate, can be
determined. The computation starts at one wall with a specified velocity at the wall
(generally equal to zero). Then the discrete flow rates are determined layer by layer and
then added. This sum is then compared to the specified flow rates for the individual

melts.

As soon as the specified flow rate of the first melt is used up, the computation has
reached the first interface. From here on the material data of the second melt are
used for the solution of Equation (6.3). This way all the discrete layers of the flow
channel are gradually subjected to the computation process. This procedure saves the
otherwise necessary deterrnination of the location of the boundary layers [30].

As boundary condition for the determination of the location of the maximum velocity
the last computed velocity and the specified velocity at the wall are compared. The
determined from the comparison of the computed and the specified
flow velocity lies in the
half of the flow

pressure loss is
total flow rate. In symmetrical coextrusion flows the maximum

middle of the flow channel; moreover, it is sufficient to compute one
channel because of symmetry.

Initial values for the pressure drop and the location of the maximum velocity can

be determined from the computation of constant viscosities (see Chapter 6.3.1). The
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computation of temperature which follows the above is performed by using the

simplified energy equation.

a9 . d*g 3
Q-cp-v(y)a:=la}—2-+77~y“. (6.35)
—

1 il 11

ibes the convective energy transport in the flow direction, the Term

The Term [ descr
r and the Term III the dissipative

II the heat conduction in the direction of shea
heating.

For the computation of flow in the normal dir
the direction of flow a full step size is used; the step size resu
stability in difference calculations [35].

The fiow chart of the described finite difference program is shown in Fig. 6.13.

ection half a step size is used, and in
lts from a criterion of

6.3.3 Computation of Velocity and Temperature Fields by the Finite

Difference Method

are computed by the method outlined in Section

Velocity and temperature fields [34]
(see also example in

6.3.2. In the following sections some of the results will be shown
Chapter 4.4.4);
Fig. 6.14 shows
affect the velocity and s

how the viscosity ratio of both melts flowing together in the channel
hear rate profiles of a symmetrical three-layer flow through
a slit. The dashed line represents the typical velocity profile of a pseudoplastic melt;
whereas in the case of multi-layer flow a block shaped viscosity profile is formed when
the low viscosity melt flows near the wall. A lowering of viscosity in this layer leads
to an additional reduction of the maximum velocity; however, the shear rafe at the
wall increases. The boundary layer shifts only little with the change in viscosity. It is
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the boundary of an element. This FE computations require an enormous amount of
storage space and computer time that at least a micro-computer has to be used.

The special problems involved in computations of multi-layer flow by FEM will not
be discussed here, (it is recommended to consult [37] on this matter). Rather, to
demonstrate the possibilities offered by the FEM, a comparison of computations by
FEM and flow experiments will be described in the following.

The studies of the region in which the layers in a multi-layer flow merge were
performed in an experimental modeling station allowing the visual observation of the
experiment [38]. Within the scope of the experiments the formation of the interface
and its location as well as other flow phenomena were evaluated. In the next step
it was attempted to simulate a two-layer flow with a 2D-FEM computation [37].
The photographs comparing the actual flow and the computed pathways for different
volume flow conditions are in Fig. 6.18. It is noteworthy that not only the shape and
the position of the interface are well described, but also that the FEM computation
produces the size and location of dead spots in the region where the layers merge,
dependent on the flow ratio (the computation is based on purely viscous behavior of
the material, described by the Carreau Model).

The explanation of the formation of the dead spot is in the sizable increase of speed
in the lower stream. The faster upper layer drags the slower layer in the direction of
flow and thus causes a rising pressure at the lower wall in the direction of flow. A local
pressure maximum is formed at the lower wall a short distance behind the point of
where the layers merge. This pressure field causes a reverse flow or a stagnation zone.
(This effect is comparable to the one occuring in wire coating, see Chapter 5.3.3.4).
A check of the merging zone of coextrusion dies for the formation of the above
mentioned dead spots is possible without problems. This way the maxima in the
residence time and the related stress on the melt in this region can be eliminated.
This example shows that even complex flow processes can be accurately described by

FEM. ;

6.4 Instabilities in Multi-layer Flow

In addition to the common flow instabilities typical for single layers, such as unstable
inlet angle, stick-slip; melt fracture and wall slip, in multi-layer flow two additional
phenomena occur: encapsulation, and interfacial instability.

The encapsulation and interfacial instabilities are two phenomena that have to be
considered separately from the cause, mechanism and consequences. The difference is
clear from the comparison of Figs. 6.19 and 6.20. Two melt streams with an equal flow
rate are forced through a round capillary side by side. The location of the interface
was determined on thin slices of the frozen two-layer strand [39]. It is found in the
coextrusion of two different grades of polystyrene (Fig. 6.19) that the melt with lower
viscosity always tries to encapsulate the one with the higher viscosity.

As the results from measurements show, the tendency to encapsulate can reverse,
depending on extruding conditions, when extruding two melts with viscosity curves
which cross each other.

From that it can be deduced that encapsulation is a phenomenon resulting from the
flow behavior of the materials.

The explanation of why it occurs is given by the principle of minimizing of energy.
Both melts try to arrange themselves in such a way that the pressure loss of the flow
is minimum. This happens only when the low viscosity melt flows in contact with the
wall and thus forms a slip film for the high viscosity melt in the middle of the channel.
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This provides the explanation of the phenomenon of encapsulation, but a prediction
(by computation) of how the interface forms in a multi-layer flow in dependence on
the original location at the point where the melts merge, on the flow distance, melt
properties and volumetric flow rate is not possible yet. One approach to this is the
three-dimensional FEM computation of coextrusion flow{37]. The channel under study
and the computed location for the interface for different viscosity conditions after a
length of fiow, which is triple of the height, are shown in Fig. 6.21. The definition of
the boundary layer is very good; however, a quantitative experimental verification of
the results is still forthcoming.
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Fig. 6.21 Results from an FEM computation for the prediction of the rearrangement of the
mterface,‘a) Two-layer coextrusion die, b) Position and shape of the interface in the
cross section of the channel for three viscosity ratios
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When extruding two different grades of PE (Fig. 6.20) it was observed that a very

rough and irregular interface formed between the two melts [39]. This instability of

the interface is not directly related to encapsulation. A typical formation of interfacial

instability in the coextrusion of films is explained in Fig. 6.22.

A model explaining the occurrence of the interfacial instability ideally must explain

the following characteristics:

— Interfacial instabilities occur, depending on the combination of materials, in thin
middle layers as well as in thin outside layers.

— The disturbances in the interface vary in frequency and amplitude.

_ Interfacial instabilities occur even in the coextrusion of identical materials.

_ Interfacial instabilities can occur directly in the merging zone but also after a longer,
stable parallel flow..

So far two basically different approaches for the explanation of the occurrence of

interfacial instabilities have been chosen.

— Utilizing the mathematical stability analysis of the multi-layer flow in the region of
the boundary layer a study was conducted to determine if the disturbance of the
location of the interface is reinforced or suppressed by the flow [32]. By this analysis,
the viscosity ratio in the region of the interface was found to be the criterion for
the delineation between stable and unstable flows. This criterion has been verified
in a great number of coextrusion experiments. When plotting the viscosity ratio
in the interface region against the ratio of the layer thickness, stable and unstable
operating points can be distinguished (Fig. 6.23).

The main argument against the viscosity ratio as criterion for the occurrence of the

instability in the boundary layer is that the instability occurring in coextrusion of

identical materials cannot be explained by this model.
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— The alternative to the stability analysis is a model which explains the appearan
of interfacial instabilities by the forces of flow acting on the interface.
The interface is a weak spot in the bond of two adjacent melts. This should t
explained by Fig. 6.24, which shows schematically the molecular events during tt
merging of two polymeric melts [40]. In the region of single flows the macromolecuk
are, on one hand, attached to the walls of the flow channel due to the micr
roughness of its walls (Stokean condition for adhesion), on the other hand, entangle
with molecules in the middle of the flow channel. Hence, the macromolecules becorr
oriented at the walls of the flow channel parallel to the flow direction. In the directic
of the flow channel walls no entanglements can be formed. When both polymer
melts merge (II), the oriented and unattached regions meet and form the interfac
The orientation remains preserved over the duration of the orientation relaxatior
considerably longer times are necessary for the formation of the entanglements, ¢
shown by statistical studies of segmental motions [41].
This last region shown (III), in which the orientation disappears completely an
in which the entanglements exist across the entire boundary layer, is not reache
during the usual residence times in a die.
Because of the weak spot in the interface, both melts can slide past each other muc
more easily than the individual layers within the material.
This hypothesis was confirmed by experimental studies and it explains the occurrenc
of the interfacial instabilities during the extrusion of identical materials.
The flow around the spider legs in a mandrel support die and the flow marks resultir
from it represent effects similar to coextrusion of identical materials [30].
The theory of the failure of the material at the interface links the instability of tk
interface with the stresses acting on it.
In a one-dimensional flow the interface is subjected to shear. From this it follow
that it must be possible to find a critical shear stress in the interface for eac

Fig. 6.24 Model for the description of the adhesion at tk
interface, I Orientation of the layers near the
wall, II No entanglements, orientation exists
in the interface, J/1 Entanglements across the
interface and beyond, no orientation in the
interface
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combination of materials, beyond which an instability of the interface appears [30,
32, 33, 42].
This also was possible for a number of dies and combinations of materials. An
evaluation of a shear stress in the interface is possible only when the instability
occurs in the ome-dimensional flow region. Critical shear stress values for one-
dimensional isothermal two-layer flow were determined (Table 6.1).

Table 6.1: Values of critical shear stress for a two-layer extrusion
Combination of Materials | e (Pa)

PE-LD 1810 H - PE-LD 1810 H 30,000
PE-LD 1810 H - PP 1060 F 20,000
PE-HD 6021 D - PP 1060 F 24,000

Since the critical shear stress depends on the surface forces of the melts acting along the
interface, it must be determined in an experiment for each combination of materials.

A simple. transfer of the critical stresses found in a one-dimensional experiment to
two-dimensional flows (e.g. in divergent or convergent flow channels) is not possible.
The reason for that is that in addition to the shear stress resulting from a shear flow,

there are normal stresses acting on the interface resulting from elongational flows.

This can have either stabilizing or destabilizing effect on the flow. In flow experiments

it was found that divergent flow channels with an increasing height have a strong
destabilizing effect [42]. .
The fact that the interfacial instabilities generally do not occur in the land region of
the die, although here a very high shear rate is present because of the small height of
the flow channel, provides evidence that convergent flow channels have a stabilizing
effect on the flow [31]. There are still two problems with the application of the model
of material failufe in the interface at this point:
_ The effect of temperature on the critical shear stress has not been studied as yet
— The determination of a critical shear stress in highly elastic melts is not possible with
the current flow simulation programs because they are applicable only to purely

viscous materials.

Symbols and Abbreviations

boundary layer between layers m and n

am,n

c location of the maximum fiow velocity
cp specific heat capacity

d channel height of individual layers

eg correction factor for a rectangular cross section
h channel height

k integration constant

m mass

P pressure

v velocity

Um flow velocity in the layer m

Up flow velocity in the layer n

B width

FEM Finite Element Method

|4 volumetric flow rate

| volumetric flow rate of the layer m

" total volumetric flow rate

Tw wall temperature
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shear deformation
representative shear rate
shear rate

7 viscosity

i representative viscosity
0 density

T shear stress

g temperature

Indices

l,m,n different layers

w Wall
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7 Extrusion Dies for Elastomers

7.1 Designs of Dies for the Extrusion of Elastomers

Because of the diversity of products made from this class of polymers, many of th
dies common in the processing of thermoplastics are found again in the extrusion c
materials based on elastomers (rubber). The dies for thermoplastics were discussed i
principle in the previous chapters. A major difference in the processing of elastomeri
materials is the mass flow supplied by the extruder must be within the temperatur
range which allows a safe processing, ie where no premature onset of vulcanizatio
(so-called scorch) occurs in the extruder or in the die assembly [1].

_For the extrusion of profiles from elastomeric compounds mostly very simple dies ar

used. They usually consist of a steel disc with the desired profile shape cut into it an
of several steel support discs. For hollow chambers the necessary cores are supporte
by bridges. For the multiple extrusion of complicated shapes duplex and triplex die
are employed (Fig. 7.1) [2, 5-7, 17]. The individual mass flows in the die are combine
through a profiled disc the shape of which is determined by the profile contour, am
subsequently vulcanized (crosslinked). These dies have been used successfully in th
production of tire treads.

The simple dies with a discontinuous transition lose their process dependability whe:
the extrusion speeds are increased. To increase the performance of these dies, the
must be made with continuous transitions in the flow channel (Fig. 7.2). An exampl
for this is the so-called roller head die.

The flow channel here is very similar to that of a wide slit die. The addition of choke
bars into the channel allows an effective flow adjustment, e.g. when compounds wit:
altered flow properties have to be extruded. When the required gauge of the extrudat
changes considerably in for instance roller dies, the lips of the roller head die have t
be exchanged.

Dies with hydraulic opening and automatic ejector systems, that, for example, ejec
the contents of a wide slit die, are also widely used in the extrusion of elastomeri

Fig. 7.1 Duplex cross head [
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Fig. 7.2 Extrusion die for elastomers with a continuously changing flow channel {2, 3], Extrudate
width changed by die adapters, 2 Replaceable lip, 3 Extruder convection, 4 Hydraulic

opening and shutting of the die

(rubber) compounds [2]. When the cleaning and the exchange of the lips and inserts
is completed, the die can be closed hydraulically and clamped [2, 3]. The extrusion of
profiles with one smooth side and width greater than height, is sometimes done by the
single roller die systems, so-called roller-lip systems {4]. Furthermore, side fed mandrel
dies are used for the extrusion of hoses and in cable coating.

The widespread empirical design of the flow channel is common to these dies. A
prediction of pressure losses or an estimation of the distribution effect is still hardly
possible with this approach. Also, the danger of scorch (onset of cure) in the die
cannot be quantified. An adequate consideration of effects of viscoelasticity on the
profile geometry and its surface can only be estimated based on experience.

7.2  Fundamentals of Design of Exirusion Dies for Elastomers

When considering the first chapters of this book, the question arises: What possibilities
are offered here for the design of dies for elastomers, what can be used from the plastics
technology, which incidentally, has progressed considerably farther than the elastomer
technology, especially with regard to the particular behavior of the elastomeric
material? An analogy is possible only in cases where no scorch occurs during the
flow. This, however, is the basic requirement for a correct design of an extrusion
die for elastomers. As a result, this assumption is presumed valid in the following

sections.

7.2.1 Thermodynamic Material Data

When comparing the average densities of elastomers to those of thermoplastics, they
are often higher because a high proportion of fillers in the compounds are added for
their practical use. However, they lie in the typical range of densities for thermoplastics.
Specific heat capacity, thermal conductivity and thermal diffusivity are similar in order
of magnitude for both groups of materials (see Table 7.1) [8].
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Table 7.1 Range of values of thermodynamic material data for thermoplastics and elastomers [8].
(The data are to a varied degree dependent on temperature and pressure.)

Group of Materials | Density Thermal conduc- | Specific heat capacity,

tivity,
0 y cp
[g/cm’) [W/m K] [kJ/kg - K]
Thermoplastics 0.7t 1.4 0.15 to 0.45 1ol
(0.7 to 00.9; (0.25 to 0.45; (in the temperature range for
PE-LD/PP) PE-LD/PP) crystallization mostly
(1.3 to 1.4 for PVC) | (0.19; PVC) considerable increase with a

subsequent reduction to the
level shown)

Elastomers l.Ito 1.7 0.1t002 l1to2

(depending on unfilled (change in data in the range
the type and 0.2 to 0.4 of typical curing

amount of filler) highly filled temperatures

(0.95 to 1.05 for PS) | (0.16; PS)

Since the processing temperatures of elastomers are well above their glass transition
temperature (T,), it can be expected that various changes in temperature during the
flow through the extrusion die lead to corresponding changes in the values of material
data [9]. This coupling of temperature with the thermodynamic properties can be,
as a rule, neglected in the computations especially when the data were measured at
average processing temperatures. It has to be pointed out that the thermodynamic
material data for elastomeric compounds have been published in a limited number of
cases, often require complicated and expensive measuring techniques and, therefore,
represent a fertile field for research.

7.2.2 Rheological Material Data

When comparing clastomers to thermoplastics in their viscosity function, it is found
that both clearly exhibit a shear dependent viscosity (Fig. 7.3). The effect of temperature
on the flow behavior of both materials can be expressed quite commonly by the
Arrhenius equation or the WLF Equation [10] (see also Chap. 2.1.1.3). Also, as to
the shape of the functions, both groups of materials are comparable and can be
characterized in their range of processing rates by the power laws equation. The
only difference is that the lavel of viscosity of elastomers is mostly shifted towards
higher values [8]. Nevertheless, the following material-specific peculiarities must be
considered:

a) Dissipation Model: Since elastomers are processed mainly in the form of filled
compounds and are thus processed as multiple phases, the effect of fillers on the
distribution of shear rates in the flow channel must be taken into consideration.
The so-called Dissipation Model [11] has been developed for thermoplastics and has
been confirmed valid by several recent investigations [12, 13]. It has been applied to
elastomers in [14]. In this model, a differentiation is made between the flowable and
solid phase. This means that there is a two-phase flow in the channel (see Fig. 7.4),
while the total shear and hence the dissipation take place in the elastomeric proportion,
i.e. between the filler particles. When measuring by the rheometer an integral value of
viscosity 5, and the corresponding value of the integral shear rate j, are determined.
These values are suitable for the computation of pressure losses, since they describe
the flow behavior of the entire system. However, when being applied to the energy
equation, corrections are necessary. As explained by Fig. 7.4, the shear rate in the
elastomeric region is higher by the factor K with regard to the integral parameter. As
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shown in [9] the dissipated energy in the polymeric phase resulting from the above
consideration is: ;
Edgz(l——qo)'Vu'nuJ{-yﬁ.

gy is, when compared to the integral parameters (1, )

(7.1)

This value of dissipated ener
increased by the factor

Fyg=(l—¢) K (72)

From this formula, it can be seen that in high vi.scosiFy ru.bber compounds the nksle
in temperature due to shear is not only by the high viscosity alone, bu.t a.lso by t g
presence of fillers. When measurements are done by capillary rheometer, it 1s observ;:1
that the experiments at higher throughput are no longer isothermal. Therefore, the
results must be corrected. Then, a viscosity function, independent of the geomgtry,
can be found by considering the increase in the shear rate {14]. An iterative procedure

for the determination of the occurring peak temperatures is proposed in [14]. In [9,

15] a formula for the computation of the factor K (related to the excessive s.,ht:ar1
rate increase) from the volume filler contents @ 15 given, based on a two-dimensiona

relationship, in which fillers are assumed to be cut spheres of a circular area 7- d*/4.

37—l
K= 1_~§;.(€+£.(i£)2 . (7.3)

b 2 bis
b) Yield Stress: Besides the rise in the local shear rate, interaction between individuzsisl
filler particles can lead to the so-called yield stress [16]: Below a certain shear stre
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Fig. 7.5 Block/shear flow modet [9],
a) Low shear stress at the wall,
b) High shear stress at the wall

value 1, (vield stress) the material will not flow and it behaves as a solid body. This
can be observed at times on natural rubber [9]. The flow profile of such a material
can be subdivided into a region of shear flow and a region of plug flow. As shown in
Fig. 7.5, the plug flow takes up a smaller part with increasing ratio of wall shear stress
to the yield stress. So, the plug/shear flow model is then relevant, when the shear rate
at the wall is low, i.e. at small volumetric flow rates or large cross sections of flow.
The corresponding law of flow is:

=1+ ¢ 3" (7.4)

1t is so-called Herschel-Bulkley Material Model (see also Chapter 2.1.1.2) [18,19]. The
possibilities for the determination of yield stresses using capillary rheometers with
circular and slit shaped capillaries are discussed in [9].

¢) Wall Slip: The problem of wall adhesion (where the velocity of the layer at the
wall is zero) for elastomers has not been scientifically researched as yet because it
is rather difficult to prove, and hence to investigate. Studies conducted on NR, SBR
and CR compounds [9] as well as with injection molding of elastomers [8] suggest
the conclusion that the wall slip in the die can be neglected. This, however, is only
then allowable when there are no instabilities in the viscosity function, or if no
changes in flow functions occur when changing the geometry of the capillary during
their evaluation in a capillary rheometer. Surely, among the at least 10,000 rubber
compounds used in Germany today, there will be some which exhibit wall slip in
the die. But to consider these special cases in the general die design would increase
their complexity and cost. Many phenomena attributed to wall slip today can also be
explained by dissipation effects in the region of high shear rate at the wall of the die
or by the presence of a yield stress [9].

7.2.3 Computation of Viscous Pressure Losses

The pressure loss at the given volumetric flow rate is an important criterion in the
design of dies. The total pressure consumption, which should be as low as possible,
indicates how well a die performs. An extrusion die used, for example, for spreading
the mass flow from the extruder in the production of slabs, should produce equal
pressure loss on each flow path under the assumption of a constant exit velocity
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across the width. On the other hand, the determination of the shear stresses at the
wall, included in the total pressure consumption, should supply the information if
there is any part of the die where the yield stress was not reached, i.e. if at that point
the mass stopped moving. A study examining if the computation methods developed
in the plastics area are transferable to the area of elastomers was done on basic shapes,
such as circle, slit and annular gap, is reported in [9]. In that work, both isothermal
and non-isothermal computations and experiments were performed.

7.2.3.1 Formulas for Isothermal Computations

The assumption in all isothermal computations is a constant mass temperature
throughout the entire flow channel. In contrast to non-isothermal computations this
assumption minimizes the amount of computing. As pointed out in the previous
chapter, elastomers exhibit wall slip only as exception. Therefore, for the isothermal
computation of pressure losses the formulas for the materials with wall adhesion
behaving according to the power law, ie. 7 =k-9""! can be applied. If yield stresses
occur, then the viscous material behavior is described by the Herschel-Bulkley Law.
Additional assertions pertaining to the computation of viscous pressure losses can be
found in [20-22). They were experimental verified with rubber compounds in [9].

