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Preface

In January 2003, this book was published in its 3™ edition in English. Since
then, an unrelenting demand for the book has been observed, both for the German
and English versions. In order to meet this demand, it is our pleasure that Hanser
now publishes this 4™ edition. With this edition, “Extrusion Dies” has for the
first time two editors: In April 2011 Prof. Dr.-Ing. Christian Hopmann succeeded
Prof. Dr.-Ing. Dr.-Ing. E.h. Walter Michaeli as holder of the Chair of Plastics Pro-
cessing and Head of the Institute of Plastics Processing (IKV) at RWTH Aachen
University, Aachen, Germany. We are very pleased that this book with its long
history with Hanser is continued into the next IKV generation.

This update will continue to help you in your work and life while hopefully also pro-
viding pleasure in reading. We have retained the structure of the book, which has
proven itself over many years and received much positive resonance from readers.

When we say “we”, we particularly refer to Dr.-Ing. Christian Windeck, former head
of the IKV extrusion department, and his successor Nafi Yesildag, M.Sc., who have
critically analyzed, checked, and supplemented the contents, equations, and refer-
ence lists. We would like to express our special thanks to both of them.

We further thank Mark Smith and Jorg Strohbach of Hanser for their support in the
publication of our work.

Once again, suggestions obtained from the plastics and rubber industry were taken
up and addressed in this fourth edition. We thank all those who provided their
suggestions and help. Many research and development efforts of the IKV form the
fundament of some of the facts described in this book. Against this background,
we thank the Federal Ministry for Economic Affairs and Energy (BMWi), Berlin,
for the promotion of many industrial research projects through the German Feder-
ation of Industrial Research Associations (AIF e.V.), Cologne, the Deutsche
Forschungsgemeinschaft (DFG), Bonn-Bad Godesberg, the Federal Ministry of Edu-
cation and Research (BMBF), Bonn, and the European Commission, Brussels, with
respect to extrusion dies.

Walter Michaeli

Christian Hopmann



Preface to the
Third Edition

During my last visit to Medellin, Colombia, on occasion of the 10th anniversary of
the ICIPC, a thriving plastics and rubber research institute, I met many young and
eager students who knew my name because they had studied the book on extru-
sion die design. They asked many questions and I could not say good-bye without
being photographed showing me at the center of their group. I enjoyed that for two
reasons: first, this event showed that the book has reached acceptance even far
away from my hometown. Second, it was important to learn that those young men
and women enjoyed studying the book on their way to qualify for their professional
life. But this book has also been written for the people who need daily support in
their practical work applications in industry and science. Twelve years have gone
by since the second edition of this book was published, years with visible changes
and innovations in the field of extrusion and die design. For example, spiral
mandrel dies have existed for more than three decades, but some functionalities
have changed. Today, we place the spiral on a flat surface and feed it from the side.
And when we pile a couple of those systems on top of each other, the result is the
so-called stack die, which provides several advantages over classical coextrusion
dies with annular slits. We incorporated this new development in Chapter 5.

It may be the dream of an extrusion die designer to process all of the material,
processing, and geometrical data of the final product with a computer and end up
with a fully designed flow channel which facilitates the optimum flow distribution.
In studying this book, the reader will realize that finite element analysis is a key to
fulfilling this dream, but the proper description of the viscoelastic properties of the
extruded materials is still a challenge for rheologists and engineers. Nevertheless,
significant steps have been made in this direction. For viscous flow, that goal has
almost been reached. Therefore, a new chapter on optimization of extrusion die
performance with computers was integrated into this third edition.

I would like to thank my co-workers, Dr.-Ing. Boris Rotter, head of the IKV extru-
sion department, and Dipl.-Ing. Stefan Kaul, research engineer in this department,
for their support and active help in reviewing and improving this book with their
expertise. Many of the results presented in this book were produced by students at
the Institute during the research for their diplomas.