Flows in pipe and slit are relatively simple to describe [23, 24]; there are many
analytical formulas for the isothermal computation available (see Tables from Chapter

3 and Table 7.2)

Table 7.2 Equations for the calculation of pipe and slit channels (Flerschel-Bulkley Material Law)
9]

. n
. Vv 2L
Fipe: AF(W) R
cr _n_.(’l_;q)"““.(_ro,)w 2 ).(1_1)‘/““.(;0)
) n1 W W [+2n W ™w

+(__”_>.(1_.£.0_)1/”+3
In+1 W

i 4 7.4
Tw = TREr (74.
. v+ oL
Slit:  Ap= <K**B'(H/2)> ¢ H
KHt= (1 — .&) 12
™w
v 2
by = /D) (7.42)

- K**B.(H/z)z

Furthermore, it is possible to describe such flow by the principle of representative
viscosity [21-23] (see also Chapter 2.1.2). Here, advantage can be taken of the
following circumstance: In the flow channel, there is always at least one streamline
where the same shear rate will result whether the flow is Newtonian (ie. 75 f(7}) of

pseudoplastic.
The location r, normalized to the radius of the flow channel, i.e. ey =r/R, for various

constitutive equations is obtained from the comparison of the equation j = f(r) for

Newtonian and pseudoplastic fluids [22]. The procedure for the flow through a slit is
similar. The locations for the representative shear rate for the flow through a pipe and
through a slit as well as for the power law and Herschel-Bulkley Law of Flow are
shown in Figs. 7.6 and 7.7.

The advantage of this method is that the flow problems can be described by the simple
equations for Newtonian fluids. In the corresponding equations the representative shear
rate § = €5 Trewion 20d the representative viscosity 7 =n(7) are introduced into the
corresponding equations. The value is taken from the true flow curve which can be
represented by the usual viscosity functions (Carreau, power law, Vinogradov, etc.).
As shown in Figs. 7.6 and 7.7, the values for ¢y and eq lie in narrow limits over a
wide range of flow exponents so that, for example, the mean value of ¢, =0.85 can
be taken for the computation with the maximum error of 5% (for 0.2<n <0.6). This
independence of flow exponents over wide range can be found in practical applications,
also for Herschel-Bulkley fuids. The following mean values can be obtained from Figs.

7.6 and 7.7:

Power Law:
eq =082 (02<n<0.6)

(7.4.3)
eq = 0.78 (0.2 < n < 0.6)
Herschel-Bulkley:
ey =082 0.2<n<0.6) T
— <033 (7.4.4)
eq= 0.78 (02<n<0.6) | Tw
1,0 1,0
09 09—
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Fig. 7.7 Representative locations of the flow

Fig. 7.6 Representative locations of the flow
through a circular channel [22]

through a slit [22]
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In contrast to the above mentioned types of flow the shear stress in an annular channel
does not have linear profile (see Chapter 3). The equations used for calculation of
annular flow are, as a rule, more complicated. Therefore, it is recommended in cases
where R, — R; < R;, to consider the annular gap as a flat slit. The corresponding
formulas can be taken from Chapter 3.

7.2.3.2 Approaches to Non-isothermal Computations

A non-isothermal flow in the forms of flow discussed so far, can be computed
with relatively simple means (difference procedure). In this case, the velocity and
temperature fields are coupled.

Since the problems are not specific to elastomers, the subject can be dealt with using
the treatment discussed thoroughly in Chapter 4.

As shown in [9], the increased dissipation due to the increase in the shear rate in
the case of non-isothermal flow can be taken into consideration, mainly to make
the peak temperatures realistically visible in the mass flow. In the case of small
differences between wall and mass temperatures the effect of the peak temperature on
the pressure consumption in the extrusion dies for elastomers is minimal. In this case,
the computation of the pressure loss can, therefore, be done by assuming isothermal
flow. Since this is usually the case in practice, the isothermal formulas represent a
good resource for a practical computation of extrusion dies. Here, the power law
for pseudoplastic materials according to Ostwald-de Waele should be used, since the
yield stress in practice is important only in special cases. If the analysis of results
from rheometer studies indicate the occurrence of a yield stress, an analysis of critical
points in the die for the actual operation conditions should follow. In this analysis
it should be established, if the shear stress at the wall is greater than the yield stress
[9]. If it turns out that the yield stress cannot be neglected, the computation of the
pressure consumption should be performed, if possible, by the method of representative

viscosity.

7.2.4 Estimation of the Peak Temperatures

In order to estimate the chance of scorch in many practical applications but also the
peak temperatures in the die not only the pressure drop are of interest.

Fig. 7.8 shows as an example the temperature and velocity profiles in an annular
channel resulting from a non-isothermal computation. A pronounced peak temperature
can be seen which, in practice, could lead to a scorch of the material.

Since in a case applicable to practice (wall temperature = mass temperature) the
isothermal formulas are satisfactory for the computation of the pressure loss, the
processor has the most important information about the extrusion die (pressure
consumption, peak temperatures) handy without the use of elaborate computational
methods. In conclusion, it should be mentioned, the finite difference method of
computation of non-isothermal flow is also suitable for the study of crosslinking and
vulcanization reactions. This is shown in [25] for the crosslinking of polyethylene by
peroxide in a continuous vulcanization in a cable jacketing line. The effect of the time
dependent viscosity on the velocity and temperature profiles of a rubber compound in
an injection molding machine is shown in [26]. The change of the viscosity with time
was obtained from Vulkameter curves.

7.2.5 Consideration of the Elastic Behavior of the Material

The viscoelastic properties of melts described in Chapter 2.1.2 can be observed very
clearly in elastomeric compounds. The swelling of the material due to elastics effects,
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i.e. recovery of the reversible deformations in the polymer, which are a function of
deformation and relaxation history, is an important factor in the choice of size of the
die cross section. Besides that, the rearrangement of the velocity profile in the region
to a plug profile outside the die, can lead to local elongations and compressions in the
emerging extrudate and, thus, to change in its cross section. The studies of extrudate
swelling are not only limited to homogeneous melts and solutions of plastics, but also
to rubber compounds (27, 28].

The .physical cause for the extrudate swelling and the mathematical formulation
pertaining to have been interpreted different ways because of the variety of phenomena
observed [1, 29-31, 58-60]. Further relevant details can be found in Chapters 2.13
and 4.6.

A complete computational description has been very difficult so far, and can be done
only by three-dimensional computation methods with the use of appropriate material
laws [32, 33]. The application of such methods is very demanding and time consuming
and often is limited because of material data they are difficult to measure or because
of the material laws. An alternative method, which requires easily obtainable material

data and can be accomplished by the application of a 2§—dimensional FE-Method

(FEM), will be introduced in Chapter 7.4.2.

In die inlets and sudden changes in cross section as well as in convergent zones of the
flow channel, not only shear but also elongational deformation occurs which causes
in energy transformation and therefore additional pressure drop.

There is very little published information on this subject. Therefore, the die designer
often works with data obtained from experience. There are several factors determining
if a given elastomeric compound behaves predominantly as either viscous of as
elastic material. These are e.g. type and amount of filler, the elastomer content and
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melt temperature. By replacing the viscoelastic

type (chemical nature) as well as the
pound can be changed

polymer with inorganic fillers, the elastic properties of the com
markedly.

7.3 Design of Distributor Dies for Elastomers

The extrusion of fat and circular semifinished products from elastomers requires the
use of a distributor system that is capable of shaping the full strand of mass supplied
by the extruder in a desired fashion. The concepts and methods of design of dies
for the extrusion of thermoplastics are thoroughly discussed in Chapter 5. Some of
the formulas derived from the processing of thermoplastics have been applied, after a
critical evaluation, to elastomers. They have been successfully used in practice.

This is particularly true for side-fed mandrel dies of the type independent of the
operating conditions for the extrusion of hose and cable jacketing. Since the rubber
processing plants experience a great deal of batch to batch variability in the properties
of the material, it is advantageous to design the dies to be independent of the operating
conditions and the material processed. This can offset the variability of the material.
Side-fed mandrel dies designed and evaluated for different compounds were described
in [9]. The design is done according to relationships described in [24, 34] and also in
Chapter 5, and has been found to be effective as to the melt distribution in all cases. A
wide slit die with a width of 200 mm was designed following the method published in
[23]). This die also confirmed the independence of its melt distribution on the operating
conditions and the material in the extrusion of rubber compounds. Therefore, these
design principles can be considered applicable also to the design of extrusion dies for
rubber [9, 35). If the design independent of the operating conditions is not possible,
as is the case of a fishtail manifold, for example, it should be made at least insensitive
to operating conditions. Dies, which are insensitive to operating conditons are those,
which have the flow exponent constant over a large viscosity range in the channel and

die land zones [36].
The computations on which the above examples are based are model formulas for

the computational design of such mass distribution systems, assuming that there isa
pipe flow in the manifold and a flat slit flow in the flow resistance zones, which, at
least theoretically, lead to independence of material and which have been proven in
practice. Strictly speaking, in some sections of the channel there is a multi-dimensional
flow which can be described completely only by FEM [37].

Elastomers exhibit at times a strong pseudoplasticity in their flow which is expressed
in their flow exponent.

It is therefore reasonable to test the invariance of a die as to the material processed
by comparing the flow exponent for the shear rate in a pipe and in a slit at the upper
and the lower limits of the operating field.

As shown in Chapter 5, the design of a wide slit die in addition to specified height of

the land and the die width two free parameters Rg and y, which are related to each

other through pressure. The shear rates in the die land zone and in the distributor
channel are determined from the following relationships:

4v
?Rzeo'n.Ré (75)
14 (7.6)

?S=ED.B‘HZ
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Changes in the flow rate affect the linear change of both shear rates. The invariance
is guaranteed as long as a shift in the shear rates causes similar change in viscosity.
The more both shear rates lie in the linear region of the viscosity curve, the less
effect a change in operating conditions will have. In an ideal case both resulting shear
rates are identical. In such a case the die would be fully independent of the op:rating
conditions. The disadvantages here may be: a large size die land which may cause
space prqblem, high pressure consumption and high clam shelling forces [38].
Considering the correct length of the channel and its shape (e.g. simple rectangular
cross sections or rectangular cross sections with one semi-circular side) [39] improves
the computation of dies for rubber compounds considerably [40].

7.4 Design of Sloited Discs for Extrusion Dies for Elastomers

7.4.1 Computation of Pressure Losses

A detailed study of the complex flow in the slotted discs is possible only with
extremely elaborate means [33,41]. Therefore, simpler, but effective, means which
allow an mteg;al analysis of the flow process are desirable. The inlet pressure losses
are of centrz}l importance in this analysis. The total pressure loss of a profile die for
rubber consists of the elastic component which is used up in the inlet zone of the
orifice and of the viscous component which is used up in the orifice alone.

Protal = Pentry + Darifice (7.7)

When one knows the losses, it is possible to use them in the die design and to make
th; local flow distances so that there is a constant velocity at the exitaof the die.
Dlﬂeyent methods for estimation of the inlet losses have been evaluated [42-43]. A
practical test h'as shown [9], that the method outlined in [42] is the most suitable
for 'the estimation of the inlet pressure losses. The minimum inlet pressure loss for
a c1rpu1ar cross sectional transition (e.g. the capillary of a capillary rheometer) is
obtained from the following relationship:
4.2
Spe=g3gy o (K™ (7.8)

(Note: index “E™ for eatry or inlet)
Th; quantity u is ca_dled 'elongational viscosity by Cogswell. This elongational viscosity
similar to shear viscosity, has an exponential correlation with the elongation rate
according to studies performed on several rubber compounds:

=g €6 (7.9)
The relationship between elongational stress and the inlet pressure loss is as follows:

3.

og=7g (n+1} Apg (7.10)

and the relationship between elongational stress and elongational rate:

TE=HE (7.11)
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After rearrangement the equation for the inlet pressure loss is obtained:

APE:{%%—. {34ﬁ e “O(‘"?i‘x).[%.(nﬂ)}m” (7.12)

-1
e

The constants of the elongational viscosity (t5,€) can be determined from measure-
ments by a capillary rheometer. Therefore, the inlet pressure losses were determined
by the application of the Bagley Correction (see Chapter 3). For this purpose, the
pressure loss (at different tube lengths, at constant orifice diameter and constant flow
rate) is plotted against the length of the die. The value of the pressure loss at the
given flow rate is obtained as the value where the straight line, connecting the points,
intersects with the abscissa. This value can be inserted into Equation (7.10), so that
with known shear rate function i = f(7) the values of ; and & as obtained directly by
applying equations (7.8), (7.10) and (7.11).

Plotting the values of u against elongation rates £ finally leads to the function u= f(é)
and from it u, and ¢ can be determined.

The above procedure has been tried in [9] on different slotted discs (rectangular and
circular openings). It turned out, that Equations (7.8) and (7.13) are well suited for
the calculation of pressure losses due to elasticity. This is documented in Table 7.3
in which measured and calculated values from different sets of measurements are

compared.
Table 7.3 Measured and calculated values from experiments with slotted discs [9].

Mass throughput / Inlet pressure, Inlet pressure, Error Disc orifice
g/min measured calculated

bar bar %
410 46.9 42.9 9.3 rectangle
550 50 46.9 6.6 height=4 mm
655 53.2 49.4 7.6 width =5 mm
380 43.3 43 0.8 circle
550 46.3 48 37 5 mm dia.
670 49.5 51 3.1
520 517 52 0.5 circle
655 58.3 55.7 4.6 5 mm dia.

In another set of experiments involving more complex geometry the formula proposed
in [43] was tested. It is based on‘the premise that cross sections of equal area produce
equal inlet pressure losses, which can be calculated from the determination of entrance
pressure losses of a circular channel. As shown in Fig. 7.9 an estimation of the inlet
pressure losses is possible because cross sections of equal area do not produce any
appreciably different readings. To calculate the pressure loss in an orifice a concept
is proposed in [41, 46] which allows estimation of the pressure gradient for each
subsection of the geometry by FEM. This will be explained with an example of a
rubber welting profile (Fig. 7.10}.

It consists of two subsections, the circular body (diameter 10 mm) and a narrow, long
beading (length 20 mm, height 2 mm). The mean velocity is 10 m/min (=167 mm/s).
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Now, the flow analysis is done for the entire profile while the pressure gradient is
varied within reasonable limits. The resulting values (pressure gradient, mean velocity)
are plotted for each subsection of the profile in the form of a characteristic line
(Fig. 7.11).

One has to make sure that the results from each subsection of the profile are calculated
in the range of the desired mean velocity. Then a pressure gradient for each subsection
can be determined graphically by a line going through the desired velocity and running
parallel to the pressure axis. This pressure gradient corresponds to the desired velocity

(Fig. 7.11)
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7.4.2 Extrudate Swelling (Die Swell)

The pseudoplastic polymer melts do not convert the total energy of deformation
imparted by flow by dissipation into heat, but they store a part of it elastically [1,
29-31]. When the melt leaves the orifice, the form constriction ceases and the melt
strand expands. This condition is defined as extrudate swelling or die swell and it
marks the effect referred to as viscoelastic flow behavior. The elastically stored energy
is released with time due to the relaxation process.

The theoretical grasp and modelling of viscoelastic behavior is still a subject of
current research [e.g. 32, 33, 41]. A method applicable to the practical die design will
be presented below. It allows one to consider the die swell in the design of relaxation
somes in the die with tools available today. This method starts with the experimental
determination of the extrudate swelling for a round capillary of a capillary rheometer.
Almost as a byproduct of the capillary rheometry, the emerging strand is measured
mechanically or optically and the amount of swelling of the material is determined
(Fig. 7.12). The dic swell is calculated from the ratio of the cross sections of the round

strand and the capillary:

2 2
%=<2> =<&+“) (7.14)
Dy R
Fig. 7.13 depicts the evaluation of the results from the experiments in the capillary
rheometer. The dependence of the die swell on the shear stress at the wall is shown. In
many materials this correlation is almost linear [28, 48]. The ratio between the length
of the orifice L and its diameter D, was chosen as a parameter.

The slope of this line varies with the length of the orifice. It is the measure of the
residence time of the melt in the orifice and it indicates the amount of imposed
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deforrnatiop (e.g. from the inlet zone) still stored in the melt, or, conversely, how much
has been dissipated.

Only those variables that are defined in the die play a role. The extrudate swell is
described by two formulas: one of them takes into account the flow history of the
polymer and the other the exit of the melt from the orifice:

Swi = f (residence time) (7.15)
Sywip = f (shear stress at the wall). (7.16)

In 28, 49} an exponential equation is given which expresses the time dependence of
the magnitude of Sy, (Fig. 7.14).

Test resu}ts from capillaries with non-circular cross sections using a laboratory extruder
(screw dlame.ter 60 mm) can be taken from Fig. 7.14 [49]. The change of the swelling
of the material with time is shown by a solid line. The correlation between the die
swell and the shear stress at the wall is connected in [47) to the so-called criterion of
swell at the outlet, which is shown here for the linear dependence.

AA=K, 0 Ty (7.17)
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Fig. 7.14  Swell factor versus residence time [49]

In the case of a circular cross section there is an equal shear stress at the wgll along
the entire circumference. The increase of area 44 can be expressed by the distance a
from the circular strand to the diameter of the orifice (from Fig. 7.12):

AA = f(x,Dy,a)- (7.18)
Thus, a condition of proportionality is defined:
a
= K;rop (7.19)
Tw

This condition represenis a relationship for the swelling behavior qf the cross sectional
areas. For the practical die design computations the problem is reversed and th"e
expanded area of the extrudate cross section is taken as the target value. From that it
follows that the cross section of the die orifice must be reduced in such a way that the
target value is reached exactly after the swelling of the extrudate. An extension o‘f the
definition from Equation (7.19) allows the computation of any desired cross-sectional

shape:

., _a
[\Pfop, W=

= f(AAy, L, 7). (7.20)

iRt

Required profile
geometry

Die geometry

o Corner nodes

o Nodes in the cenfer
of the sides

Fig. 7.15 Criterion for swelling [47]

[References p. 262] 7.4 Design of Slotted Dies for Extrusion for Elastomers 257

As in the computations of pressure for arbitrary die cross sections, the cross section of
the orifice is divided into finite elements [47]. Fig 7.15 shows a section of an FE mesh.
The borderline of the elements represents the exit contour of the die. Next to it the
contour of the target geometry is shown. The numbering of the nodes of the target
geometry corresponds to the numbering of the die geométry. This way the integral
values of the swell obtained from the measurements in a capillary rheometer can be
transfered to differential sections of any desired die geometry.

A computer program developed for the problem solving {41, 50, 51] allows an
automatic optimization of flow channels. It is based on the combination of a
optimization procedure (so-called evolution strategy [52-56]) and an FE-program
[47]. Examples of the capabilities of this method will be given in the next chapter.

7.4.3 Simplified Estimations for the Design of a Slotted Disc.

A simple and fast way to obtain information about the velocity and the shear rate
profile in the parallel zone of an orifice with arbitrary cross section profile is to calculate
the single available velocity component with the assumption of viscometric flow. This
velocity component is always perpendicular to the cross section under consideration.
Therefore, each cross sectional area corresponds to an isobaric plane and all pathways
are straight lines. The computed distributions, therefore, are, strictly speaking, valid
only for fully developed fow in “infinitely” long land region. Nevertheless, the
calculated values can approximate actual values quite well even for relatively short
land regions, provided that the land length is the same at any point [41]. Fig. 7.16
shows a profile from EPDM and the velocity distribution existing at the die exit as 3D
surface plot. A height is assigned to each node of the plane FE network and surface
is created through these points. The computed velocity distribution shows clearly, that
the noses and the shank, standing out on the left, lag behind and hence are greatly
stretched during the take-off. Here, the cross section upstream has to be widened in
order to increase the velocity (see also Chapter 4.4.5).

It is known from experience, that the velocity distribution depends on the flow
behavior of the melt, therefore, the flow channel can be employed only at a certain
operating point and for one material. This dependence can be determined analytically
for simple cross sections [57]. For arbitrary cross sections the dependence of the
velocity distribution on the flow behavior of the material and the extrusion pressure
can be quantified by FEM.

R AN et
i w1

Fig. 7.16 Velocity distribution in the
parallel die land of a die for
EPDM (41}
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For the flow channel design, the question is how to change the channel in order to
obtain as uniform a flow as possible in all areas of the profile.

One possibility is to change the shape of the profile such that the mean velocity is
constant at equal land length. For that purpose, the profile has to have the same wall

thickness everywhere. '
Another procedure involves matching the lengths of the individual land regions in

such a way that a constant mean exit velocity is attained. This is shown in [57] on an

example of a profile divided into simple subsections.
In [41, 46] a concept is suggested for arbitrary profiles which allows an estimate of
the lengths of the parallel zones for each zone of the cross section using FEM. This is

shown on a rubber beading strip in Fig. 7.10.

As expected, without the correction of the flow length the strip lags behind the
circular profile. The mean velocity should be 10 m/min (167 mm/s). The behavior
of the material is described by the Carreau Law with the following coefficients:

A=78,846 Pa's, B=2.11 s and C =0.687.
The pressure gradient, at which there is an equal velocity in each subsection, is

obtained from Fig. 7.11.
Assuming that the pressure p at the inlet to the parallel zone is constant everywhere,

the following relationship is true:

p=p; L; (7.21)

with
p; pressure gradient in the subsection of the profile {

L; the length of the subsection being sought

i 1,2 ...,number of subsections
Note: There is no summation by i in Equation (7.21)
Denoting the round part of the profile with the index “1” and the strip with “27, the
relationship for the case above is:

Ly=p/p\,  Ly=p/p> (7.22)
From Fig. 7.11:
py =1 bar/mm, p5=3.3 bar/mm. (7.23)

With a given pressure loss p in the parallel zone of 50 bar the result is:
L,=50mm, L,=15mm. (7.23.1)

In this design the cross-flows in the inlet region and the entrance pressure losses were
not taken into consideration. When entrance pressure losses occur, the total pressure
loss used above has to be reduced by the entrance pressure loss (see Chapter 7.4.1).
The land lengths will change accordingly. In order to calculate the cross-flow, a rather
complex three-dimensional computation of flow has to be performed. Experimental
verification of this procedure on slotted discs for the extrusion of rubber profiles have
shown that the procedure above provides a good estimation of the flow distances. This
is particularly true when the subchannels can be kept separated until just before the
die exit. Whether this is possible depends on the ability of the melt to fuse sufficiently
in the remaining distance to the die exit.