VIl Preface to the Third Edition

Much gratitude also goes to those who provided many suggestions and help; in
particular, the members of the IKV advisory committees: Extrusion, Blow Molding,
and Rubber Technology. Many research and development projects of IKV form the
basis of some of the relations documented in the book. They were made possible by
the cooperative research between the industry and the IKV, by the support and
funding of the Arbeitsgemeinschaft industrieller Forschungsvereinigungen Otto
von Guericke e. V. (AiF) in Cologne, the Deutsche Forschungsgemeinschaft (DFG),
Bonn-Bad Godesberg, and the Federal Ministry for Education, Research and
Technology (BMBF) in Berlin, respectively Bonn and the European Commission,
Brussels.

Last but not least, I woud like to thank Dr. Wolfgang Glenz of Hanser, Munich, for
so many years of excellent and active cooperation and for his vital insight. Such
insight is appreciated by technical authors like myself, who have a rather challeng-
ing job, which at least nourishes our families, parallel to writing books. All of these
contributing factors make things easier to write a book like this.

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 poly-
mers 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 educa-
tion. 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 Kunststoffverarbei-
tung (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. Cosier who assured the
good quality of the illustrations. Many special and personal thanks to all of them.



X Preface to the Second Edition

Many of the results presented in this book were produced by students at the Insti-
tute during their studies and research leading to diplomas. They also deserve
sincere thanks.

Suggestions obtained from the plastics and rubber industry were taken up and
dealt with in this second edition. Many thanks go also to those who provided the
suggestions and help, in particular the members of the advisory committees Extru-
sion, Blow Molding and Rubber Technology of the IKV.

Many research and development efforts of the IKV form the basis of some of the
relations described in this book. They were made possible by the cooperative
research between the industry and IKV, by the support of the Arbeitsgemeinschaft
Industrieller Forschungsvereinigungen (AIF) in Cologne, of the Deutsche Forschungs-
gemeinschaft (DFG), Bonn-Bad Godesberg and the Federal Ministry for Research
and Technology (BMFT) in Bonn as well as by the Volks wagen werk Foundation in
Hannover.

Aachen, in November 1991
Walter Michaeli



Preface to the
First Edition

In this book an attempt is made to present to the practitioner and to the student a
broad picture of all extrusion dies for plastics. In pursuing that objective the vari-
ous types of dies and their specific features are discussed, guidelines for their
design given and approaches to computational engineering analyses and its limita-
tions 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 continu-
ing in the present, to model the transport phenomena (flow and heat transfer) in
the extrusion die mathematically. These important projects are motivated primar-
ily by the demand for higher productivity accompanied by better product quality
(i.e. dimensional accuracy, surface quality) of the extruded semifinished goods.
Purely empirical engineering methods for extrusion dies are becoming unaccept-
able 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 mate-
rial 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 differ-
ence and finite element methods (FEM) are also discussed because of their increas-
ing 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.



Preface to the First Edition

The book was written during my activity as head of the Extrusion and Injection
Molding Section at the Institut fuer Kunststoffverarbeitung (IKV) at the Rhein-
isch-Westfaelische Technische Hochschule Aachen (Institute for Plastics Process-
ing at the Aachen Technical University, Aachen, West Germany, Director: Prof. Dr.-
Ing. G. Menges). | 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 prepara-
tion 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, pro-
motion and support which made it possible for me to complete it.

Further thanks are extended to a number of representatives of the plastics indus-
try, 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 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 possi-
ble: 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
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Introduction

In the extrusion of thermoplastics into semifinished products, two units occupy a
central position: the extrusion die (also known as the extruder head), which shapes
the melt, and the former or calibrator, usually mounted adjacent to the extrusion die,
whose function is to guide the molten semifinished product while 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 vulca-
nization follows the extrusion 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. Subsequently, the extru-
sion die and the calibration unit determine the dimensions of the semifinished
products. In this connection, it must be taken into consideration that the rheologi-
cal and thermodynamic processes in the die and in the calibrator, as well as any
stretching processes that may be present between the die and the calibrator or in
connection to both, have a decisive effect on the quality of the extruded semi-
finished products (such as the surface and the characteristic mechanical proper-
ties). In order to design the extrusion die and the calibration unit in a manner that
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, such as 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 semifinished products. This leads to a more
reliable design of extrusion die and of calibration unit.