In the next step the die exit cross section is determined. This depends on three problem
areas (Fig. 7.17) [47]:

— Zones of material stagnation.

- Surface quality

— Extrudate swelling
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Fig. 7.17 Problem areas in the die design [47]

Problem Area: Material Stagnation

Fig. 7.18 shows a cross section of a die. Because of symmetry only a quarter segment
is necessary.

The shear stress at the wall drops to zero in the corners and, therefore, under the
critical shear stress (yield stress, 1o), which is the line drawn into the diagram. The
yield stress is strongly temperature dependent for many materials. Outside corners with
poor temperature control can therefore promote the occurrence of the yield stress.
The goal of an optimization is the increase in the wall shear stress in the corners. The
level of the shear stress is raised to exactly the level of the yield stress by rounding the
edge region uniformly. This way, the goal of the optimization is reached (Fig. 7.19).
With a larger radius in the corner, the level of the shear stress at the wall would be
raised even more and the overall stresses would be more even, but the disadvantage
would be that the finished profile would be different from the required one.

The advantage is that the geometry of the die is changed only as much as is absolutely
necessary.

z
%y Shear stress

Shear stress

Fig. 7.18 Shear stress at the wall in a die land [47). I Shear stress at the wall, 2 Part of the die
cross section, 3 Permissible processing range
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Fig. 7.19 Failure to reach the critical yield stress [47]. I Shear stress at the wall, 2 Yield stress 1,
3 Part of a die cross section, g 4 Yield stress, g

Problem Area: Surface Quality

Inside corners with sharp edges produce peaks in the shear stress. Fig. 7.18 shows a
section of a dle having an inside corner susceptible to a stick-slip flow situation. The
FE-mesh is made finer in this location in order to increase accuracy of the calculations.
Moreover, the critical shear stress 7., is shown. When this value of shear stress is
exceeded, the flow breaks down and a partial wall slip is established. The goal of the
optimization is to minimize the enclosed area above the 7. line. In addition to that,
it is required that the total exit area before and after the optimization remains the
same. This requirement is necessary, for example, when the characteristic of the orifice
must be preserved.

The relevant area of the.die contour can be seen in Fig. 7.20. The optimized shape of
the die is drawn, too. The difference between the two shapes in the surface contour
is very small. The sharp corner is rounded, however. The regions that were displaced
to the inside must be pressed outside in other places in order to keep the total area
constant as required.

The resulting shear stress profile is symmetrical to the inside corner just as the starting
geometry. The crucial advantage is that the dangerous peak in the shear stress is
almost completely removed by rounding-off the sharp corner.

Shear stress

r Quarter of a
1 2 rectangle

T

Part of the die

:row

Fig. 7.20 Failure to exceed the critical shear
stress [47]. I Initial die wall, 2
Optimized shape of the die wall,
3 Shear stress at the wall mesh

Fig. 7.21 Compensation for die swell [47].
1 Required profile geometry, 2
Corrected die cross section, 3 FE
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Fig. 7.22 Velocity field in a quarter of a rectangular cross section [47]

Problem Area: Die Swell

Here the die exit has to be shaped in such a way that the emerging profile has the
specified dimensions after the die swell takes place. As an example a rectangular
profile was chosen. A quarter segment is sufficient because of symmetry. The specified
cc/)ntour of this profile is shown in Fig. 7.21. The ratio of the height A to width B is
1/2.

The computed contour for the cross section of the die confirms the empirical values
from the practical die-making.

The side edges are made concave and the region of the corners deviates very little
from the desired profile contour.

The upper part of Fig. 7.22 shows the shape of several isovels (lines of equal velocity)
for the optimized die contour. The flow analysis of the rectangular shape with the
same area is performed with the same boundary conditions. The shape of the resulting
isovels is shown in Fig. 7.22-bottom (equal pressure gradient and equal area).
Generally, the shape of the isovels deviates from the contour of the die. From that
it is not difficult to deduce that the volumetric throughput per unit area along the
lines parallel to the side walls varies. Hence, too little material is supplied to the flow
field in the corners. By rounding off the outside edges in the optimized die shape this
problem is corrected, however. Consequently, the isovels assume a shape gradually

approaching a rectangle,

Symbols and Abbreviations

My integral viscosity value
Pu integral shear rate
Eqg dissipated energy
factor related to the excessive shear rate increase
® volume filler content
Fy magnification factor
Va volume without filler
d diameter
¢ viscosity constant of Power-Law
n viscosity exponent of Power-Law
Ry outside radius
R; inside radius
R shear rate for a pipe slit
s shear rate for a shaft slit
Ry radius of the inlet of a distributor pipe
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Y0 length of the die land in the center of a distributor channel
u viscosity in elongation

23 tensile stress

1o the constant of the viscosity in elongation

i extension rate

Sw swelling factor

Dy die diameter

a distance from a round strand to the die diameter

Kprop coefficient of expansion of the cross sectional area ]
Kprap,w coefficient of expansion of the cross sectional area at the die
I pressure gradient in profile section i
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8 Heating of Extrusion Dies

The distribution of temperature in an extrusion die critically affects the viscous and
elastic properties of the straining melt, thereby, the flow pattern, the pressure loss
inside the die as well as the elastic properties determining the swelling of the extrudate
at the exit from the orifice.

A homogeneous temperature distribution in the flow channel would be ideal for a
rheological design of the flow channel. However, because of the rise in temperature due
to dissipation in the melt stream, a temperature profile is formed in the flow channel
that becomes more pronounced as the channel area becomes smaller towards the exit.
The residence times of the melt in efficient dies are too short to allow the equalization
of the temperature differences considering the relatively low heat conductivity of
polymers.

This results in temperature non-uniformities across the thickness of the extrudate at
the die exit even if the temperature of the walls of the flow channel is homogeneous.
The objective of the temperature control of the extrusion dies is, therefore, to provide
as uniform as possible temperature distribution across the thickness of the extrudate
at the die exit, thus, assuring the ultimate goal of the rheological design, namely a
uniform exit velocity of the melt.

The close coupling of the rheological and thermal processes in the die because of
the temperature dependence of viscosity and the viscous heat generation require
a simultaneous solution of the basic rheological and thermodynamic equations in
the melt channel and the die body for a complete computational design. Because
of the pronounced non-linearity of the melt properties the coupled description of
these processes can be done only numerically [1-9]. The currently available solution
procedures even with the use of the most modern computers are so time consuming
that they are not yet suitable for a practical application.

Therefore, in the following sections the thermal processes in extrusion die will be
discussed as uncoupled.

8.1 Types and Applications

The dies are divided into those indirectly heated by fluids and those directly heated
by electricity. ‘

8.1.1 Heating of Extrusion Dies with Fluids

In the processing of elastomers, dies with indirect heating are preferred.

The significant feature which distinguishes the heating with fluids from electric
resistance heating is the ability to remove heat from the die independent of the
surrounding conditions. This turns out to be an advantage at the typical relatively low
temperatures used for the processing of elastomers.

Due to the small differences between the temperatures of the die and the ambient air,
the variations in air temperature have a considerably stronger effect on the intensity
of the convective cooling of the die surface than with the higher temperatures used
for the processing of thermoplastics.

However, the dies can be heated more homogeneously with fluids than with electrical

heating elements.
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In rubber processing, particularly, the considerable cost of additional equipment, such
as recirculating pumps, heat exchangers, etc. is not that pronounced because they form
part of the fluid heating system of the extruder itself.

Occasionally, heating with fluids is found in the processing of thermoplastics,
particularly when there are long connecting lines for melt flow between the extruder
and die in large extrusion lines. In this case, on the one hand, the high losses of heat
by convection and radiation (large surface) have to be compensated for; on the other
hand, the dissipation heat from the long flow lines has to be taken away. In such cases
(large surfaces, small cross sections) the liquid heating requires less instrumentation
and maintenance than the direct electric heating with corresponding numerous heating
and control zones.

Fluid heating is also found occasionally in relatively small dies for thermoplastics.
When, purposely, heat has to be supplied to or removed from a certain region, e.g.
from the exit zone of the mandrel of blown film dies, in order to obtain required
surface appearance of the extrudate, oil heating is used [10].

The assembly of the dies, when changing or maintaining them, is usually more
complicated than with direct electric heating because of the emptying and refilling of
the die and the piping with heating fluid.

A more serious disadvantage of fAuid heating is the technical complexity and cost
in cases where there are different die zones that have to be maintained at different
temperatures (e.g. in large dies for thermoplastics for the correction of the melt flow
[11-14]), particularly in film and sheet extrusion. According to current technology,
for each temperature zone a separate heating unit (tank, pump, heating, cooling) is
required. With the development of control valve, not affected by temperature and
with a linear control characteristic, the concept of the regulation of the flow rate is
interesting [135, 16].

In this concept, several heating zones with different temperature levels are supplied by
the heating medium from only one heating unit. Usually, the amount of flow of the
heating medium through’ the different zones, and not its temperature, is regulated.

8.1.2 Electrically Heated Extrusion Dies

Extrusion dies for the processing of thermoplastics are usually heated with electrical
resistance heaters. Less frequently electro-inductive heating elements are used. As far
as their construction and shape, they are differentiated into mica or ceramic insulated
heater bands and cartridge heaters.
In most extrusion dies the band heaters are clamped around the body of the die on
the outside and covered as flat heating plates.
An essential condition for a homogeneous heating of a die besides the uniform
distribution of the heat source in the heating band is a good physical contact between
the heater and the surface of the die body [17]. In order to satisfy this requirement,
the heaters are made enclosed in aluminum shells which can be fitted accurately to the
contour of die by machining them to the required shape and then fasten them with
screws [18]. With a satisfactorily uniform heat delivery the attainable power densities
(heating power per the unit of the area of contact) for mica insulated heaters range
from 2 to 3.5 W/cm? and for ceramic and aluminum heaters 5 to 8 W /cm? [18-20].
The significant advantages of the heating of the die surface are:
~ upiform heating of the wall of the channel (local differences in the temperature on
the surface of the die from heating power generally even out because of the thick
die wall);
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~ easy dismantling of the heating elements (when it is necessary to take the die apart,

e.g for cleaning).
The relatively large distance between the heat source and the flow channel surface can

be a disadvantage.
— when the local temperature should be increased intentionally (affecting adjacent die
zones) and
— when controlling different heating zones of the large dies (coupling of the control
circuits, which can lead to their unstable periodic oscillation)
An additional disadvantage of the heating of the surface of the die is its relatively
low energy efficiency [19], because of the large heat loss to the surroundings, mainly
due to the much higher surface temperature when compared to that of the die.
A thermal insulation of the surface could posssibly reduce this energy loss, but it
would adversely affect the control because the cooling rate of an “overheated” die is
considerably reduced. Another consequence is, in spite of a relatively high installed
heating power, the heating of the die during a start-up of the line is relatively slow.
Therefore, particularly for wide slit dies heating cartridges are frequently inserted into
boreholes in the inside of the die body, close to the flow channel. The efficiency of this
internal heating of the die is higher than that of surface heating [11]. The regulation
is also better, especially from the point of view of the decoupling of the regulating
circuits and of the local heating of different die zones.
The internal heating of a die requires particular care in placement of the heating
elements, because if the heating elements are too close to the channel and too far
apart, the temperature distribution on the surface of the channel would be in the
shape of a wave. Examples of this are shown at the end of Chapter 8.2.
The installation of heating cartridges into narrow and long boreholes is rather
cumbersome. Moreover the boreholes require an extremely good surface in order
to achieve a good physical contact of the cartridge with the wall. The supply of
electrical energy for the heating is through a heat resistant plug and socket connecting
located at the die which allow a quick change of the die or its parts.

8.1.3 Temperature Control of Exirusion Dies

For the temperature control both the on/off and continuous controls are used. For
dies heated with fluid the controls frequently have three modes (heat, off, cooling),
with direct electric heating controls have two modes (heat and off, the latter represents
a natural cooling of the die surface by natural convection).

The controllers sometimes exhibit a PID (proportional-integral-differential) characte-
ristic, which allows elimination of the offset error but tends to oscillate when reacting
to upsets.

The regulators with PD (proportienal-differential) characteristics, used in the past, do
not show this overshoot, however, they have a lasting deviation when the operating
conditions are changed.

'A combination of the advantagss of both concepts is in the PD/PID control system.

By switching over to the desired control characteristics in response to the offset, these
systems operate largely without control overshoot and offset [21].

A procedure for the setting of advantageous characteristic values for the controls
resulting from simple die heating experiments is described in [22] and [23]. The
measurement of temperature for the process control and the determination of actual
values as a feedback for the temperature controls is generally done by Fe-Co
thermocouples or by platinum resistance thermometer (Pt 100) installed in the die.
When heating by fluids, the temperature sensors are placed also in the circulation
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system of the heating medium (near the die) so that ultimately not the temperature of
the die, but that of the fluid is regulated.

The resistance thermometers are somewhat more accurate than the thermocouples in
the relevant temperature range between 50 and 400 °C (£0.5°C to £2.3°C) than the
Fe-Co thermocouple (£3°C) [22] and they do not change. Thermocouples, on the
other hand, have more favorable dynamic characteristics in the measurement (smaller
mass and hence faster response), are more sturdy mechanically and less expensive [24].
The sensors are generally located in a borehole and fastened to the die by a quick
release bayonet {quarter turn) lock which is attached to a cable.

A spring is used to ensure adequate thermal contact. This attachment system requires
unplugging the sensors when the die is being changed, but it has the advantage of a
strong cable connection between the sensor and the control unit. This eliminates the
risk of measuring errors due to dirty or wet cable connectors.

Quick release temperature sensors can get easily dirty and are subjected to corrosion
at the point of contact, causing serious errors in measurement [22]. Therefore, these
areas have to be cleaned regularly during the operation of the die. Large dies for
thermoplastics often have several separately controlled heating zones. Dies with an
annular exit gap have a separate heating zone for the die orifice and one or more
additional zones in the die body.

Wide slit dies are generally divided across their width into several heating zones, which
can be 200 to 330 mm wide [11, 17]. An odd number of zones is frequently chosen,
so that the center of the die is controlled separately and the remaining zones are
arranged symmetrically to the center.

The width of the heating zones depends on the distance between the heating element
and the flow channel. Consequently, the zones for the surface heating are wider than
those for the internal heating. Very narrow zones tend to exhibit excessive swings in
control behavior because of the stronger thermal coupling.

The temperature sensors-are placed as close to the flow channel as possible because
the measured temperatufes are the most decisive factor for the flow process. When
doing so, it is important to position the sensor as close as possible to the center of the
effective heating zone of the heating element associated with it. The minimum distance
between the tip of the borehole (well) for the sensor and the chanmnel is determined by
the strength of the remaining wall of the flow channel, and its size should be of the
same order as the die diameter of the well (also depending on the local pressure in
the Aow channel) [25].

8.2 Thermal Design

For the design of the heating system of the die, it is important to have a clear
idea about the degrees of freedom and the variations available. Many theoretical
possibilities are often restricted by outside realities, such as limitations in design and

manufacturing.

8.2.1 Criteria and Degrees of Freedom for the Thermal Design

The designer has the following degrees of freedom available for the optimum thermal

design of an extrusion die:
— The geometrical form of the die does have the decisive effect on its thermal behavior.

Once the shape of the channel, determined by the rheological design, is set, the degree
of remaining freedom is only in its outer shape (outside contour — round, angular
or slotted, wall thickness, symmetry, mechanical design)
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— The choice of material(s) for its construction has an effect on the critical thermal
properties, such as thermal conductivity, thermal diffusivity and on the actual
thermal design (insulations and special alloys with high thermal conductivity) {26].

— The spatial arrangement of the heat supply (location, number and the rated power
of the heating elements) can vary between uniformly divided and concentrated
locally.

— The location of the temperature sensors and the choice of control characteristics
affect static (lasting deviations) and dynamic (response to disturbances and swings
in temperatures) behavior of the control system.

The quality of the thermal design is measured by different criteria. These criteria can

be directed towards specific properties of the die or the extrudate required for the given

application. Therefore, the following shows general criteria as they apply to thermal
design of dies:

— The thermal homogeneity of the surface of the flow channel in production is in most
cases the crucial criterion which results in a uniform exit speed of the extrudate
from dies with a correct rheological design.

— The steadiness of the temperature, or, its constancy with time, is the criterion
against which the performance of the control system of the die is measured. The
speed at which the outside disturbances (changed surrounding conditions, air draft),
variation in temperature of the incoming melt or change in operating conditions
(e.g. throughput) are controlled, or the natural temperature oscillation of the control
system affect the quality of the extrudate and its variation.

~ The mechanical strength of the die, particularly in the case of wide slit dies, influences
the dimensional stability of the product and typically requires dies with thick walls
that are sluggish thermally.

— The cost of producing the die is very important. Since the rheological design resulting
from computations does not always represent the final shape of the die, further
machining is required. Also, it has to be taken apart relatively easily. The same is
true about frequent cleaning of the finished die and in some cases surface treatment
of the fHow channel, such as chrome plating or polishing. The requirement of
an easy dismantling often has to be reconciled with the requirements from the
thermal design (the arrangement of the heating elements). Thin, long boreholes (for
heating channels) with a good surface quality and narrow dimensional tolerances
(for heating rods, pipes [26] etc.) are difficult and very expensive to make, especially
in the proximity of the flow channel.

— The energy consumption of the die heating systems is small in comparison to that of

the entire line, but still is a consideration in the optimization of the thermal design

(external or internal heating, insulation).

The start-up behavior of a die is important for a cost effective operation of the entire

line when frequent die changes are required (e.g. custom profiles). Thick-walled dies,

although advantageous from the point of view of temperature regulation, require a

long time for bringing up the temperature to the required level during the start-up

when working with heating elements of low rated power. Therefore, often special
auxiliary heaters for the start-up or continuously working control elements are

added [27].

A special criterion, often applicable in the extrusion of sheets and films, is the

requirement for the control of the surface temperature of the extrudate at the

exit from the die in order to influence the surface quality (gloss). In this case, an
additional heating zone is placed at the exit which is thermally decoupled from the

remaining body of the die [11].



270 8§ Heating of Extrusion Dies [References p. 281]

- An example of a special criterion is the need for separately heated segments of
the die either along its circumference or its width (blown film and wide slit dies,
respectively) to control gauge distribution {thermal decoupling of segments by
corresponding design measures, multichannel or computer based controls).

The criteria listed above, at times contradictory, often lead inevitably to dies which

are far from thermally optimal. Nevertheless, these dies designed with the conflicting

boundary conditions operate successfully.

8.2.2 Heat Balance at the Extrusion Die

The estimate of the amount of required heat energy results from a heat balance a the
die. This value then is used as basis for the determination of the minimum required
total heat to be supplied by the installed heating system. To accomplish this, it is
necessary to balance the individual incoming and outcoming heat flows over the entire
surface of the die. .

The surface of the area attached through the connecting flange to the last heating
zone of the extruder has the peculiar feature, that the heat flow going through it
depends stronger as to its amount and direction on the temperature gradient between
the extruder and the die. If this flow, for example, becomes too large, because of great
temperature differences (setting of controls) or due to an excessively large contact
area die/extruder (compared to other heat exchanges in the die), a stable temperature
control of the die is practically impossible and the (thermally strongly coupled) controls
for the die or the extruder tend to oscillate.

For that reason, in the practice, the die temperature is set equal to or slightly higher
than the temperature of the last heating zone of the extruder (since the extruder has
a better cooling, e.g. by a blower, the heat flow from the die to the extruder can be
controlled more effectively than heat flow in the opposite direction).

In the following considerations the premise is that the temperatures of the die and
the extruder barrel are equal; then, the heat flow across the area of contact can be
neglected. With this assumption, the following heat fluxes must be taken into account
for the heat balance (see Fig. 8.1):

OME = heat flux entering the die with the melt
Oma = heat flux leaving the die with the melt
Oca, Qcm = heat flux removed by convection from the die
(index “A” = air; Index “M" = melt)
OrAD = heat flux removed from the die by radiation exchange
Obiss = energy dissipated in the die per unit of time
On = heat flux supplied to the die by the heating system

(heating elements)

The general form of the heat balance is then:

Heat stored
in the system 8.1
per time unit

Heat fluxes Heat fluxes Heat generated
entering - leaving the <4 in the system =
the system system per time unit

With reference to the entire die shown in Fig. 8.1 this means:

(Omg + Q) — (Qma + Gea T Grap T Ipiss = é’;(’"d "Cpg 94 (3.2)

In the steady state of operation of the die, the right hand side of Equation 8.2 becomes
zero, which means that 9, the die temperature, does not change any more.

b el S SRl e
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Heating element

Fig. 8.1 Heat balance at an extrusion die

As explained at the beginning of this chapter, generally, it is not possible to change
the melt temperature drastically between the inlet and outlet of the die by a varying
temperatures in the die and meet the requirement for a largely uniform temperature
of the emerging extrudate.
The dissipation heat liberated in the inside of the melt channel
Opiss =g —pa) V (8.3)
leads to a temperature distribution shown in Fig. 8.2b, case b, (qualitatively) for the
case of the heated wall of the channel (heated to the melt temperature). The dissipation
heat is conducted to the channel wall where it is removed from the melt stream. The
maximum in temperature is close to the channel wall. Because of a pronounced
dependence of the viscosity on temperature, the maximum in the shear rate shifts
from the channel wall (starting with an isothermal flow, case a) to the region of the
maximum temperature. The shear rate at the wall decreases due to the high viscosity
in the proximity to wall, when comnpared to the isothermal flow, assuming a constant

a} — Isothermal flow {no dissipation)
b) —-—-- Channet wall heated to 3
¢) -——= Adiabatic channel wall
serie | crenpererpise D wagissiis, By pirissicenss;
Ny 9 i !
) : =
.//// ; '//
! !
/ 7
il
it
li
Il
il
il
{ ! | i !
0 T % %0 70 Vb V L
Vv

Shear stress Temperature  Shear rate Velocity Residence time

Fig. 8.2 Flow through a slit at different thermal boundary conditions and an equal throughput
(Va=Vy=Vc)
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he shear rates has an effect on the velocity profile

throughput. This redistribution of t th
region of the lower flow velocities near the wall

in the way shown, namely that the
becomes greater.
The Case c describe
maximum lies directly on the wall, so that highest
than that in the isothermal Case a.

Consequently, the zone of the lower flow rates near
in Case a [29]. The way the three different thermal boundar
residence time spectrum is also evident from Fig. 8.2.

The residence time is determined from the ratio of the length of the channel section
under consideration, L, and the flow velocity v (compare Chapter 3). Especially in
processing sensitive polymers, which tend to degradation or crosslink wben subjecged
to pressure, elevated temperature and/or shear for extended periods of time, the wide
residence time spectrum of the Case b is disadvantageous.

Accordingly, the design of a die should not proceed under the assumption of an
isothermal wall of the Aow channel, which leads away a part of the dissipative
heat (Case b) but rather under the assumption of an adiabatic wall (Case c) so
that the generated dissipation heat causes the increase in the melt temperature and
thus the above mentioned stagnation effects in the region near the channel wall are

eliminated.
Consequently, the following is true:

s the conditions at an adiabatic channel wall. Here, the temperature
shear rate occurs, which is higher

the wall is smaller in Case ¢ than
y conditions affect the

Opiss = Omia — Quies (8.4)
The calculated increase in temperature of the melt is:

A9y = Lun—Cue (8.5)

me,

m=mass flow, '.cp: specific heat capacity of the melt

From Equation (8.3) it follows:
v _peTPa (8.6)
A8y = (pg —Pa) e, =0 ) .

¢ melt density

Accordingly, the increase of the melt temperature is dependent only on the pressure
drop across the die (and, of course the material properties of the melt). For the typical
material properties, e.g. ¢- ¢, =2 X 10° J/m® K the temperature increase will be 0.05~ K

nate the stagnation effects described in Fig. 8.2 resulting

per bar. In order to elimi :
from too low wall temperatures, the die temperature should be higher by Ady than

the temperature of the incoming mass, 8. Combining Equations (8.4) and (8.2) and
solving for Oy, the condition of the thermal steady state (constant die temperature)

results,
Oy =0ca+ Orap: (8.7
nt, that the heating power must be exactly equal to

which is equivalent to a stateme . '
nvection losses to the surroundings. The convective

the sum of the radiation and co
heat flow to the surrounding air 1s:

(8.8)

QCA = Ay, L’ (84, —93)-
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Ag, is the surface area of the die exchanging heat with the surrounding air with
temperature 3y, J, is the room temperature and «; the heat transfer coefficient for
natural convection, assumed to be approximately § W/m? K [30].

The radiative heat flux to the surroundings Qg ,p Is given by:

s Tu 4 T 4
QRAD:Ada'E'CR<(1SO> —<ﬁ> ) (8.9)

Hefre e is the emission coefficient, for smooth steel surfaces e = 0.25 [31] for
oxidated steel surfaces e=0.75 [32]. Cy is the black body radiation number,
Cp =577 W/m® K*.

Equation (8.9) can be written in a form similar to Equation (8.8):

Orap = Aga  2rap(%aa — 95)- (8.10)

Here op,p is defined as the heat transfer coefficient for radiation.
In c:hesf v{1th a high tendency to dissipate heat (high pressure losses and melts with low
0-c.) it is often necessary to extract heat from the flow channel. The design goal then

is not‘ the adiabatic, but the isothermal die wall. The heat flux between the melt and
the die wall is described in an equation similar to (8.8):

Qcm = Aai - 2em (Jai = Iu) (8.11)
The heat transfer coefficient cqy, according to [34] can be determined from Nusselt
Laws by a complex procedure.
Ag; is the area of the inside surface of the die with the temperature 84;; 8y, is the melt
temperature.
Equation (8.7) for this case becomes:

On=0cL +0rap — O (8.12)

The‘he.ating power is reduced by the amount of the heat taken away from the melt
(or is increased by that amount, depending if (3 — 94;) is positive or negative).
The heating power determined from the above is the minimum required for heating
the die. In order to assure a reserve which allows the control unit to operate in a
fayqrable range, the actual nominal load should be about double that of the calculated
minimum heating power. This means that the control unit operates at approximately
50% of its control range with the ratio of switch-on times 1:2. Newer controls have
adjustable points of operation so that the heating power can be oversized even to
a greater extent [22]. When the oversize is by the factor of four, for example, the
resulting operating point is 25% in which the control can operate symmetrically. The
advantage of oversizing of the nominal heating capability is a reduced heating-up time
during the start-up.

The heating-up time ¢t can be calculated from the above formula [19]:

_my “Cpd -AGy
1 O max

my mass of the die, c,g — specific heat capacity of the die material, A3y — tangent
temperature for the heating-up, Oy max installed nominal heating load)

Iy (8.13)

It is clear that with the increasing nominal heating capacity the heating-up time is
shortened. The efficiency is given in [19] as a rounded value of 0.5. It takes into account
the heat losses from the die surface, which is becoming hotter during the heating-up
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periods. The efficiency depends on the type of heating (it is small for external, large
for internal heating) and on the oversizing of the heating power (generally increases

with increased oversizing).

8.2.3 Restrictive Assumptions for the Development of a Model

The main goal of the thermal design, as stated, is to place the heating elements
throughout the die geometry in such a way, that under given design boundary
conditions a uniform temperature distribution is achieved along the surfaces of the
flow channel.

The heating elements include all surfaces of the die (including the side surfaces, which
surround the heating cartridges), through which the heat flows, and also surfaces
which permit the heat transfer to the surroundings by convection and radiation.

The overall consideration of the heat transport processes as done in the previous
section with the balance is not sufficient to judge the homogeneity of the temperature
distribution before starting the actual design. Rather, a method has to be applied which
allows the simulation of the processes and considers the most important dimensions
and thermal boundary conditions.

In the following chapter, two simulation methods are introduced and the models based
on them and the simplified assumptions involved will be briefly discussed.

8.2.4 Simulation Methods for the Thermal Design

Electrical Analogy Model

Starting with a steady operation of the die, the established temperaturs distribution
can be considered constant with time (steady state). (The dynamic behavior of the
control system is neglected.)

The heat fAow in the direction of width or circumference can often be neglected
for the reason of symmetry in wide flow channels or in flow channels with rotational
symmetry (wide slit dies, heads for pipe, solid rods and blown film extrusion). Then, the
heat transfer process can be approximated by a two-dimensional procedure (besides
the symmetry of the flow channel, a correspondingly symmetrical outside shape and
placement of heating elements are the additional conditions).

Given the above conditions, the steady-state two-dimensional heat transfer can be
described by the following differential equation:

229 99
— e =0Q 8.14
o T oy (8.14)
The two-dimensional electrical transmission in a flat conductor with resistance is
described with a similar equation:
8°U  ?*U <
(8.15)

E\_—Z—F-éy—Z:O.

From both these equations the analogy between the temperature § and voltage U is
obvious. The heat flux O which is proportional to the temperature gradient corresponds
to the electrical current I [35].

Because of this analogy with a flat electrical conductor, a steady state temperature field
in a cross section of a die can be simulated. This means a two-dimensional analogy
model can be formed from a flat conductor {or resistor) by cutting out the outline
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Fig. 8.3 Section through a flat slit die with thermal boundary conditions shown. I Cartridge
heater (heating power Pp), 2 Convective heat transfer o =16 W/mzK, dy=20°C, 3
Band heater (heating power Pg), 4 Die width (T = I m), 5 Body of the die, 6 Melt
(8 =220°C), 7 Heat transfer coefficient (¢ =75 W/m?K)

Supply
voltage

(zoomV) |y
0 201V Vi 5

Vottmeter

_/;'j',‘ ( A\NT2n—

~ T 0

9Imv o 0 b 207--7]

ot 9700 oo Scanning
N

e o NNT2ol stylus

; 200
\81 TR eimirn] CriiZe] Wikl iz 1 /S;A- LA
i
: )
) . Source of a constant Conductive silver
I 1y=Conist |
E]Serxes resistance Ri Els current VD (o trode
Y

Fig. 8.4 Electrical analogy model to a flat slit die

of the die cross-section from a resistance paper (paper coated with graphite) and by
drawing in the outline of the flow channel and of the heating elements to scale with
an electrically conductive paint (“conductive silver”) [12, 30, 36].

The electrical analogy model for a partial section through a wide slit die (see Fig. 8.3)
with heating elements and pertinent thermal boundary conditions is shown in Fig.
8.4.

The surfaces with the convective heat transfer are segmented so that possible
inhomogeneous heat loss from the die surface can be approximated. The individual
surface segments are connected through series resistances R; to a voltage source
(outside segments are connected to the minus terminal = lower temperatures, the
inside segments of the channel surface to the plus terminal = higher temperatures).
The sources of energy in the heating elements are simulated by the sources of the
direct current. The analogy of the relationships is summarized in Fig. 8.5. Assuming
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Analegical relationships
Modet Die
Voltage {dif ference) AU =n - 49 Temperature {difference)
Current (PRI Heat flow (based on the
Vol ; k die width T)
oltage dropping resistance 1 -
{on a surface segment i RiBj= k-m —~ Heat transfer coefficient
with @ width B;)
Model parameters
Voltage/ Temperature T
ratio . 43 [ K ]
. a [W_Q
Conductivity ratio k= AR K
Model scale me e (]
Loe

R®: Square resistance of the resistive conductor (resistance paper) used

Fig. 8.5 Definitions for the electrical analogy mode!

the temperature difference between the melt and the surroundings 200 K, for example,
with n=1 mV /K, the supply voltage of the model will be U, =200 mV. The current
intensity resulting from the source of constant current at the nominal heating load
can be calculated from the formula below with square resistance of the paper

RY =2 k0 [38] and the thermal conductivity of the steel from which the die is made, 4
=40 W/mK (1 RZ =k=80 W kQ/mK) for the die width Ty, of 1 m and the heating
power P (for equations see Fig. 8.5):

mV
]
P K - uAd
[ =000 e = 12,5 ——. .
nam dee Soykﬂ Pnom 12.5 W (8 16)
mK

The series resistance at one outside segment (e.g. i==1 in Fig. 8.4) can be calculated
from the formula below. For the model scale 1:1 (m=1), a segment width B,=2 cm
and the local heat transfer coefficient of 16 W/m? K, the result is:

80

R, 5002 k=250 kQ (8.17)
The voltage on each desired point of the model can be measured by an appropiately
connected voltmeter using a metal stylus. The measured voltage (in millivolts) then
corresponds to a temperature difference between the given point and the surroundings
(thus 208 mV corresponds to 228°C at the ambient temperature of 20°C). The
lines of equal voltage (potential) as shown in Fig. 8.4 (dashed lines) correspond to
isotherms, ie. the lines of equal temperature, which represent a good description of
the temperature distribution (Fig. 8.6).

The temperature distribution in a section of the upper half of the die is shown in
Fig. 8.7 [31]. The heat fluxes within the die in the flow direction and across the
edges on the sides of the die to the surroundings (insulation) were neglected. The
heat transfer to the surroundings and to the melt was taken into account using the
heat transfer coefficients described in Fig. 8.7. The liberated heating power in this
example is simulated by sources of a constant voltage on the heating cartridges, which
corresponds to the specified temperature of 240°C.
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Fig. 8.6 Results from the electrical analogy model

== —236 pe— ) - S———
e e
R e e S

Ezzrrr

\

Fig. 8.7 Results in a section perpendicular to the main flow direction. ! Heating cartridges
(240 °C), 2 Convective heat transfer to the air («=8 W/mzK), 3 Flow channel (melt
temperature 220 °C), 4 Convective heat transfer to the melt (@ =75 W/mZK)

It is noticeable that the isotherms lie much closer together on the side towards the
channel than on the side against the air. This can be explained by a more intensive
heat transfer to the melt.

Already in half of the distance between the heating cartridges and the wall of the
flow channel the isotherms are almost straight lines and run parallel to the surface.
This indicates that the distance between the heating cartridges and the surface of the
channel can be reduced without causing a wavy temperature profile, this being an
important guide for setting the minimum distance heating cartridge-flow channel.
This simulation procedure requires some investment in the instrumentation (sources
of constant current and constant voltage) and certain skill by the user. However, once
the outline of the die is in place and the boundary conditions installed, the different
positions of the heating cartridges can be simulated quite fast by properly shaped
electrodes that can be moved around [37-39]. However, the determination of lines
of equal voltage is very time consuming, because all points have to be searched by

hand.
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Numerical Model

With the rapid developments in microelectronics during the last several years, modern
high performance, relatively affordable computers are available. These make numerical
simulation models for the computation of rheological and thermal processes under
varied applicable geometrical and physical boundary conditions possible (compare also
Chapter 4). Corresponding programs have also been further developed and simplified
so that they can be used effectively even by someone who is not a computer specialist.
Among the numerical simulation methods the Finite Element Method (FEM) stands
out because of its flexibility with applicable geometries.
In this method the geometry under study is constructed from individual finite elements
whereby the geometrical details can be considered very accurately.
The Equation (8.14) is then solved for the entire region, completely considering all
thermal boundary conditions and interactions [40].
Fig. 8.8 depicts the steady state temperature distribution in the die which was studied
under identical boundary conditions as the electrical simulation shown in Fig. 8.4.
Here the different values of the heating power are computed by an automatic iterative
procedure in such a way that the temperature at certain points (marked with an
asterisk in the pictures) adjusts itself close to the temperature set by the control circuit
(melt temperature=220°C).
The control of the heat delivered by the heater is hereby included into the simulation
by a simple P-type controller. The points marked with an asterisk are positions of the
temperature sensors.
The heating loads determined in the above procedure are placed in the illustration;
they pertain to a die 1 meter wide (see Fig. 8.3).
The qualitatively different shapes of the isotherms in Figs. 8.8 and 8.6 result from the
segmentation of the boundary conditions in the electrical analogy model. With a finer
division of the boundary region, closer results would be obtained but the cost of the
necessary electrical model would be considerably higher. The temperature distributions
along the surface of the flow channel are qualitatively equal, but the differences in
temperatures are greatly overestimated by the electrical model.
In the computer simulation, the heat transfer by radiation from the surface of the die
was first considered for a smooth surface. The established steady state temperature
distribution for a corroded die surface at identical boundary conditions is shown
in Fig. 8.9. The temperature of the surface of the flow channel becomes distinctly
inhomogeneous and the heating power requirements for the entire die increase by
approximately 66%.

Piotar = 1498W

Py = B58W (57% Py 6hOW(43% ]

T' a =8w/mK e =025

230

23 \227—

7% . 22

21 % 220 2z * peal

pa

I T T T 1

Temperature on the 2115 220.2 718.1 of 221 2206

flow channel surface
Fig. 8.8 Result of an FEM simulation (temperatures in °C)
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Fig. 8.9 Temperature distribution in a die with corroded surface (FEM) (temperatures in °C)

The increase in the heating power requirement is not uniformly distributed over the
installed heating elements. While the supplied power to the heating strip increases only
by 25%, a 197% increase is required for the heating cartridge, practically double that
of the heating power requirement of the new die with a smooth surface. The reason
for this change in distribution of the heating power is that the part of the losses from
the surface which have to be compensated for by the cartridge heater are considerably
higher than those by the strip heater.

The thermal boundary conditions change during the operation and this may cause a
considerable shift in the operating points of the controllers. This has to be taken into
account in the thermal design (adjustment of the controller during operation).

The steady state temperature distribution for a possible design alternative in the
placement of heating elements is shown in Fig. 8.10 (smooth surfaces). The comparison
to Fig. 8.8 makes clear that the sum of the heating loads remains practically equal,
but the cartridge heater has to supply a higher share (67% instead of 57%). For
that reason the temperature of the cartridge heater is approximately 6 °C higher. The
maximum temperature of the surface of the flow channel increases about 2 °C, while the
minimum temperature remains practically unchanged. This, of course, manifests itself
by an inhomogeneous temperature distribution on the surface of the flow channel.

These examples illustrate clearly that the temperature distribution along the surface
of the channel at the entrance (right), starting with the melt temperature of 220 °C,
increases slightly, reaches a minimum in the middle region of the die and finally (under
the cartridge heater) reaches the maximum. Then, towards the orifice the temperature
drops once again and at the exit it reaches an absolute minimum, which is below the
temperature of the melt.

This is a disadvantage when compared to the “ideal” channel wall temperature as
discussed at the outset (Chapter 8.2.2). A steadily increasing channel wall temperature
would be advantageous here. The surface appearance of the extrudate is frequently
affected by the die temperature at its exit. This is why the die ring or lips have their
own separate temperature control. Fig. 8.11 show, how the temperature distribution
can be affected favorably for this purpose by the addition of a strip heater in the exit
region.

Because of the higher average surface temperatures the total heating power is
approximately 24% higher than that shown in Fig. 8.8.

In the entry and core zones of the die the surface temperatures of the flow channel
are more uniform and increase markedly in the exit region. This pronounced rise in
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temperature is caused by an unfavorable position of the left temperature sensor, which
obviously is located too far from the exit region band heater.

With the numerical simulation procedures discussed earlier, three-dimensional compu-
tations are possible. However, a considerably increased time is required to setup the
model (generating the FE-mesh, personnel time), and to perform the computations
makes this application excessively expensive. In many cases, the knowledge gained
from the simplified two-dimensional studies is sufficient for a good thermal “tune-up”

of the die.

Symbols and Abbreviations

L

OmE
OMa
Qca.lcM
9rAD
Opiss

On

my

Cpd

3

length of the partial region i (to be found)

heat fux entering the die with the melt

heat flux leaving the die with the melt

heat flux removed from the die by convection (index A-air, M-melt)
heat flux removed from the die by radiation

energy per unit time, dissipated in the die

heat Aux supplied to the die by the heating system (heating element)
mass of the die

spec. heat capacity of the die

temperature of the die
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DA outlet pressure
S melt temperature
Ada outside die surface area/air contact area exchanging heat with the ambient air
85 room (ambient) temperature
2oM heat transfer coefficient
acL heat transfer coefficient for natural convection
ARAD heat transfer coefficient for radiation
&g emission coefficient
Cr black body radiation number
Adi inside die surface area/melt contact area exchanging heat with the melt
942 temperature of the outside die surface/area of contact with air
84i ternperature of the inside die surface/area of contact with melt
ty heat-up time of a die
QHm“ installed nominal power load of the die
U i voltage
1 current (electric)
3 temperature
R; series resistance
. AU
n voltage/temperature ratio = <7
rO square resistance of the resistance conductor (in the paper modet)
T die width
Prom heating power of the die
R resistance (electric)
v volumetric melt throughput
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9 Mechanical Design of Extrusion Dies

The mechanical design of extrusion dies, ie. the calculation of the forces and
deformations arising during the operation of the die, is important for two reasons:
First, to assure that the die will not be damaged during the operations; second, to see
that the distribution channel, particularly in distributor (manifold) dies, retains the
geometry established by the rheological design alse during its operation.

The important applications of the mechanical design are:

_ the design of screw joints and sealing surfaces with respect to the internal pressure

— the design of walls for a permissible deformation by the internal pressure

- and the design of systems for ths adjustment of the geometry of the die in the exit
region (automatic dies and blow molding dies with an adjustable outer ring for the
programming of the wall thickness of the extrudate)

The mechanical design is always closely linked to the rheological design. First of all, in

the rheological design the geometry of the flow channel is defined. Then the pressure

distribution has to be estimated conservatively by computation of the flow for the die

within the expected operating range, with the material of the highest viscosity, at the

lowest mass temmperature and the highest mass throughput. With that, the isotropic

pressures and shear stresses at the wall existing in the die are known.

The forces acting in the die can be calculated from the stresses and the areas of the

flow channel walls. The weight of the die also has to be considered in the design of

medium size and large dies.

A universally valid method for the mechanical design of the extrusion dies does not

exist. Different ways to proceed in the mechanical design of extrusion dies will be

demonstrated here on three different examples.

9.1 Mechanical Design of a Breaker Plate {1]

In the mechanical design the pressure losses and the deformations resulting from
them have to be considered not only for the screen packs, (Fig. 9.1b) but also for the
supporting breaker plate (Fig. 9.1a). The deflection of the screens f, results from the
pressure loss across the screen pack and it must not exceed the minimum specified
value in the unsupported area. For the calculation of the deflection of the breaker
plate, both the pressure losses across the screen packs and the pressure losses across
the breaker plate itself must be taken into account.

Strength Calculations for the Breaker Plate

According to geometrical conditions, the breaker plate can be considered as a flat
circular plate subjected to bending.
Based on Kirchhoff’s theory of plates, the maximum deflection of a rigidly fixed round
plate with a field of holes due to pressure (see Fig. 9.1) is determined from
p R4
max = 64N "
For loads and fixing conditions different from the ones shown in Fig. 9.1, [2] provides
additional formulas.
The stiffness of the plate is characterized by the following relationship:
_ Ela
T12(1—v2)

(9.1

(9.2)
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al 1a

Fig. 9.1 Symmetrically stressed circular plate with a perforated area [1], a) fi = Deflection of
the breaker plate, b) fs = Deflection of the screen pack, Ja and b Screen pack, 2a and b
Breaker plate

In the above two relationships, p is the pressure difference across the breaker plate
and the screen pack, E is the modulus of elasticity, v is the Poisson’s ratio and « the
attenuation coefficient. The latter describes the ratio of N/N, of the drilled plate to
an undrilled one and is expressed as follows:

2R, . .
a=1— - with the hole radius R, =D /2 9.3)

The hole spacing ¢ is determined in a similar fashion as for the hole arrangement in
other types. In the case of non-uniform distance between the holes, it is permissible
to take the mean value of stress for the strength calculation. If it appears necessary
to calculate the stress for each crosspiece between the holes separately, pertinent
information is contained in [2]. In practice the lowest value of  is 0.12; lower values
are meaningless.