2 1 Introduction
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Figure 1.1 Diagram of an extrusion line for profiles, left to right: dumping chute (storage),
cutter, take-up, cooling section, calibration, die, and extruder
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Figure 1.2 Functional sections of a die and a calibrator [Reifenhduser]

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, with attention being focused on a description of the extrusion die. Rules are
derived for their design, and simple mathematical aids are given that conform to
practical needs. Moreover, reference is made to the special features of different
designs for the die 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, mechanical, manufacturing, and operational points of
view arise in the design and engineering 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 that
are due 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 points of view must be given consideration in the design of the indi-
vidual die and calibration unit components to achieve the lowest manufacturing
costs, such as using die materials that 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

m 3 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 semifinished products without
axial symmetry? (This is, among other things, on the basis of visco-elastic
effects.)

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

® stagnations and decompositions of the extruded material, which are partly asso-
ciated with stagnations, are avoided? (This is a question of the 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 maxi-
mum 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. In addition, the homogeneity of temperatures within
the melt is of importance because local temperature variations directly change the
materials' viscosity, and throughput deviations may arise. This topic also includes
the realization of a uniform and controllable temperature in the die and the
calibrator.

As arule, not all of the subjects addressed here can be realized simultaneously with
the same success when designing an extrusion die as well as a calibrator. For this
reason, priorities must be established. For example, in designing a pelletizer die
(perforated plate for pelletizing), every effort is made to obtain as high a throughput
as possible, while in wire coating a 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 Fig. 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 that
hold the die together, as well as for the throughput that can be achieved. (Note: In
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many cases, the throughput of an extrusion line is not limited by the die or by the
extruder that 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
adiabatic 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)

AT  Temperature difference
Ap  Pressure loss

Density
C Specific heat capacity

n: Screw speed
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> Ng /k3
&
E n \\ kL
z
2
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E \
-\ . .
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7—\ /

Pressure drop in the die Ap

Figure 1.3 Performance graph of a conventional extruder

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 following diagram (Fig. 1.4). The input data for
designing an extrusion die (Fig. 1.4, Step I) are as follows:

® the geometry of the semifinished 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,

® the manner in which the die is fed and whether several semifinished products
are to be manufactured simultaneously (Fig. 1.5);



® the material or the combination of materials to be processed in the case of
coextrusion; 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 I. Moreover, the position of the heaters relative to the flow channel can be
given, with minimum clearances being taken into consideration.

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.
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Figure 1.4 Flow diagram of the development of an extrusion die from design to acceptance
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Figure 1.5 Types of extrusion dies
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The manufacture (Step V) is followed by the initial operation of the die (Step VI)
with the material (or 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) and is ready
for production.

Symbols and Abbreviations

c, Specific heat capacity
k Die resistance

n Screw speed

p Pressure

Ap Pressure difference

T Temperature

AT Temperature difference
14 Volume flow

0 Density
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Properties of
Polymeric Melts

When we choose a theoretical description of the process correlations in the extru-
sion 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 that are being entered into the
models become of key importance. These are data that characterize flow, defor-
mation, and relaxation behaviors and heat transfer; in other words, its rheologi-
cal and thermodynamic data [1].