Fig. 9.2 shows the comparison of experimental data from [2] and the ratio N/Ny as
a function of « (the attenuation coefficient). A recent, detailed analysis by structural
mechanics, published in [13], concluded that this formula does not provide reproducible
results for very thin plates and very thick plates. The bending calculated for the thin
plates is too great and for the thick ones too little. By that finding, the region of
validity of Equation (9.3) is limited to

h
0.7< " <3 9.3.1)
For the calculation of the thickness of the plate the corresponding clamping conditions

have to be taken into account. Because of the maximum elastic bending stress in the
center of the plate, the plate thickness is calculated from the following formula:

PENE
h=Bp~D~<p S> . (9.4)

CA‘O"p

ol
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Fig. 9.2 Flexural strength of plates with perforated area [2]

In this relationship the calculation coefficient B represents diflerent clamping
conditions of the plate at its rim; its values vary between 0.454 for freely resting
and 0.321 for a rigidly fixed plate. The thickness of breaker plates made from several
parts should be calculated in a similar way but with the coefficient increased by
10%. Fig. 9.3 gives suggestions for the choice of the calculation coefficient. Equation
(9.4) also contains the attenuation coefficient « and the plate diameter, which for the
purpose of the calculation should be set to the mean diameter of the seal (2- R). The
safety factor, S, usually lies between 1.5 to 1.8. g, is the maximum permissible bending
stress.

Two types of pressure spikes occurring suddenly in front of the breaker plate have to
be considered in its design:

I. Pressure spikes Ap,, which occur suddenly during the start-up and which can be
double or triple that of the pressure difference during the steady state operation
(S,=2to 3).

In%rease in pressure in [ront of the breaker plate due to plugging or obstruction
of the supported screen pack. As recommended by [3] an additional pressure loss
Ap,, = 50 bar should be assessed along with the usual pressure loss of the screen
pack, Ap, since at this pressure increase the screen pack is usually changed. For
safety reasons this value should be multiplied by a factor of 1.2 to 2 before it is
used for the calculation.

S\J
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ﬁ
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S :y\\\\\ NS \\\; ///% c ) \ | \\ \‘_‘_}
|
— N
_ﬁ\,] %“/l é\/jl
B, = 0.454 B, =0.40 8,=0.35 8,=0321

Fig. 9.3 Coefficient By for circular plates with different types of clamping (1]
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The pressure p to be used in Equation (9.4) is the maximum value [rom the addition
of all pressure drops across the screen pack and the breaker plate:

p=(5,8p, + Bpy, +4p). (5.5)

Determination of the Bending of a Screen

Screens or screen packs are supported mechanically against the differential pressure
by the breaker plate. The actual supporting function is done by the spaces between
the boreholes of the plate. In the regions of the holes, the screen or the screen pack
are subjected to bending stresses. The diameter of the borehole in the plate has to be
chosen so that the maximum allowable deflection of the screen or the screen pack is
not exceeded. The maximum deflection depends on the maximum permissible tension
stress of the wire used in the screen. The geometrical data required for further study
are presented in Fig. 9.4.

The same procedure for calculating the breaker plate is applicable for one deflection
of a screen part. For the calculation of the deflection of a screen part the same
procedure for the breaker plate is applicable. The basis here, again, is the plate theory
by Kirchhoff. In contrast to the breaker plate the rim of the screen in the region of
the borehole is considered to be movable and not clamped tightly. The maximum
deflection of the screen under the differential pressure p, is obtained as follows:

_ png S4v ©.6)
M GANg 14V '
the radius of the borehole R; is one of the constituents of the above equation. In case
there is a countersink or a profile in the geometry of the inlet, the maximum radius
R| ... and the screen stiffness N, have to be used. The latter is given by

EI‘IB(Z ;

Ng= ——35 9.7
12(1 —v?)

with the attenuation coefficient for screens «, and the screen thickness h; the latter

takes into consideration the crimping of the screen wire, corresponding to

d
hg = dg (1 + f) (9.8)

L il F

T I

0y 5“{ wire Square mesh sCreen: w=w,=w,
d=4d.=d

1 / i = Gg

Braided wire fabric: w= 2%
dg 2

Warp wire d = de= dg)

Fig. 9.4 Structure of screen and braid webs and designations [1]
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Fie. 9.5 Attenuation coefficient «; for the computations of screens 1

The attenuation coefficient describes the ratio N/Ng, of a plain flat plate of the
thickness h, to the steel screen used. Fig. 9.5 shows the dependence of the attenuation
coefficient o, on the standardized proportion of the area of wires in the screen.

=B0u—d) =1, 081)

is formed with the wire diameter d, and mesh width w corresponding to Fig. 9.4. As
a result of the more complex geometrical relationships in screens and screen fabric o
cannot be expressed in a simple linear fashion. For an estimation of o, that is sufficient
in many cases, the following relationship can be applied (dashed curve in Fig. 9.5):

1072 ©.9)

R = —==
S 0.75
Ag

Single screens are practically not used; Packs made up from 3 to 5 screens of different
mesh apertures are common. For the calculation of the deflection of these screen packs
the sum of all stifiness values for single screens and the total pressure drop Ap; o are

used in Equation (9.6).
The stiffness of the pack, mentioned above, is calculated as follows:

1 E n 3
Ns=;§N5i=1‘2(_1:ﬁ ;(hsv“sﬂ (9.10)

n number of screens
In order to avoid a blow out of the screens in the area of the borehole, the permissible
stress has to be checked. After [4] the tensile stress for the wire used in the screen is
obtained from the following relationship:

2
O-\ 1 fmax B
Lo dmax ) 9.11
SsE Z(RL &-11)

This tensile stress has to meet the conditions o, , > o, The values of ¢, , are available
N .. v P, ; . P

from individual tables. As an additional precaution against the wire break the safety

factor S, can be increased, thus 1255, <1.5.
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The design of a breaker plate requires alternating mechanical and rheological
considerations because the number of boreholes and their diameter and the thickness
of the plate aflect the pressure loss and thus the forces acting on it as well as the
mechanical strength.

9.2 Mechanical Design of a Die with Axially Symmetrical Flow
Channels

The die to be considered is the center-fed die, which, as shown in Fig. 9.6, has a
flow channel that is deliberately kept simple. This flow channel can be thought of as
consisting of five sections. The mandrel is held by spider legs (their number being n)
in Segment III. The whole mandrel support plate is constructed in one piece and can
be thought of as being rigidly clamped from the outside by bolts (their number being
).

Furthermore, Fig. 9.6 shows the pressure drop in the flow channel, which can be
calculated, as shown in Chapters 3 and 4, for a given operating point with the
rheological material data for the channel geometry. Two cases are shown: In Case I,
the pressure drop in Segments I to II is very slight and, as a first approximation and
in contrast to Case 2, can be set equal to zero.

While the melt is flowing through the die, viscous forces F, as well as compressive
forces F (in three directions) act on the mandrel and on the walls of the flow channel.
The internal pressure p; causes the die to open up radially (Fig. 9.7). (The forces acting
on the spider legs are disregarded for the time being. The dimensions of the spider
legs are determined below.)

First of all, when determining the dimensions of the large dies, it is necessary to check
if the grav1tat1ona | force F, (own welght) has to be considered. (When there are no
guide pins or registered centcrmg= in additien to the bolts, the own weight has to be
considered even for medium size dies when determining the size of the bolts.) Forces
of gravity will be neglected from now on.

For instructional reasons, the forces of the individual segments of the die are not
considered in the sequence of the segments.

Spider legs I v Pressure in the die p

Fig. 9.6 Center-fed die — qualitative pressure distributions in the die
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Fogrl P2

//Sg/der leg (number n}

Fig. 9.7 Forces acting in the flow channel of a center-fed die

Segment [

1. Forces at the Flow Channel Wall due to Viscosity
The shear stress Ty, acts at the wall of the flow channel. For the pipe flow existing
here it follows from Table 3.2:

Ap Ap
Ty = 7LR — Ty, = 7LIR1 (9.12)

With
Fp=ty A (A=2mRL) (9.12.1)

the following relationship holds

Fp = ApmR;. (9.13)

For Case 1: Apy=0— F7 =0

2. Opening up under Internal Pressure p;:
Segment I represents a circular, thick-walled Hollow cylinder which is opened up due
to the internal pressure by the amount f; given by the following general formula [7}:

_pR (RI+R 9.14
=5 (R e o

. 1
j: Poisson’s number (Poisson’s ratio m= /—j) for steel u=0.33[6,8]
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The maximum stresses occur at the interior wall, ie. at the flow channil. "l."he following
equation holds for the biaxial state of stress to be set up there (¢ = circumference,

r=radial)

Ec=é(ac—;zar)={z—:. (9.15)
According to [7]:
o —p TR (9.16)
Cmax sz— — &-’
o, =-p; 9.17)

max

When sclecting die dimensions, every effort should be made to keep f; below

0.05 mm. ) ) o
In Case 1, p; is constant and can therefore be used directly for the determination of

the dimensions. If pressure in the segment drops, as it does in Case 2, the dimensions
of the die should be selected such as to accommodate the maximum pressure at the

inlet for safety reasons. )
(As already assumed in this calculation, normal stresses caused by deformation can

be neglected when determining the dimensions of the extrusion dies).

Segment V (Fig. 9.8)

1. Viscous Forces at the Flow Channel Wall ' )
If the channel height Hy is small when compared to Ry, the following Equation can

be used according to Table 3.2:

Ap Apy
Ty = .Z_I:H". — Ty, = EHV' (9.18)

Segment I : Flow through o pipe
!

| Ra, _—5:;—1 . , | Pressure p

i i: : E L| i (ase

| | YE' * l | {[ ! Case

I i b e
= 7, Expansion

Segment ¥ : Flow through on onnular gap

. Pressure p

: ] !
S (A ©/e

“Ho | Z
I T
l } L ! Ly Fig. 9.8 Forces acting in a flow
' I| | el ! through a pipe and in a
] I T“ ! | flow through an annular
1 il : Al gap
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with Ay =n(R, +R; )Ly, it follows, that F7 and F, are given by

nApy

Fo, =Fz, =tw, dy="—5="Hy(R, +R,). (9.19)

If, however, Hy is large in comparison to the radius of the annular slit, the following
equation has to be chosen according to Table 3.2:

. 2
2 L R, T'Inl -
Tk

with k=R;/R,
For Tw,, and Tw,, T is set to equal R; and R, respectively. sz. and FZv then result.
1 a 1 a

2. The opening up under internal pressure is calculated in a similar fashion as for
Segment I.

It should be noted, however, that the inner mandrel is also compressed in the radial
direction because of the internal pressure. In order to calculate this deformation,
it is necessary to consider the multiaxial condition of stress in the mandrel in the
circumferential, radial and axial directions.

For a circular, thick-walled cylinder under an external pressure p,, the following
general equations can be used according to [5,9]:

RIR?
RZ+ if‘
Oc =Py Rg_}{lz B (921)
RZ - Rz::“Rlz
a ),2
o= —py T 922)
TR RER
g, = -—R—az—-— (9.23)
0= puRf—RiZ' 2
For the deformation, the following equations hold:
i .
€= I (o, —ulo.+a,)), (9.24)
l
&=% (0, —plo. +6,)) (9.25)
1 .
€, = E(Ga —u(o,+a,)). (9.26)

If the mandrel has no inner borehole, then R; equals zero and consequently follows
0¢.0,,0, =—p,. During the calculation it should be noted, that p;, acts as an external
pressure (— p,) on the mandrel. Then, in the calculation of the deformation p;_,,
(here py .. should be used. The deformation of the exterior part of the die and the
deformation of the interior part then give the total deformation.

Segment II (Fig. 9.9)

1. Forces at the Flow Channel Wall due to Viscosity.
As in the procedure for calculating the pressure loss in a conical region of a die, it
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Segment I - Flow in a diverging annular gap
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Fig. 9.9 Forces acting in a flow
through an annular gap
with a changing mean
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2

Index ‘E": Melt inlet
Index A': Melt outlet

is proposed to replace this region by channel sections with parallel walls (tubulgr or
annular sections) and to calculate the shear stresses at the walls in these sections.
According to the relationships given for Segment V, the forces at the inner and outer
walls of the channel can be calculated for each section of length L*. The sum of all
the forces so calculated give the respective total force due to the melt viscosity at the

inner and outer walls of the flow channel (FZ“I = ZFim)
Since pressure p is approximately constant for Case 1, finite forces are obtained only
for Case 2.

2. Axial Compressive Forces ' S
As a result of the melt pressure, compression forces act in the axial direction on the

tip of the mandrel support (Area 2) as well as opposite to the direction of extrusion

on Area . ) .
For Case 1, i.e. p; =const, these forces can be determined easily by means of the

projected stress area:
For Area 1:

Fy. =pun(Ry, —Rf). (9.27)

a Y
For Area 2:

_ 2 9.28
FPm wp“nRiu' (0.28)
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In considering Case 2, it is necessary to differentiate between a non-linear and linear
pressure drop in the region under consideration.

If the pressure does not decrease linearly, the calculation must again be carried out
in individual steps. As an approximation, the pressure is considered to be constant in
each individual segment and to act on the projected area of the section of the wall.
The sum of the forces in the individual sections thus obtained is then the total acting
force.

However, if the pressure changes linearly, the total force acting can be calculated
directly, pg being the pressure at the beginning and pa at the end of the segment
under consideration (see Fig. 9.9):

2 n(pgp —
Fy=npe(R} —RY) + 2 ZPE ) (g3 _ g3y 0.29)
3 Ry—Ryg

Rg and R, are the respective radii of the channel at the beginning and the end of the
segment, respectively.

3. Opening-up under Internal Pressure

The determination of dimensions can be carried out as for Segment I The maximum
pressure, acting on the point of the least wall thickness, should be checked. Because of
the conicity of the flow channel, the forces F, . and F, , act to compress the segments.
The compression deforms the segment in the radial direction. This deformation is not
considered further here, other than to refer to equations in [5, 6]. As in Segment V,
pressure py; also compresses the top of the mandrel in the radial direction.

Segment IV

The compression and viscous forces acting on this segment, as well as the opening up,
are calculated in a similar fashion as in Segment II. However, here the varying height
of the flow channel must be taken into consideration.

Segment I1I (Fig. 9.7) (with determining the dimensions of the spider legs)

For this region of the die, the effective viscous forces as well as the radial opening up
under the internal pressure can be calculated as for Segment V. If only a few spider
legs are present, they can be disregarded.

The correct choice of dimensions of the spider legs, that support the mandrel, is
particularly important in this region of the die. Fig. 9.7 shows the forces acting on the
mandrel. These can be combined into the resulting forces F,,,. If the number of spider
legs is n, then each spider leg must absorb the force F, thus:

Fe FT (9.30)
The case, illustrated by Fig. 9.10, can be used as an approximation for describing the
bending deformation of the spider leg due to this force. The spider leg may not be
regarded only as a slender beam; the deformation due to shear must also be taken
into consideration (see Fig 9.10).
If the pressure drop in the mandrel support region and also the projected area of the
spider legs (especially when offset spider legs with a supporting ring are used) are large,
this additional stress on the spider legs must be taken into consideration for bending
deformation as well as for shear deformation (see Fig. 9.10). However, as a rule, the
pressure drop in the mandrel support region is slight, so it can be disregarded.

.
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[iota= fo, * Ysp * foup * Vsup |

The total deformation of the spider leg f,,, and therefore the axial displacement of
the mandrel are given by the sum of the individual deformations (see Fig. 9.10).

The moments of inertia required for the calculation are given in Fig. 9.11 [5, 6] 'for
some cross-sectional shapes that can be used as an approximation of the cross section
of the spider legs. . )

The strength should be checked in the stressed cross section of th;: spider leg‘at the
loads that occur. The hypothesis of the change in shape energy provides the qulvalent
stress o,,, which must be smaller than the allowable strength o, of the material. For
the shear and bending stress at the spider leg, the following expression can be used

[61:
Teq =1/ i3l < Tp- 9.31)

For the bending stress, oy, the following relationship holds:

o _ IMy, M+ My ©32)
b= Obmax = W - T’Vx
X
and for the shear stress:
SF,  F+Apbl
T=1,,, = 71 == (9.33)

For Myp, Myap, 4, Wx see Figures 9.10 and 9.11.
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(5. 6D

If the allowable material strength is exceeded under the operating conditions chosen
(0eq >0,), the dimensions of the die parts must be changed or the flow channel must
be redesigned; a solution with a lower pressure consumption must be found.

Further Comments Regarding the Determination of Dimensions:

The forces, which must be absorbed by the bolts (their number being m) can be
calculated by means of the forces shown in Fig. 9.7, the direction of these forces being
taken into account. It should be noted that for the design selected for the die, the total
load on the mandrel must be absorbed by the bolts. The standard literature dealing
with the calculation of the bolt dimensions should be consulted [3, 6].

Furthermore, the sealing surfaces between the individual segments must be tested for
surface pressure and attention paid to screw pre-tension. This pre-tension is to be
selected so that the sealing surfaces always remain pressed together.

If there are large temperature differences in the die body — which is usually not the
case (the body should have approximately the temperature of the melt) — it may be
necessary to check for the thermal stresses in the critical regions of the die. A procedure
similar to that in this chapter was chosen in [9, 10] to design a servo drive that adjusts
the mandrel in extrusion blow molding. In this connection, efforts were made to have
equal and opposite viscous and compressive forces acting on the adjustable mandrel.
This can be achieved in only few actual cases, however.

9.3 Mechanical Design of a Slit Die

The geometry of the manifold of a slit die, designed for a given operating point
according to [11}, is shown in Fig. 5.31. The pressure distribution in the flow channel
of this die, as calculated from the equations in Section 5.2.2 and in Chapter 3, is
shown in Fig. 5.26. As illustrated by Fig. 5.26, the greatest pressure is in the center of
the die. The axial extension of the flow channel is also the greatest here. The pressure
relationships existing here, which are critical for the mechanical design, are shown
once again in Fig. 9.12.
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Fig. 9.12 Determining the dimensions of a flat slit die (pressure drop in the center of the die)

There are several ways to determine the dimensions of the wall thickness from the
mechanical point of view, but all of them must take into account the bending and shear
deformations. From a thermal point of view, the wall of the die must be sufficiently
thick, so when a heating cartridge is used, for example, a constant temperature of the
flow channel wall is assured (see Chapter §).

1. Method of Calculating Die Deformation (using p_..)-

Only section A—A in Fig. 9.13 is considered for the determination of dimensions. The
maximum pressure in the flow channel p_., (Fig. 9.12) should act on the area A=B-1.

Equivalent figure for @
Stressed, rigidly clamped

. cantilever
N . beam
h Width B
—

——l———-—l/

e ) )
(see Fig $14 for equations)

Section B-8 Equivalent figure For @

~ Bolt Stressed cantilever bean,

rigidly clamped on one side
and guided on the other
#

|
PP 5y
4

! I
-8 g i

25—

Fig. 9.13 Determining the dimensions

(see Fig. 97 for equations) of Rat slit dies
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of a flat slit die (considered
as a cantilever beam)

This means that the coathanger shape of the flow channel is disregarded. In this way,
the die in section A—A can be regarded as a cantilever beam with a constant area
load p,,, clamped on one side. The resulting deflection is shown in Fig."9.14. Because
“oF the-highload aPPIed (p,y,,), the calculation already contains safety factors.

A similar method is chosen for the shear deformation (Fig. 9.14).

2. Method of Calculating Die Deformation (using Fop)

The center of gravity of the area under the pressure curve in Fig. 9.12 can be
determined graphically (the procedure is described in detail in [5,6]). The so-called
line of pressure concentration, in which a dummy force Fy, (the total force on the flow
channel surface) is applied, can be drawn through this center of gravity. The following
equation applies (see Fig. 9.12):

F,= Z Fi= z pIA (9.34)

The individual forces F} can be determined by approximating the pressure curve by a
step function.

3. Method of Calculating Die Deformations (superimposing deformations in sections
A-A and B-B).

If a section is taken in the plane B-B of the slit die, as shown in Fig. 9.13, and if
it is assumed that the die is not clamped together by bolts, the deformation of this
resulting new cantilever beam, which is rigidly clamped at one end and free to move
at the other, can be calculated from the equations given in Fig. 9.10. As shown in
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[12] for an injection mold, the total deformations from the two cases of loading under
consideration (sections A-A and B-B) — assuming the same load in each case — can be
superimposed. The equation below then applies:

1 L N (9.35)

f flolalA_A
If the superimposition principle of Equation (9.35) is used, the total deformation f is
always smaller than the smallest individual deformation. This means that an’ analysis
of the particular case that leads to the smallest deformation is sufficient to select the

dimensions of the die safely.
Even a slit die should be designed with such dimensions that the maximum deformation

at the orifice remains less than 0.05 mm.

f(o(aIB_B

4. Selection of a Size of Bolts for a Slit Die.

The forces acting on the bolts holding the two halves of the slit die together can
be determined by balancing the moments about the rear edge of the die (Fig. 9.15).
This balancing calculation can be carried out in different sections similar to section
A-A. The force acting in the respective centers of gravity, F,, and [, must then be
recalculated. In analysis of the forces acting only in the middl% region of the die, and
assumed to exist over the whole width of the die, offers a reliable approach to select
size of the screws. The equations in Fig. 9.15 illustrate that the bolts should lie as close
to the flow channel as possible. In addition, the distance between the flow channel and
the rear edge of the die should be chosen to be relatively large.

n Bolts
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9.4 General Design Rules

Some basic principles must be observed for the designing and configuration of
extrusion dies. These are emphasized again here, independent of the commentis in
Chapters 3 through 8.
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In summary, the following principles should be taken into consideration in the design

of dies:

— A die should consist of as few individual parts as possible, in order to minimize the
times needed for assembly and cleaning. In this connection, care must be taken to
center the parts of the die accurately relative to each other [14]. The .die is to be
manufactured with close fits [15].

— A small number of individual parts also leads to few joints in the die body in the
region of the flow channel. Not only is there a possibility that leaks will develop at
these joints because of inadequate sealing, but there is also a risk that the material
will degradate there. The number of joints should therefore always be kept as few
as possible [16]. These joints should be placed in advantageous cross sections [L5]
to simplify the cleaning of the die.

— The sealing surfaces, since they cannot be avoided, should be as flat and small as
possible, in order to assure a uniform distribution of sealing forces over the entire
sealing surface [15, 16]. At this point, the surface pressure should be checked.

— The gap between stationary and moving parts of the die (e.g between the choker
bar and the die body in a slit die) can be sealed by inserting a gasket cord or an
oversized packing strip in a groove (rectangular or semicircular) in the stationary
part of the die. Soft metal (e.g aluminum) and temperature resistant plastics (e.g
PTFE) are available as materials for the sealing element [17].

~ The die should be held together by a few heat resistant bolts (instead of many small
ones): the service life of larger diameter bolts is longer. The bolts should be easily
accessible (e.g from above for slit dies [18]) without having to dismantle the strip
heaters [15].

— A hinged flange or a quick connect seal should be provided for the die. Large dies
are to be mounted on adjustable or movable supports {15].

In order to achieve a better distribution of load, the die orifice should be adjusted by

several bolts, e.g. when centering a blown film die.

— The dimensions of the die body must be adequate for keeping pressure deformations
within justifiable limits (see Sections 9.1 and 9.2). Since the body of the die is
weakened by boreholes for screws, cartridge type heaters and pressure/temperature
probes must be taken into consideration [18].

— The thermal expansion must be taken into consideration when individual parts of
the die have different temperatures.

When establishing the configuration of the flow channel of a die, attention should be

generally paid to the following items:

— When possible, the melt should be supplied to the die centrally [15].

— There must not be any dead spots or corners in the flow channels (sites of melt
stagnation). This means that sharp, sudden transitions in cross section or changes
in direction must be avoided. Furthermore, all radii in the channel must be greater
than 3 mm [17].

— Zones with a large cross section, i.e. zones in which the residence time of the melt
Jds long because the flow velocity is low, generally lead to degradation of thermally
sensitive compounds, such as rigid PVC. For such materials, the principle of a
minimum flow channel volume should be observed [16]. In slit dies, the necessary
minimizing of the distribution channel (manifold and die land) on which the pressure
is acting, leads to dies which are short in the axial direction and which more or less
fulfill this principle directly.

— Flow lines always lead to lower quality extruded products. Their formation should
be avoided or diminished and their number reduced by a proper design of the flow
channel (see Section 5.3.1.1).
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— Depending on the semi-finished product produced and on the material processed,
a parallel die land should be provided so that reversible deformations in the melt
can decay at the end of the flow channel. It should be possible to control the
temperature of this region separately.

— The surface of the flow channel should be polished or even honed [19] and, if
necessary, chrome plated [19]. The surface roughness should be less than 0.2 um
[18]. The chrome plating reduces the tendency of the melt to adhere to the surface
of the fAlow channel and therefore leads to a reduced residence time of the melt in
the die and to rapid and simple cleaning of the die [16]. The chromium layer wears,
however, and must be renewed after a certain operating time. Materials, such as
polyesters and polyamides, which exert high tension onto the die wall on cooling,
may even detach this layer [18]. Therefore, corrosion resistant steel is increasingly
being used in extrusion dies (see Section 9.4). The flow channels of such dies are
then only hardened and polished (honed and lapped) [16, 18, 19].

9.5 Materials for Extrusion Dies

The materials for extrusion dies have to meet the following requirements:

— can be readily machined (by cutting or erosion)

— are resistant to pressure, temperature and wear

— have sufficient strength and toughness

- have sufficient surface hardness

- can be readily polished to a satisfactory surface (without porosity)

— Tespond adequately to a simple hedf treatment

— have minimum tendency to distortion and change in dimensions during the heat
treatment

— are resistant to (corrosive) chemical attack

— offer possibilities for surface treatment (e.g. chromium plating, nitriding)

— have a good thermal conductivity

— are stress-free

These requirements are nol specific to extrusion and are mentioned in the literature

pertaining to the processing of polymers [15, 18, 20~24], where they are more or less

modified for each specific process. However, these requirements cannot be met by a

single material. So, according to [20], the following questions must be asked when

selecting the material:

— What type of compound will be processed (processing temperature range, corrosion,
increased wear — possibly by the fillers present)?

— What is the nature and the magnitude of the mechanical stresses (see Sections 9.1 to
9.3)? The bending stresses present are of significant and crucial importance for the
selection of the material. Because of their brittleness, fully hardened steels cannot
be used for larger dies [23].

— By what process is the die manufactured? Machining methods are possible for
materials with strength up to approximately 1,500 N/mm? [22]; however, the most
advantageous machining conditions exist at strengths of 600-800 N/mmz.

— What heat treatment is required and does it tend to cause distortions or dimensional
changes?

Besides the occasional few non-ferrous materials, the following steels are used for the

manufacture of extrusion dies [20-22, 24]:

- case hardened steels

— nitrided steels
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— fully hardened steels
— quenched and tempered steels (to be used as supplied)
— corrosion resistant steels.

Case Hardened Steels

Case hardened steels have proven their value for the manufacture of dies since they
are most likely to fulfill the necessary requirements. They are readily machined, and
after a case hardening or a heat treatment have a very wear resistant hard surface
with a tough core of high compression strength [20, 22]. These steels have a very low
carbon content (less than 0.2%). The carbon content can be enriched by carburization
(up to a carbon content of about 0.8% with a carburizing depth of 0.6 to 2.0 mmy},
very wear resistant carbides being formed. The regions of the die, which are not to
be hardened, are covered during the process. Literature should be consulted for the
information about relevant heat treatment processes [25-27].

A list of case hardened steels for plastics processing is given in [22]. Primarily, the
following grades are used [24]: Material No. 1.2162 (Wo

4), 1.2341 (X 6 CrMo 4).

Nitrided Steels

Nitrided steels are steels whose alloying additives — chromium, aluminum, molybdenum
and vanadium — form hard nitrides in the presence of nitrogen (e.g. as gas (ammonia),
or in a cyanide bath at temperatures between 480 and 580 °C and at case hardening
times of 10 to 100 hours [20-22]. The nitrides lead to a high surface hardness with
a tough material core. In this process, there is no quenching after case hardening
(nitriding), so no distortion is expected. Nitrided steels are also supplied in the stress
free, annealed state.

In nitriding, the greatest hardness is achieved at about 0.03 to 0.08 mm below the
surface [20]. This represents an oversize which must be later worked off [22].

In the so-called ion-nitriding, on the other hand, the already finished products are
hardened at the surface by a high voltage discharge in an atmosphere containing
nitrogen at about 350 to 580 °C during which the nitrogen diffuses into the surface.
Apart from polishing the flow channel and sealing surfaces, no other finishing work
is necessary. If very wear resistant surfaces are to be attained without increasing
the hardness of the surface greatly, the nitriding can be carried out in a salt bath,
(temperature approx. 500~550 °C, case hardening time 10 minutes to 2 hours). This is
called the soft nitriding or the tenifer process [20, 21] and it is used successfully today
for the bearing surfaces of rotating parts, such as, for example, choker bar bolts in slit
dies.

Nitrided steels are not completely corrosion resistant. To improve the corrosion
resistance large amounts of chromium have to be added.

The following are some of the nitride steels [22, 24]. Material No 1.2852 (33 AlCrMo
4), 1.2307(29 CrMoV 9), 1.2851 (34 CrAl 16). The increase in hardness of these grades
of steel is due to the formation of martensite by precipitous cooling after heating. The
resulting mechanical properties depend to a large extent on the attainable rates of

cooling [22].

Fully Hardened Steels

Fully hardened steels are very hard and show a good wear resistance. However, their
toughness is small when compared to that of case hardened as well as quenched and
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tempered steels. Because they are susceptible to crack formation and distortion, they
are used only infrequently and then only for small dies [20, 22], primarily when there
are high compressive stresses [24]. Some fully hardened steels in polymer processing
are [24]: Material No. 1.2344 (X 40 Cr MoV 51), 1.2367 (X 32 CrMoV 53), 1.2080 (X
210 Cr 12), 1.2379 (X 155 CrVMo 12 .1), 1.2767 (X 45 NiCrMo 4), 1.2842(50 MnCrV
8). Additional particulars can be found in {22].

Quenched and Tempered Steels

Quenched and tempered steels, which are used as supplied, are employed whenever
there is the possibility that a heat treatment will result in distortion and dimensional
changes, for example, in the case of large dies.

In the manufacturing process, these steels are annealed after being hardened. This
results in a decrease in hardness and strength and an increase in toughness and
elasticity. The relatively low strength after quenching and tempering (hardening and
annealing) leads to surfaces of an-inferior wear resistance and a lesser ability to be
polished. This condition, however, can be improved by nitriding or chrome plating the
surfaces [20].

Such quenched and tempered steels are, for example [24]: Material No. 1.2312 (40
CrMnMoS 86), 1.2347 (X CrMoVS 51), 1.2711(54 NiMoV 6). Additional particulars

are available in [22].

Corrosion Resistant Steels

These are steels containing more than 12% chromium and are used whenever
chemically corrosive materials (e.g. hydrochloric acid) are released during plastics
processing and when it is not feasible, for technological reasons, to provide chrome
plated or nickel plated surface for the flow channel.

Because of the affinity of chromium for carbon (which must be present in small
amounts so that the steel can be hardened), there is a danger that chromium carbide
will be formed above 400 °C, taking chromium locally away from the area surrounding
the carbon, so that there is a negative change in the properties of the material and
its rust resistance [20]. As a rule, these temperatures are not usually reached in

extrusion.
Corrosion resistant steels are, for example [22, 24]: Material No. 1.2083(X 40 Cr13),

1.2316(X 36 CrMol7).

In addition to the nitriding, the following methods are used to increase the corrosion
stability and wear resistance of extrusion dies:

— Protective chromium layers (hard chrome plating)

~ Protective coatings of nickel or alloys with high nickel content

— Titanium carbide coatings

— Appropriate die inserts

Hard Chrome Plating produces corrosion resistant, quite wear resistant, highly polished
surfaces, to which melt adheres only to a slight extent and which are therefore
cleaned easily [18, 19]. The chromium layer is applied electrolytically (thickness 0.015~
0.03 mm). The anode must be matched accurately to the contour of the flow channel
in order to achieve a chromium layer of uniform thickness. An uneven thickness of
the coat and sharp edges can lead to stresses in the layer, which then can easily chip
or flake-ofl. Therefore, the layer must in many cases be renewed periodically [19, 20,
22).

Nickel Coatings and Nickel Alloys are sometimes used in dies for the extrusion of
PVC; their high resistance to corrosion by hydrochloric acid is regarded as their main

]
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advantage [19, 28]. However, it appears to be a problem that some lead stabilizers
react chemically with nickel coatings, which can be detached completely by such a
reaction, although the coatings are applied by a hard facing process to the part [19]
and subsequently refinished. The coatings are relatively thick (approx 1 mm) and
several layers can be superimposed on each other. Repairs to dies can also be made
using the hardfacing process.

In addition, dies made from alloys containing 95% nickel are used for the processing
of PVC. Nevertheless, the potential problem of the chemical reaction remains [19].
Titanium carbide coatings, which stand out because of their high wear resistance and
increased corrosion resistance, are deposited on the surface of the die (at a thickness
of 6-9 um) in a reactor, in which gaseous chemical products are reacting. In this case,
it is advisable for the die material to have an adequate hardness, since the coating
itself is very hard. Furthermore, it is necessary to pay attention to the die distortion,
since the reaction takes place above 900 °C [24]. The successful use of this method in
wire coating dies has been reported [29].

The wear problem of extrusion dies can also be solved by using inserts of appropriate,
wear resistant material e.g. hard metal or diamond inserts in cable jacketing dies (see
Section 5.3.2.4) in the exposed zones of the die.

So-called “bimetallic” slit dies are also used today. In these, the regions of the flow
channels up to the exit of the die, which are exposed to wear, consist of a highly
wear-resistant material [32].

If extremely high grade surfaces are required in the flow channel (free of porosity) it
is advisable to use steels that have been fused in the vacuum furnace and in which
defects have been excluded because of the high degree of purity. Although these steels
are very expensive, most sheet and flat film dies for rigid PVC are made from them
today. '

Because of their good thermal conductivity, dies made from aluminum [29, 30] and
copper-beryllium [31] are also occasionally used for the extrusion of profiles.

The wear resistance of aluminum can be increased to a value above that of hard
chrome plated steel by anodizing (anodic oxidation). Anodizing also improves the
corrosion resistance, so that it becomes adequate for PVC. At the same time, the
tendency of the melt to adhere, and therefore its residence time at the wall, are
reduced to values below those of hard chrome plating. Nevertheless, the very low
strength and the high susceptibility to shock remain as distinct disadvantages of this
material [28].

Symbols and Abbreviations

b width

f deflection

Semax maximum deflection

fs deflection of the screens

h height

mn number (of pieces)

p pressure

Aps pressure loss in a screen

Apra additional pressure loss in a screen
Appp pressure loss in a breaker plate
r radius

t hole spacing

w mesh width

A cross sectional area

Bp coefficient for computation

D diameter
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E modulus of elasticity

F force

£y force due to pressure

Fg force due to gravity )
Fgp substitute force acting in the line of the center of gravity
Fz viscous force

H channel height

L length

My bending moment

N stiffness of the plate

R radius

Rp radius of the hole

S safety factor

w moment of inertia

o attenuation coefficient

£ elongation

u coefficient of transverse contraction (Poisson’s ratio m = 1/y)
v transverse contraction ratio

Oh bending stress

O¢ comparative stress

oy tensile stress

op permissible bending stress

W shear stress at the wall

Indices

a outside

i inside

r radial

u circumfercence

w wall

t total

max maximum

p permissible

A exit

E entrance (entry)

bp breaker plate

S screen
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10 Handling, Cleaning and Maintaining Extru-
sion Dies

As a rule, extrusion dies are expensive, high-precision parts of the extrusion line
that require, besides well thought-out, careful handling, a frequently underestimated
amount of care. To avoid malfunctions of the die that can result in periods of
unplanned and costly stoppage [1, 2], it is necessary to operate the dies properly and
to take preventive measures so that they are ready for use for as much of the time as
possible.

Human error, especially careless or wrong handling of the die during maintenance
and cleaning or while adjusting it during operation, are the main causes of damage to
the die. Therefore, it is necessary to provide intensive training to all personnel coming
into contact with the die [1, 2].

The operator must learn to understand the function of the die completely and
to recognize how product quality is affected by changes in temperature and by
adjustments of the orifice or the choker bar. Moreover, he must pay atiention to
sources of error and to boundary conditions.

The operator must also realize the importance of good contact between the
thermocouple or strip heater and the die, and determine whether and where
malfunctions exist in the extrusion line. For example, when the extruder output
pulsates, he must not continuously adjust the choker bar of a slit die, as this leads
to increased wear. (As a rule, such systems are not conceived or designed for such a
purpose). He must also be able to interpret pressure measured at the die inlet from
the point of view of specified critical limits. Furthermore, he must learn not to make
sharp adjustments between two adjustment points at the die orifice or the choker bar,
but to make appropriate changes also in the neighboring regions. Bolts are broken
off, threads are destroyed and choker bars are snapped if this rule is disregarded.

It should also be noted that melt at the die orifice should be removed only with
spatulas made from a soft material (copper, brass, soft aluminum), in order to avoid
notching or denting the edges of the die orifice. Hence, the gap width of a die exit
should be measured only with a soft feeler gauge, made e.g. from brass. The slightest
markings at the die orifice lead to striations in the extruded product, resulting in a
lower quality.

Whenever it is necessary to change dies frequently, as is the case particularly when
extruding flat film and sheets, it is advisable to employ special personnel. These
persons should be familiar with the construction and function of each die and have the
necessary descriptive literature (drawings, assembly instructions, parts lists) available. It
is wise to have such persons familiarize themselves with their new die by disassembling,
inspecting and assembling it before it is used {1].

Dies should be disassembled, cleaned, serviced and maintained at a special designated
place, sufficiently far removed from rough production. Such a work area should be
very clean and lined with corrugated cardboard. A small crane should be available
in this work area. With a manually operated block and tackle, there frequently is the
danger that the die will be damaged by the freely swinging ends of the chain. The use
of hemp ropes should be considered in order to eliminate this source of damage to
the die.

In the work area, there should be tools (screwdrivers, torque wrenches), soft SCrapers
(brass, copper, soft aluminum), cleaning and polishing materials, as well as possibly a
die preheating station, that can considerably shorten the time required for changing
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dies and is useful for checking the heater elements. Such a preheating station consists
of an appropriate number of electrical leads for the heating zones as well as one control
system, which usually is sufficient. Individual controls for the die heater generally are
not necessary here [I, 2], but this depends on the size of the die.

If a die must be cleaned completely, the main bolts of the die should be loosened, but
not removed, while the die is still attached to the extruder. Only those bolts associated
with finally exposing the whole of the flow channel should be loosened.

Dies should be disassembled only in the heated state. It is necessary to work quickly
in order to avoid premature cooling or scorch (incipient vulcanization). Rubber
compounds can be usually removed from the walls of the flow channel quite easily.

A thermoplastic resin in the flow channel can be removed either by pulling it away

from the surface of the die (by BloWing compressed air against the point of contact
between the resin and the hot die) or by removing it with a soft scraper. Any resin
remaining can be removed with brass or copper wool — but never with a steel object!
Solvents or household detergents sometimes also help; however, their action should
always be tested first at a noncritical place on the die. )

When electric drills with brass brushes or the like are used, there is a risk that the
chromium layer will be stripped from the surface of the flow channel or that the edges
will unintentionaly be rounded off slightly. Sealing surfaces of the die can be cleaned
with fine, flat grindstones or with a very fine emery cloth [1,2].

In addition to manual methods of cleaning, it is possible to use salt baths (colene
bath), in which a hot nitrate salt melt (approx. 400-500 °C) oxidatively destroys the
polymeric melt residues and carries them away. However, this process cannot be
used with chromium-plated surfaces [3, 4]. Cleaning can also be carried out by melt
evaporation in a fluidized bed of aluminum particles, heated to about 550 °C. Vacuum
pyrolysis ovens are used with an increased frequency. During their operation, large
remainders of material drip off into a cooled pit in which they can solidify, while
the other residues are vaporized and. removed into a waste water stream. In this
process, it is important to find out if ‘the use of high temperatures cause changes in
the construction material of the die leading to the reduction of its strength [3]. Also, it
is important to consider the local laws pertaining to the removal of fumes and waste
water.

In addition to the above, slow and gentle melt removal is possible by a boiling solvent
[3]. Spinnerets are often cleaned by ultrasound [5]. It is always advisable to consult
the die manufacturer for the correct cleaning method.

Before assembly, the flow channel should be polished to a high gloss. This operation
should be followed by an extensive examination of the surface of the flow channel, in
which the chromium layer should be checked, especially when processing PVC. At the
same time, smaller, fine scratches can be removed. If the damage is more extensive,
its effect on the extrusion result should be checked. More serious damage can be
eliminated, for example, by build-up welding followed by machining (1,2, 6].

Before the die is assembled, it is advisable to coat the flow channel with a thin film
of a silicone grease; this is done to protect the flow channel during long periods of
storage and to aid the passage of the resin melt, which is still relatively cold, when the
die is started up [1, 6].

Since it is possible that the surfaces of the flow channel may touch each other during
assembly, it is advisable to place a sheet of paper or a plastic film between them [1].
During assembly, all boits, bolt bearing surfaces and threads must be provided with
a high-temperature grease, e.g. molybdenum or graphite, in order to ensure ease of
turning during the operation of the die and when the die is disassembled at some later
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time. If a die is not disassembled for a considerable time, it is advisable to check, and
if necessary, remove individual bolts and grease them [2].

Bolts should be tightened after the die has been flanged to the extruder and has reached
the operating temperature once again. The instructions of the die manufacturers as
to the torque to be applied should be followed. Maintenance personnel should also
check that there is proper contact between the heaters or thermocouples on the one
hand and the die on the other. Moreover, the thermocouples must be calibrated.

It is recommended in [1] that the die be disassembled completely, cleaned and checked
approximately every 6 months, and all parts of the die (screws, bolts, cartridge
heaters, electrical leads), which might malfunction, replaced. The time intervals for
such maintenance, however, depends on the material being processed. In some plants

~processing PVC; for example; the Weekend affer 5 production days is used for cleaning

and maintaining the dies. In many cases, especially when extruding flat film and
sheets, it is advantageous to keep a second, cleaned and preheated die ready for use
in order to reduce production interruptions to a minimum when changing over to a
new product or when repairs to the die necessitate disassembling it [1, 2].
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11 Calibration of Pipes and Profiles

For the extrusion of profiles, pipes and similar semi-finished products, the calibration
and cooling sections are connected to the die that has shaped the melt (Fig. 11.1).
The goal is to solidify the melt by the contact with the calibration (sizing) die in the
calibration section to a thickness sufficient for transferring the take-off forces and still
maintaining the desired dimensions. The mean temperature T of the profile should
drop below the solidification temperature (melting point) Ty as it passes through the
cooling section, so that the remelting of the already solidified layers is avoided. The
whole profile, as it reaches the saw or the flying knife, should have a temperature
below the melting point [1]. The calibration and cooling equipment, therefore, has
the task of fixing the dimensions of the extrudate and, consequently, it represents an
integral part of an extrusion die.

Today, extruded plastic profiles are almost always calibrated. Only very simple profiles
and profiles from plasticized PVC are occasionally not sized [2, 3], but placed onto
conveyor belts, where they are cooled, for example by spraying,

The calibration practically always means that the extrudate is pulled through one or
more so-called calibrators, made predominantly from metal (brass, steel, aluminum).
The calibrator surface, which is in contact with the extrudate, is fitted to its shape.
There are essentially two methods of the heat dissipation in this process: dry and wet
calibration.

In the dry calibration the extrudate does not have direct contact with the cooling
medium, but the heat contained in the melt is led away strictly by the contact with
the metal surface of the calibrator to the cooling channels and thus from their surface
to the cooling medium.

In the wet calibration the heat from the melt is transferred at least partially, depending
on the method, directly by convection to the coolant. The remaining part of the heat
is taken away by contact with the calibrator {or by a film of coolant on its walls).
The intensity of the indirect cooling by the calibrator is affected definitely by the
thermal contact between the surfaces of the extrudate and the calibrator.

In connection with the above, a sufficiently large normal force between the surfaces
is Important, especially in the die calibration. This normal force causes friction forces

|
56
Fig. 111 Temperature profiles in the wall of a plastic pipe during extrusion [1], I Cutter (saw),

2 Take-up unit, 3 Water bath, 4 Calibrator (sizing), 5 Vacuum pump, 6 Die, 7 Extruder;
Tg Temperature of solidification
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during the draw of the extrudate through the calibrator, that are spread along the
entire length of the calibrator and are transferred onto the extrudate and have to be
overcome by the take-up device. The maximum permissible force at the take-up is
determined by the load capacity of the profile, which in turn depends on its cross
sectional area and the temperature distribution in the extrudate.

Particularly in the inlet to the calibration section, where the temperature of the
extrudate is still relatively high and the load capacity of the profile is still relatively
low (because only a small portion of it is solidified), the take-up forces (still relatively
low) lead to an increase in the longitudinal stretch of the strand (marked with a + in
Fig. 11.2). These deformations cannot fully relax because of the subsequent cooling
and therefore become frozen-in. This is often referred to as frozen-in elongations. They
ultimately affect the shrinkage of the extrudate to a very high degree.

Because of the longitudinal stretch and the thermal shrinkage the dimensions of the
extrudate in the direction across the direction of the take-up are reduced (marked
with a - in Fig. 11.2). This generally leads to a reduction of the normal forces in the
calibrator and consequently to thé reduction of friction and thermal contact.

The reduction in the dimensions in the transverse direction (wall thickness, dimensions
of the contour) is often prevented by a corresponding over-sizing in the cooling section,
thus obtaining a product with proper dimensions.

The calibration line can also be tapered (long calibrators) or can consist of several
calibrators in series with gradually changing dimensions to match the dimensions of
the extrudate changing with the progressive cooling. Since the take-up forces generally
increase with the lengthening of the calibration line (due to increasing friction of the
surfaces), the maximum length of the calibration line is given by the loading capacity
of the extrudate or by the maximum acceptable stretch of the extrudate.

Even when the cooling is very intensive the extrudate must be kept in the calibrator
until its internal stability is high enough to resist external streses (gravity, take-up
force) and internal stresses without an excessive change in dimensions. Finally, the
minimum calibration time obtained from the above along with the maximum length
of the calibration section define the attainable line speed.

In order to achieve as high line speeds as possible, the calibration section then should

cool
— with a minimum friction
- as intensively as possible.
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Fig. 11.2 Interdependencies in calibration
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Calibration has to be adjusted to the special requirements pertaining to the shape of
the extrudate and the material used. The particulars of the calibration methods used
today are discussed in the following sections.

11.1 Types and Applications

11.1.1 Friction Calibration

Simple open profiles are calibrated on charts with the profile being pulled through
cooled platens (Fig. 11.3) that more or less rest on it (the platen load can be reduced
b%/ s.p.rings or counterweights). Some profile stretching is unavoidable with this method
of sizing.

The outer contour of the profile is worked into the platens. For complicated profiles
with undercuts, it may be necessary to subdivide the chutes several times in the
longitudinal direction, so that each section can be folded separately [2-5].

The upper parts of the calibration equipment, lying on the profile, are generally
subdivided several times into individual sizing sections.

The chutes are partially coated with PTFE dispersions that wear, however, and
therefore must be frequently renewed [2, 3]. With this, as with all other calibration
processes, the line speeds, which can be reached, depend largely on the geometry of
the profiles. Approximate speeds for friction calibration are 3 to 4.5 m/min for wall
Fhiclgness of 1 mm and 0.5 to 0.7 m/min for wall thickness of 4 mm [2, 3]. As shown
in Fig. 11.3, the chutes should be cooled with water flowing against the direction of
extr.usion [4]. An open profile can be drawn only on one side of the friction calibration
equipment. In order to avoid possible distortion of the profile, the side away from the
cahbr{g}txon is then cooled with air. Water cooling may possibly be too intensive in this
case [3].

11.1.2 External Calibration with Compressed Air

External calibration generally means that the external dimensions of the extruded
profile are fixed by the calibration equipment. It has become universally accepted
because a number of processing advantages. This is particularly true of mass-produced
g;odu(t:ts, such as plastic pipes, which are standardized on the basis of the outside
iameter.
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 F— 2 Cooling water outlet
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External calibration with compressed air, also referred to as compressed air sizing,
is used only for pipes, mainly those made from PVC with a diameter greater than
355 mm and for polyolefin pipes with a diameter greater than 90 to 110 mm [6, 7]. In
this process (Fig. 11.4) contact between the calibration die (also referred to as sizing
sleeve) and the extrudate is established by an air overpressure (approx 0.2-1 bar).
For this purpose, compressed air is introduced into the pipe by way of the mandrel
of the pipe die. The ends of smaller pipes and hoses, which can be coiled up, are
closed off. Larger pipes are sealed off with floating plugs that consist of a series of
circular rubber seals, and to some extent guided by rollers which are forced against
the interior wall of the pipe by springs [6, 7]. The floating plug is attached by a rope
or chain to the mandrel, making sure that the rope or the chain do not drag along the
inner wall of the pipe. The maximum take-off force must be taken into consideration
in determining the dimensions of the floating plug holder. Furthermore, this possible
stress should be taken into account in the mechanical design of the die (see Chapter
9).
With this calibration process, the equipment is well centered and flanged as directly
as possible to the pipe die to prevent the internal pressure to expand or tear the pipe
open. However, provisions must be made for effectively keeping the heat of the hot
pipe die separate from the cold sizing system. This can be accomplished by an air gap
and a small contact area between these two parts of the line.

It is advisable to install an air pressure controlling system in order to compensate for
air losses through leaks, for example due to a worn floating plug [6, 7].

The cooling of the sizing sleeve and the pipe is done in the connecting cooling section
by circulating water (see Fig. 11.4), by trickling water or by a water spray, with the
latter being used increasingly for large pipes.

11.1.3 External Calibration with Vacuum

In external calibration with vacuum, the contact between the calibrator system and the
extruded profile necessary for its cooling and sizing is achieved by applying vacuum
to the calibration equipment. In this process, the equipment can surround the profile
completely (closed external sizing), the vacuum being applied through fine boreholes
or slits in the surrounding wall (Fig. 11.5). A different sizing system is shown in Fig.
11.6, in which the profile is pulled through plates, between which vacuum is applied
{plate sizing). The main advantage of this process is that there is no floating plug in
the interior of the profile. It is only necessary to maintain atmospheric pressure inside
the profile. For this purpose, boreholes for equalizing the air pressure are arranged in
the mandrel or the cores of the profile die.

Fig. 11.4 External calibration with compressed air (overpressure calibration) [6, 7,
! Compressed air supply, 2 Mandrel, 3 Water inlet, 4 Water inlet, 5 Water outlet,
6 Floating plug, 7 Chain, 8 Plastic pipe, 9 Water outlet, 10 Cooling water, /1 Calibra-
tion (calibration die), /2 Heat separation, /3 Extrusion die
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Fig. 11.5 Ext;rnal calibration with vacuum (closed vacuum with an air cooling channel). | Air
cooling c;hannel, 2 Water outlet, 3 Vacuum, 4 Vacuum calibration die, 5 Water inlet. 6
Profile die, 7 Water inlet, § Vacuum, 9 Water outlet, /0 cooling air '
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Fig. 11.6 External calibration with vacuum plate sizing, Gatto system {12], I Cooling water inlet
2 To vacuum pump, 3 Vacuum, 4 Cooling water outlet N ‘

Closed external sizing (Fig. 11.5) is used for hollow sections and small pipes. For
profiles, g;nera}ly several sizing devices, in between which are cooling sections, are
arranged in series (e.g. window profiles, 3 calibration units, each approximately i100—
45Q mm long), the dimensions of the respective calibration units being matched to the
shrinkage (volume contraction of the cooling profile (Fig. 11.7)) [8-10). With such an
arrangement an optimum contact for cooling is achieved between the sizing system
and the profile. The profile is drawn into the first sizing section. In doing so, it is
deformed plastically and laid along the wall (this underdraft may amount t07 5 to
30%) [2, 3] and the desired profile contour, corresponding to the cross section of the
Sizing equipment, is formed. Lugs and bosses which, for example, are intended to form
the grooves in the profile, are then left out in the later sections of the equipment in
order to reduce the risk of jamming (Fig. 11.7) [8, 10].

With complicated profiles, it is not always possible to apply a uniform vacuum over
th'e whole extent of the profile, so that the calibration is carried out much like
fnctiqn calibration with more or less pronounced vacuum support. In order to prevent
Jjamming of the external profile fins, the grooves in which they are cooled and partially
sized, are deliberately kept 10 to 30% too high-in some places. The profile may be
ripped because of high friction forces; therefore, for safety reasons the vacuum in the
system is frequently reduced by a so-called sniffing valve [2, 3].
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Fig. 11.7 Window profile and calibration [8), a) Deviation of the die contour from the profile
contour, b) Channel cross sections of the three consecutive calibrators

Fig. 11.8 shows the quite involved arrangement of cooling channels in calibration
equipment for the window profile illustrated in Fig. 11.7. For larger profiles that are
open at the side, cooling webs can be inserted in the calibration system in order to
improve the cooling effect (Fig. 11.9) [4]. In that case, it is advisable to change the
exit cross section of the extrusion die as shown in Fig. 11.9 in order to make it easier
to start-up the extrusion plant and to insert the cooling web [4].

Because of the need for high thermal conductivity, brass and copper beryllium are
used as the construction material of such calibration sleeves. As a rule, the surfaces
are hard chromeplated to reduce wear.

Very smooth calibration surfaces, slightly roughened in part, are used for PVC profiles,
while rough surfaces have proven their value for polyolefin pipes [3].

Fig. 11.10 shows a calibration die, that has been built using standardized components
[11). The upper part of such sizing equipment generally can be taken off in order
to make start-up easier. Fig. 11.11 shows a short calibration system with vacuum for
simple profiles. The profiles are then cooled with a water bath, spray or by air.

The calibration speed always depends on the profile to be sized: its shape and wall
thickness as well as the material from which it is made. For closed external calibration
it is of the order of 4-5 m/min [3].

The plate sizing discussed previously (Fig. 11.6) represents one way of reducing the
friction. In this process, the profile (most frequently a tube) is drawn-in much the
same way as metal wires are drawn-through a series of drawing plates, arranged
consecutively in a closed water bath or with interposed spray cooling [12]. The profile
is in direct contact with the cooling water.

By applying vacuum by means of a suction pump (approx. 50 to 200 cm of water for
pipe extrusion) [3], the plastic material running into a closed water bath can be made
to lie closely against the plates. This process is therefore referred to as vacuum tank
sizing. The system can be sealed at the first plate against the environment by means
of an appropriate underdraft, which may be as high as 30% for hollow sections [2,
3). Friction is reduced further by a film of water between the plate and the profile.
Wetting agents and lubricants can have a supporting function [13].

At the entrance to the calibration section, the plates of brass or aluminum, which are
5 to 8 mm thick and have an inlet angle of 30-45° [2, 3] with a slightly decreasing
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Fig. 11.9 Calibre_ition. \vith‘a cooling web, a) Construction of the cross section of the die outlet,
b) Calibration with a cooling web [4], I Upper half, 2 Lower half of the calibrator, 3
Cooling web

interna% diameter, are arranged closely together. Once the extrudate has solidified to
a sufficient thickness, the axially displaceable plates are arranged increasingly further
apart. The plates may also be replaced by a perforated sizing sleeve [2, 3].

In vacuum tank calibration, openings in the plates (arranged around the central sizing
borehole) improve the circulation of the cooling water, which leads to considerably
improved cooling [7, 14].

The calibration equipment must be axially adjustable, in order to be able to produce
the e?ctremely important seal at the profile inlet for the two external sizing processes
mentioned here. The distance between the die and the calibration equipment is between
10 and 100 mm [12].

The exit of the profile from the vacuum tank is sealed with a rubber gasket. Speeds
of up to about 10 m/min are reached with the plate sizing [5].

Plpeg with external diameters up to 630 mm are already being produced [15] by a
Fll%dlﬁed plate sizing process with spray cooling between sets of plates under vacuum
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Fig. 11.10  Vacuum calibration die [11]

Fig. t1.11  Short calibrator with
water bath [11], I Water
outlet, 2 Water inlet, 3
Short calibrator, 4 Water
bath, 5 Vacuum, 6 Profile
extrusion die

11.1.4 Internal Calibration

As the name implies, internal sizing fixes the internal dimensions of extruded hollow
sections of simple cross sectional shape (Fig. 11.12). This process finds little application
for extruding pipes because the external diameter of pipes is usually the basis for the
classification and standardization. Pipes for pneumatic tube conveyor systems with
close tolerances for the diameter represent an application of this calibration system
and, at the same time, an exception [7].

In this process, the mandrel of the extrusion die is joined to a calibration mandrel
that can be cooled and over which the molten tube, extruded from the die, is pulled
and cooled at the same time. (There can be additional cooling from the outside from
an air spray or a water bath [13].) Dies in which the melt is deflected by 90 degrees
(e.g. side-fed dies) or offset dies are frequently used in this process, in order to be able
to hold the sizing mandrel and the sizing cooling system securely.

By a simple profiling of the calibration mandrel, it is possible (as shown in Fig. 11.12)
to convert a round tube, generally produced with a simple tube die, into a simple
profiled shape (here a street marking post). This process is considerably less expensive
than processes using profile dies with an appropriate exit cross section [2, 3, 16].
Making calibration mandrels entirely from PTFE blocks without using any cooling

system has also been attempted [6].
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Fig. 1112 Internal calibration [2, 3, 16)

If the material cools down on the calibration mandrel, considerable take-up forces
may be required when using internal sizing because of the shrinkage of the material.
In order to be able to introduce these take-up forces in a thin-walled profile without
deforming it, roller cores are occasionally used; these are held by a rod on the sizing
mandrel in the interior of the profile at the point of attack of the contact force of the
take-up (3, 6].

11.1.5 Precision Extrusion Pullforming (The Technoform Process)

In the precision extrusion pullforming process, also referred to as the Technoform
Process, a slight accumulation of material is sought between the extrusion die and the
calibration equipment. The profile is then drawn from this accumulation - in much
the same manner as in metal drawing processes - in a short calibration equipment
which is strongly cooled. Further cooling takes place in a connected water bath. In
the calibration equipment, a film of water may be forced between the wall of the
profile and the wall of the sizing die for cooling purposes and to reduce friction. The
magnitude of the melt accumulation is scanned with a sensor and kept constant by
controlling the take-up speed {17, 18].

Low take-up forces due to the short calibration line, high calibration speeds and the
fact that the profile dies do not have to be optimized as to their flow behavior, are
the advantages of this method [19].

11.1.6 Special Process with Mavable Calibrators

If the calibrators move continuously with the extrudate, profiles with a changing cross
section (in the direction of the take-up) can be produced.

Thus method is used, for example, to produce corrugated pipes (Fig. 11.13). Caterpillar
take-up with special, semicircular grooved metal dies (molding chain) are used in which
the molten plastic tubes are molded by pressure or by vacuum.

In order to prevent a premature cool-down or expansion (when using internal pressure)
of the extrudate, it must be directed by a special heated outer die ring close to the grip
of the molding chain. Since the nozzle must be very “slim” because of the proximity
of the molding chain, it cannot be heated along its entire length. Therefore, it must be
made from 2 material with exceptionally good heat conductivity (e.g. copper-beryilium

alloy) [3].
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Fig. 11.13 Manufacture of corrugated
pipes [4], I Floating plug,
2 Compressed air outlet, 3
Mandrel. 4 Die, 5 Chain with
corrugated internal surface

Closed hollow bodies are also made continuously by this method, as shown in [20] on
an example of a flat element for a heat exchanger.

11.2 Thermal Design of Calibration Lines

The profitability of a manufacturing process is closely related to the quantity of
products produced. With regard to an extrusion process, this means that the output
achievable is one of the factors having a decisive effect on the economic success.
However, when profiles are extruded, the output achievable is usually not determined
by the extruder, but by the output of the calibration and cooling equipment, which
follows the extruder. The calibration and cooling equipment is not allowed to exceed
a certain length as was pointed out earlier. The reason for that is that the friction
forces between the profile and the calibration equipment must not become too large;
it also is important to assure that the profile is introduced into the sizing equipment
rapidly and in a simple manner [3].

When designing the calibration equipment the required length of the calibration die
(sizing equipment) is of interest. In calculating the length of the calibration die, it
is wise to start out from the assumption, shown in Fig. 11.1, that only a thin outer
layer of the extruded semi-finished product must be cooled to a temperature below
the softening temperature in order to ensure that the profile retains its shape and
dimensions [1, 21-23].

This required, frozen layer dy must be sufficiently thick after leaving the calibration
equipment to be able to withstand, for example, the take-up forces, or, when sizing
externally with compressed air, the tangential forces due to the pressure in the interior
of the profile.

It therefore appears to be reasonable to analyze the forces acting on the profile and
to determine the cross sectional area of the solidified profile or the thickness of the
solidified layer required for the transfer of forces on the basis of the strength of the
extruded material below the solidification temperature. This is shown in [21, 22] for
external sizing with compressed air. In the same article, the forces acting on the profile
are discussed from the point of view of a possible deformation of the profile.

The following forces can act on the profile: the calibration pressure, the weight of the
profile, the buoyancy in a cooling bath, the take-up force, frictional forces along the
wall of the sizing die as well as the compressive forces due to hydrostatic pressure in
a cooling medium [21, 22].

[References p. 336] 11.2 Thermal Design of Calibration Lines 321

10

Oii [ 1
NI
0.2 ] / \\

0 100 200 °C 300
Temperature T

Fig. 11.14  Friction coefficients for different material combinations [21], I Polyethylene, 2 PVC -
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The forces acting on the extrudate can be divided as follows:

~ Longitudinal forces caused mainly by the frictional forces between the extrudate
and its outer surface area which add up to the total take-up force across the length
of the cooling section

- Traqsvcrse forces caused by pressure differences between the hollow chambers
(cavities) in the extrudate and its outside surface (in pressure and vacuum
calibrations) or by the effect of gravity (own weight, buoyancy in the water bath).

The transverse forces alone absorbed directly either by the calibrator wall or by

suitable support (rollers) so that they do not sum up over the length of the cooling

section. However, they can affect the friction forces.

The friction force between the surfaces of the extrudate and the calibrator can be

expressed as:

Freiction = Frormal " & (11.1)

w is the friction coefficient typical for the pair of the materials in question and F,
the normal force between the surfaces.

The friction coefficient itself is temperature dependent (Fig. 11.14) [21], while it is
clegr that the lowest possible contact temperature (particularly at the entry into the
calibrator) leads to a reduction in the friction force.

Tl‘le.known fact of the stickiness of polyolefins is manifested in an exceptionally high
friction coefficient around 100 °C,

If the thickness of the frozen layer dy is determined or is given bascd on practical
knowledge, the length of the calibration die necessary to achieve it can be estimated
by several different methods.

11.2.1 Analytical Computational Model

The one-dimensional heat transfer in a plate-shaped body (Fig. 11.15) is described by
the following equation

8T B [ aT
=== < ) (11.2)

Bt 5% \Yox

with @ being the thermal diffusivity.
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Closed hollow bodies are also made continuocusly by this method, as shown in [20] on
an example of a flat element for a heat exchanger.

11.2 Thermal Design of Calibration Lines

The profitability of a manufacturing process is closely related to the quantity of
products produced. With regard to an extrusion process, this means that the output
achievable is one of the factors having a decisive effect on the economic success.
However, when profiles are extruded, the output achievable is usually not determined
by the extruder, but by the output of the calibration and cooling equipment, which
follows the extruder. The calibration and cooling equipment is not allowed to exceed
a certain length as was pointed out earlier. The reason for that is that the friction
forces between the profile and the calibration equipment must not become too large;
it also is important to assure that the profile is introduced into the sizing equipment
rapidly and in a simple manner [3].

When designing the calibration equipment the required length of the calibration die
(sizing equipment) is of interest. In calculating the length of the calibration die, it
is wise to start out from the assumption, shown in Fig. 11.1, that only a thin outer
layer of the extruded semi-finished product must be cooled to a temperature below
the softening temperature in order to ensure that the profile retains its shape and
dimensions [1, 21-23].

This required, frozen layer dg must be sufficiently thick after leaving the calibration
equipment to be able to withstand, for example, the take-up forces, or, when sizing
externally with compressed air, the tangential forces due to the pressure in the interior
of the profile.

It therefore appears to be reasonable to analyze the forces acting on the profile and
to determine the cross sectional area of the solidified profile or the thickness of the
solidified layer required for the transfer of forces on the basis of the strength of the
extruded material below the solidification temperature. This is shown in [21, 22] for
external sizing with compressed air. In the same article, the forces acting on the profile
are discussed from the point of view of a possible deformation of the profile.

The following forces can act on the profile: the calibration pressure, the weight of the
profile, the buoyancy in a cooling bath, the take-up force, frictional forces along the
wall of the sizing die as well as the compressive forces due to hydrostatic pressure in

a cooling medium [21, 22).
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The forces acting on the extrudate can be divided as follows:

- Longitudinal forces caused mainly by the frictional forces between the extrudate
and its outer surface area which add up to the total take-up force across the length
of the cooling section

- Traqsverse forces caused by pressure differences between the hollow chambers
(caylties) in the extrudate and its outside surface (in pressure and vacuum
calibrations) or by the effect of gravity (own weight, buoyancy in the water bath).

The transverse forces alone absorbed directly either by the calibrator wall or by

suitable support (rollers) so that they do not sum up over the length of the cooling

section. However, they can affect the friction forces.

The friction force between the surfaces of the extrudate and the calibrator can be

expressed as:

Ffricliun = Frmrmal TH (1 11)

# is the friction coefficient typical for the pair of the materials in question and F, ..,
the normal force between the surfaces.

The friction coefficient itself is temperature dependent (Fig. 11.14) [21], while it is
clear that the lowest possible contact temperature (particularly at the entry into the
calibrator) leads to a reduction in the friction force.

The known fact of the stickiness of polyolefins is manifested in an exceptionally high
friction coefficient around 100 °C,

If the thickness of the frozen layer dy is detcrmined or is given based on practical
knowledge, the length of the calibration die necessary to achieve it can be estimated
by several different methods.

11.2.1 Analytical Computational Model

The one-dimensional heat transfer in a plate-shaped body (Fig. 11.15) is described by
the following equation

aT ] ( 6T>
= (11.2)

o ox \“ax

with a being the thermal diffusivity.
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Fig. 11.15 Model for the cooling of an extrudate, I Thickness of the layer solidified at the time
t;, 2 Resistance to heat transfer, T Temperature, Tyy Temperature of the melt at
the time g =0, Tp Temperature of the cooling medium, Tp Surface temperature, Tg
Solidification temperature, ¢ Density, cp Specific heat capacity, 4 Thermal conductivity,

o Heat transfer coefficient, 4” Heat flow per area

The resistance to the heat transfer at the cooled surface of the said body is
oT
g = ] e =cu(Tg—Tx
q 7 |._p a(To F)
With the following assumptions:
— temperature independent material data (4,0,c;)
— constant geometry and size (no shrinkage)
- constant boundary conditions (¢, Tg)
- a homogeneous distribution of the intitial temperature (T), everywhere at t=0)
The analytical solution to Equation 11.2 is given by [24]:

(11.3)

Te,0—Tp _ 2sind _e—ﬁzg—’.ms((g;’i), (11.4a)
Ty — T 5 +sind cosd D

¢ can be obtained by iteration from the following function

D
5 =22 cot(s) with 0<5s’2—t (11.4b)
~ The dimensional quotient in Equation (11.4b)
“—,? = Bi (11.5)

is the Biot Number, which can be interpreted as the ratio between the internal (D /1)
and external (1/o) resistance to the heat transfer.
- The dimensionless quotient in Equation (11.4a)

at At o ’ (11.6)

—Ez——g-cp~D2

is the Fourier Number which can be interpreted as a dimensionless cooling time
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— The dimensionless quotient in Equation 11.4a

Tl{x, t)—Tg _
Ty —Tg
is called the degree of cooling.
When observing the degree of cooling as a function of time on any location of the
plate mentioned above, it is seen that when at the beginning (t; =0), T =T, and
consequently @ =1, while for long cooling times (T = T} approaches zero.
Setting the required degree of cooling of the solidified layer with

O, ) (1L

o Te—Tg
O = T =T (11.8)
as well as the required thickness of the solidified layer with
dg =D —xg (11.9)

known in advance, the Equation (11.4) can be solved with respect to the dimensionless
cooling time FOE using Equations (11.5) and (11.7):

S+sin(d) cos(d) | 1

(11.10a)
— 2
2-sin(§) - cos <5D Dd5> d

Fg,=—In | O

with

§=Bi-cot(s) 0<d< (11.10b)

e

In [21, 22, 23] different procedures to simplify Equation (11.10) are introduced and
compared to each other. They are based on data from experience.

The procedure in [22] which yields the best results for the design of a cooling section
for pipes described in it, leads to a diagram shown in Fig. 11.16. The dimensionless
cooling time Fy can be obtained from the predetermined thickness of the solidified

layer and the degree of cooling and can be used for the calculation of the length of
the cooling section from known line speed v,, and the thermal diffusivity « of the
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Fig. 11.16 Estimating the length of the calibration [21, 22], I Heating/cooling medium, 2
Calibrating sleeve, 3 Profile, 4 Solidified layer
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extrudate, thus:
2

D
L =Fo, —uy, (11.11)

For the sake of simplicity an ideal thermal contact between the extrudate and the
cooling medium was assumed here (Biot — o0, § =mr/2)

The relationships between the wall thickness of the extrudate D, the thickness of
the solidified layer dg, the relative cooling intensity B; or § described respectively
by Equation (11.10) and the required dimensionless coolmg time FO is useful [26]

for transfering characteristics of well designed cooling section to new coohng section

for extrudates with different dimensions. The simplifications made for the analytical

solution of Equations (11.2) and (11.3) allow generally only a rough estimate of the
thermal events in the cooling section. The following three critical points should be
mentioned here:

— In the external calibration with vacuum a gap will form between the sizing die and
the profile as a result of the shrinkage of the material during its cooling. This gap
can either act as thermal insulation or can be filled with cooling water — in such a
case where the calibration sleeve is open on the side of the cooling bath. This, of
course, affects the heat transfer at the surface of the extrudate considerably; it is no
longer possible to assume a constant heat transfer resistance.

— The simplification by the assumption of constant material data appears to be also
critical, because a transformation of the material occurs in the solidified layer
(particularly in semi-crystalline polymers).

~ In many cases, particularly in profile extrusion, the heat transfer cannot be assumed
to occur in one dimension only. It is necessary then to apply procedures which
consider the typical two-dimensional geometry of both the extrudate and the
calibrator.

11.2.2 Numerical Computational Model

The solution of Equation (11.2) can be solved numerically only when considering the
temperature dependence of the thermal material data specific for the given material
and the time dependent thermal boundary conditions. FDM or FEM procedures are
applicable here.

The typical ranges of values of the thermal resistance between the extrudate and
the cooling medium for different configurations of the cooling sections are given in
Fig. 11.17 [23, 27-29]. The widths of the ranges given there indicate that these are
hardly heat transfer coefficients typical for a given configuration. This is particularly
true for the dry calibration, for which [27] gives values with a spread up to 75%. The
heat transfer coefficient (a characteristic value of the resistance to the heat transfer)
in this type of calibration shows not only a dependence on the geometry of the
cross section and the cooling time, but also a pronounced dependence on operating
conditions of the line (throughput, take-up speed, temperature of the material) [29~
31]. The spreads of values for the “wet” calibration process are considerably smaller
(approximately 30%).

There are no generally valid equations for the determination of the heat transfer
coefficients. The reason for that is that the relationships between the shaping of the
profile by the friction or take-up forces, shrinkage and distortions of the profile (due
to internal stresses) and the heat transfer mechanisms are exceedingly complex and
therefore do not lend themselves to a general description.
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Fig. 11.17 Heat transfer coefficients for different types of profile calibration lines [27]
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Fig. 11.18 Computed course of temperature distribution in the wall of an extruded PE-HD pipe
(25 x 3) for different cooling conditions [23]

Nevertheless, the time dependent temperature patterns in the extrudate can be
estimated from mean values of the heat transfer. Also, from this, the effects of
processing variables (changes in the temperature of the cooling medium, in the length
or configuration of the individual cooling sections) on these temperature patterns can
be correctly calculated in the order of magnitude and trends.

Fig. 11.18 shows, for example, the effect of the change in the configuration of the
cooling section (from a water bath cooling to a spray cooling) or the temperature
pattern in the wall of a pipe (results of an FDM computation). Taking the temperature
at the end of the cooling section averaged over the wall thickness of the pipe as the
basis of the design criterion the length of the cooling section can be reduced by 70%
by using a spray cooling system (at the same take-up speed).

The computation of the cooling processes in profiles with complex structure is
described in [27, 28]. Here the FEM procedure is applied in order to describe the heat
transfer in the extrudate in two dimensions (Fig. 11.19).

The same procedure is applied [32] to compute the effect of different materials
from which the calibrator is made on the temperature distribution on the extrudate
surface (Fig. 11.21). This pertains to the calibration of a rectangular pipe, shown in
Fig. 11.20.

The results show that the temperature distribution is homogeneous, except in the area
of the corner of the pipe, when the calibration is done by brass components. For
a calibration with steel components the position of the cooling channels had to be
optimized in order to attain similarly homogeneous temperature distribution.

The computed temperature distributions with regard to time for selected points in the
pipe wall (see Fig. 11.20) with the use of dry calibrators are shown in Fig. 11.22. The
first calibrator is made from brass (M) and the following ones from steel (S).

The individual calibrators are arranged here with a gap so that the surface of the
extrudate can be warmed up in the air gaps between the calibrators by the heat flowing
from the inside (Points 4 and 5). Fig. 11.23 shows conclusively that the effectiveness of
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Fig. 11.19 Temperature distribution in 2 picture frame profile [27]

the calibration line can be improved by this measure considerably. In that illustration
the graphic representation of the temperature as a function of time for the case of
calibrators with a gap is done by a solid curve a) and the case without a gap by a
dashed curve b). The origin of this functional representation is located at the entrance
to the fourth calibrator. The friction forces are of the same order of magnitude in
both cases, because the total length of the calibration dies remains the same (the length

Fig. 11.20 A profile and the calibrator,
1 PVC,
2 Metal, 3 Extrudate,
4 Cooling channels, 5 Cali-
brator




328 11 Calibration of Pipes and Profiles [References p. 336]

1 .
L | |
11 II‘{ :J:fﬁ
T

L1

QY 100 : t !
e
T ———

v

90

0

A.fo sec \:{:

=

|1

60

L] "
50 i o see | s
40 ] N M Fig. 11.21 Temperature distribution
R i : on the extrudate surface for
30— | different cooling times in
\FE a brass (M) and steel (S)
1 calibrator

of the cooling section is increased in a, against b, by the length of the gaps, which is
38% here).

When taking the temperature of the inside surface 60 °C (Point 1) as the basis for the
design, it is clear from Fig. 11.23, that the total length of the calibration in Case 1 can
be shortened by approximately 13% (5.2 seconds from the total 4 times 10 seconds)
or the line speed can be increased accordingly.
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These examples show how the cooling processes can be evaluated using theoretical
considerations as to their effectiveness while changing individual processing param-
eters, the geometry and type of construction used in the cooling sections. The materials
used can also be evaluated this way. With such a simulation, it is possible to recognize
the trends caused by the different variables in the cooling and to separate the important
factors from the unimportant ones. (Additional studies of this kind dealing with
thermal after-treatment of extrudates in different dies are found in [27, 33-39].

11.2.3 Analogy Model

The use of two-dimensional numerical procedures (Finite Difference Method or Finite
Element Method) requires a much longer time when compared to the one-dimensional
methods of estimation, because the respective geometry (or partial geometry, as the
case may be) of the cross section of the extrudate must be first transformed into a
form (FD or FE mesh) suitable for loading into the computer.

A method to estimate the change of temperature with time in basic geometric elements
which frequently occur in profile cross sections, and in which the heat transport cannot
be described in one dimension, is described in [40—42]. This method does that by by-
passing the demanding numerical computational procedures.

Such basic geometric elements for a typical profile geometry are shown in Fig. 11.24.
These basic elements (L and T regions) are often determining the cooling time because
of the changed ratio of surface to volume, which means they often cool slower than
the straight plate-like (and hence thermally one-dimensional) partial geometries of the
extrudate cross section.
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Fig. 11.24 Basic geometries of
a typical profile cross
section, I Box corner,
2 Plate {cooled on one
side), 3 T-Profile, 4 End
of a plate, 5 L-Profile,
6 Plate (cooled on both
sides), 7 Corner rib, 8
Groove corner, 9 non-
cooled surfaces (hollow
chamber), 10 Cooled
surfaces

The theory of this analogy is based on the assumption that the thermal processes in
these basic elements can be characterized by dimensionless constants in a similar way
as in a one-dimensional case.

Assuming constant thermal material data and boundary conditions in Fig. 11.25 the
definitions of the characteristic numbers for the three cases of cooling in the L-region
are shown in the following examples:

~ L-profile (cooled on both sides)

- corner of a box (cooled outside)

- corner of a groove (cooled inside).

In the L -region in addition to the following three characterisitc numbers derived from
the one-dimensional studies

- relative cooling intensity (Biot Number, see also Equation (11.5))

- dimensionless cooling time (see also Equation (11.6))

- dimensionless temperature (see also Equation (11.7))

the following constant is added:

- the (dimensionless) thickness ratio D of both L-shanks.

When computing the two-dimensional temperature distributions as a function of time
in the basic geometry for the different cases of cooling and different combinations of
the constants Bi and D applying a numerical simulation procedure, the temperature as
a function of time for individual points of the geometry can be plotted as a function
of the Fourier number. '

To estimate the required length of the cooling section (or the cooling time), it is now
not necessary, in most cases, to know the temperature as a function of time at each
point of the cross section of the extrudate. On the contrary, often it is sufficient to
know only the cooling behavior of the points in the geometry, which are thermally
the most sluggish ones. The numerically determined temperature profile as a function
of time for each of these thermally most sluggish points is then approximated in
dependence on Bi and D using simple equations on a pocket calculator or plotted
graphically.

Fig. 11.26 shows the result of such an investigation. Finally, with this procedure,
the temperature patterns in more complicated partial geometries can be determined
equally quickly and under the same conditions as for a simple plate or a pipe wall.
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The critical points with regard to the assumed constancy of the thermal material dgta
and boundary conditions mentioned there are valid to the same extent when applying

this analogy model.

11.2.4 Thermal Boundary Conditions and Material Data

The thermal material data of the extrudate are essential for computations leading to
a meaningful thermal design. When any of the computations is based on incorrect
or inaccurately determined data, the resulting cooling times are equally inaccurate.
The measurement of the above data is difficult and costly, particularly for semi-
crystalline thermoplastics, which exhibit a pronounced temperature dependence of
heat conductivity and thermal diffusivity in the region near their T, (crystalline
melting temperature).

In addition to that, these material data can be dependent on processing conditions
(cooling rate, degree of crystallinity). In many cases, the average values obtained from
the manufacturers of the raw materials are the only ones available.

This possible source of errors is particularly disturbing when the thermal boundary
conditions under which the extrudate is cooled are to be quantified by means of
simulative computations.

Since the coefficient of heat transfer is virtually impossible to measure, as mentioned
before, procedures were developed which allow its indirect determination from
measurements of the temperature in dependence on time in the extrudate.

The computations for the cooling are performed in such a way that the calculated
boundary conditions are subjected to iteration until the measured and computed
temperature patterns are in agreement [27, 29, 31]. .
If the computations in this procedure are based on incorrect material data, the resulting
heat transfer coefficients will be critically affected [27, 31].

11.3 Effect of Cooling on the Quality of the Extrudate

The criteria used for measuring the quality of an extrudate and which are affected by
the cooling process, are:

— the condition of the surface (gloss, grooves)

- dimensional stability

- the stability against mechanical loads and influence of media

— the texture of the solidified extrudate )

The gloss of the surface is produced definitely in the first cooling phase. Polished, er
entrance into the calibration line leads to a high gloss while direct cooling by liquids
produces dull surfaces. Grooves are formed due to worn calibratjons or by abrasive
particles brought in by the liquid in wet calibration (which often is the reason for the
preferential use of dry calibration). ) )

Under the term dimensional stability not only reaching the required dimensions and
tolerances is understood, but also a stability of dimensions in heat (e.g. shrinkage),
which is affected by frozen-in mechanical stresses in the extrudate (underdraft c.iue
to friction in the calibration line, distribution of internal stresses in the cross section
of the extrudate due to cooling). The level of internal stresses can be reduced by
two-sided cooling (which is not always possible) [43]. .
The residual stresses in the extrudate also affect the stability in mechanical loading
and the resistance against corrosive media. Generally, when compressive stresses are
produced in the extrudate surface while being cooled, a high stretch of the solidified

bkt Yot s ©
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surface layers during cooling (e.g. by large friction and take-up forces) can lead
to residual tensile stresses in the surface [23, 44, 52). In this case the extrudate is
very sensitive to even miniscule injury to the surface in use or to corrosive media
(environmental stress cracking).

The texture, particularly that of extrudates with thick walls, depends on the wall
thickness. This is especially true about semi-crystalline thermoplastics. Near the cooled
surfaces the degree of crystallization can be negligible, so that there is a boundary
layer without any texture; however, inside layers, which were cooled more slowly,
are highly crystalline. The thickness of the boundary layer without texture increases
considerably with more rapid cooling [45, 46].

11.4 Mechanical Design of Calibration Lines

When designing a calibration line it is important to build its fixed elements strong
enough to resist the high take-up forces. In many cases so-called calibration tables
are used, which have a mounting plate with adjustable height and located in their
base is additional equipment, such as vacuum pumps, as well as tanks for coolant.
The mounting plates hold different kinds of calibration tooling. The take-up forces
for large profiles (e.g. main profiles for windows) can be up to several tons, therefore
the equipment has to be anchored well in the floor of the production facility. The gap
between the cooling section and the extrusion orifice should be easily adjusted (e.g by
pinions) in order to facilitate the start-up of the line.

Closed outside calibrators have to be made in sections for threading the extrudate,
particularly for profiles with complicated cross section geometry.

The weight of individual calibrator blocks (at least their tops) should not exceed 20 kg
so that they can be handled with relative ease.

The material from which the calibrator is made is chosen based on the production
requirements. In most cases brass or steel have been used successfully; occasionally
aluminum is selected [47].

Brass and aluminum have advantages over steel in thermal conductivity and machining,
The higher tendency of these two materials to wear requires special surface treatment
(chromeplating of brass, anodization of aluminum), which has to be repeated locally
if the wear is excessive.

Wet calibrators tend to have higher wear than dry ones because abrasive particles in
the cooling fluid.

11.5 Cooling Dies, Process for Production of Solid Bars

Profiles with thick walls, such as solid bars up to 500 mm diameter and thick plates
(slabs), are produced with cooling dies.

The tooling for this process consists of a calibration die, which is attached directly to
the shaping die (without any gap} and which is cooled intensively (Fig. 11.27). In this
set-up, it is important to achieve a solid attachment of the calibrator to the die and a
good thermal separation of both at the same time.

The flow channel in the shaping die moves the melt from a relatively small flow
diameter (independent of the geometry of the semi-finished product [13]) under a
relatively steep aperture angle (up to 45 degrees) into the transition zone and towards
the cooling section. There a solidified layer on the extrudate surface is formed which
becomes increasingly thicker in the direction of extrusion. The inside of the extrudate
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Fig. 11.27 Extrusion of solid bars [3], I Extrusion die, 2 Cooling water inlet, 3 solidified layer,
4 Water bath, 5 Water level, 6 Melt, 7 Calibrating section, 8 Cooling water outlet, 9

Thermal barrier

contains a melted core, shaped as a cone or a wedge which can reach far into the
calibration line.

The operating conditions of the extruder and the speed of the line have to be matched
in such a way that the pressure in the melt cone up to its tip is high enough to prevent
the formation of voids due to thermal shrinkage of the solidified polymer [48]. These
high melt pressures (of the order of 100 bar) lead to accordingly high normal and
friction forces in the former between the die and the extrudate. The friction forces can
be reduced by a smoothly finished surface of the die by using lubricant (e.g. oil} or
by surface coating (e.g. PTFE) [3, 49]. On the other hand, the melt pressure supports
the take-off of the extrudate though the projected area of the profile cross section.
Depending on the ratio between area of the profile cross section and the surface area
of the extrudate being in contact with the former and subjected to friction, it can
be necessary to slow down the profile instead of pulling it away, especially when the
strands are thick and extruded at low speeds.

Special take-up devices (mostly caterpillar take-up) are used for this purpose that have
the ability to slow down the speed of the extrudate. Special requirements are necessary
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for the drive of these devices with regard to the freedom from play (when changing
the load).

Another way to transfer breaking forces to the extrudate as close as possible behind
the exit from the calibrator is the use of spring loaded shoe breaks (see also friction
calibration) with adjustable pressure onto the extrudate.

The cooling of the extrudate occurs mostly in two steps. The calibration section is
designed so short so that a thick enough solidified layer is formed capable of resisting
the internal pressure and the take-up forces. A cooling section with a water bath
or spray cooling line (possibly with support rollers) generally follows the calibrator
[49].

The progress of the solidification front in a PP solid profile with a height of 95 mm
is shown in Fig. 11.28 as an example. After a take-up length of 800 mm the solidified
outside skin reached the minimum thickness of 10 mm so that the calibration can end
here and the profile can be further cooled down in a water bath [27].

The time dependent temperature profiles of different locations in the extrudate for a
combined calibration and water bath cooling sections are shown in Fig. 11.29. The
calibration ends here at the cooling time of 1,600 seconds (take-up speed 0.03 m/min).
It is obvious, that the layers of the extrudate near the surface (Points 1 and 5) warm
up slightly when entering the water bath. This can be attributed to a less intensive
heat transfer in this part of the cooling section.

After approximately 6,200 seconds the thermally most sluggish point of the extrudate
(4) reaches the temperature of 50 °C, which corresponds to a length of a water bath
of 2.3 meters.

Because of the high internal pressure in the calibrator, it is important to pay attention
to sufficient mechanical stability, particularly with regard to the location of the cooling
channels.

Because of the very low cooling rates, small extruders (screw diameter 30-45 mm)
[4, 51], sometimes with multiple dies, are used for the extrusion of solid rods. The
extrusion speeds, for example, for a PA (polyamide) round rod with a diameter of
60 mm, are about 2.5 m/hour, and with a diameter of 200 mm, about 0.5 m/hour
[51].

The residual stresses generated during the cooling of the extrudate have an adverse
effect on its properties, particularly if machined (distortion during the operation).
Therefore, such profiles are often first annealed.
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Fig. 11.29 Computed temperature-versus-time plot (histogram) of a block profile
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Symbols and Abbreviations

Te
dg

ternperature of solidification
thickness of the solidified layer

Frriction  [riction force

normal force

normal
I coefficient of friction
Tm mass (melt) temperature
Tr temperature of the cooling medium
To surface temperature
Qu heat transfer resistance
oty thermal diffusivity
@ degree of chilling (quenching)
Og degree of chilling (quenching) of the solidified layer
Xg thickness of the melt layer
FOE dimensionless cooling time
a thermal diffusivity
Uat line speed
D wall thickness of the extrudate
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Velocity profile 26, 53, 56, 59, 65, 71, 99,
221, 253, 257

Vinogradov Model 24

Viscoelasticity 19, 38, 108, 254

Viscometric flow 104

Viscosity 20

Viscosity exponent 21, 246

Viscosity function, apparent 34

Viscosity function, true 34

Viscosity, representative 34

Volume, specific 42

Wall slip 68, 244

Water bath cooling 314

Weight, specific 42
Weissenberg-Rabinowitsch Correction 34
WLF Equation 30, 40, 101
Wortberg-Junk Model 41, 139

Yield stress 25, 244