B 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, explana-
tion, and measurement of the flow properties are at the core of the science of defor-
mation 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 be-
tween ideal Newtonian (viscous) fluids and ideal Hookean (elastic) solids. This is
referred to as viscoelastic behavior or viscoelasticity. When describing rheological
material behavior, a clear distinction is made between purely viscous behavior and
the combination of viscous and time-dependent elastic behavior.
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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 Stokean adhesion. A change in flow velocity through the
flow channel area is the result of this, and it is represented by the following equation:

. dv

v = —E, (2.1)
v Flow velocity
)4 Direction of shear

During the steady-state shear flow, a shear stress 7 occurs between two layers of
the fluid at any point. In the simplest case of a Newtonian fluid, this shear stress 7
is proportional to the shear rate 5:

T="07. (2.2)

The constant of proportionality n is called the dynamic shear viscosity or simply
viscosity. Its dimension is Pa-s. The viscosity is the measure of the internal resis-
tance to flow in the fluid under shear.

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

T=n(4)-7 (23)
or
n(¥)= % = const. (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 [2,3]).
This time dependence is usually not considered in the design of dies; hence it will
be ignored in the following sections.

2.1.1.1 Viscosity and Flow Functions

When plotting the viscosity 7 in dependence on the shear rate - 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 in a log-log graph.
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This, the reduction of viscosity with increased shear rate, is referred to as pseudo-
plastic or shear-thinning behavior. The constant viscosity at low shear rates is
called zero-shear viscosity, 7,.

Viscosity 1g 0

Shear rate g ¥

Figure 2.1 Representation of the dependence of viscosity on the shear rate by a viscosity
curve

Besides the graphic representation of viscosity vs. shear rate, the so-called viscos-
ity curve, the relationship between shear stress and shear rate (also in a log-log
graph) is referred to as a flow curve (Fig. 2.2). For a Newtonian fluid, the shear rate
is directly proportional to the shear stress. A log-log graph therefore is a straight
line with a slope of 1, which means that the angle between the abscissa and the
flow curve is 45°. Any deviation from this slope directly indicates a non-Newtonian
behavior.

Pseudoplastic
fluid

Shear rate g ¥

Newtonian fluid

. Figure 2.2 Representation of the
45 dependence of the shear rate on the
Shear stress Ig T shear stress by a flow curve
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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).

2.1.1.2 Mathematical Description of the Pseudoplastic Behavior of Melts

Various models describing the viscosity and flow curves were developed mathe-
matically. They differ in the mathematical methods used on one hand and in the
adaptability and hence accuracy on the other. An overview and examples are given
in the literature [2,4]. The most widely used models for thermoplastics and rubbers
will be discussed in the following section.

Power Law of Ostwald and de Waele [5,6]

When plotting the flow curves of different polymers in a log-log graph, curves are
obtained that consist of two approximately linear sections and one transition re-
gion (Fig. 2.3). In many cases we can operate in one of those two regions, so these
sections of the curve can be mathematically represented in the following general
form:

y=¢-7" (2.5)

Equation (2.5) is called the power law of Ostwald and de Waele. The parameters are
m, the flow exponent, and ¢, the fluidity. Characteristic for the ability of a material
to flow and its deviation from Newtonian behavior is the flow exponent m. It can be
expressed by the following relation:

m:% (2.6)
Algr

Note that m is also the slope of the flow curve in the given sections of the log-log
diagram (Fig. 2.3).

The value of m for polymeric melts lies between 1 and 6; for the range of shear
rates between approximately 100 and 10* s-! applicable to the design of extrusion
dies, the corresponding values of m are between 2 and 4. For m = 1, ¢ = 1/7,
which is the case of a Newtonian flow.

Since

-
n=-=
Y
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we obtain from Equation (2.5):
T]:d)—l 'Tl_m :¢ m _,j/m . (27)

I - 1 . . .
By substituting £ =¢ ™ and n = — we obtain the usual representation of the vis-
cosity function: m

n:k-’i/nil. (28)

The factor k is called the consistency factor. It represents the viscosity at a shear
rate of 7 = 1/s. The viscosity exponent n is equal to 1 for Newtonian behavior, and
its value for most polymers is between 0.2 and 0.7. It represents the slope of the
viscosity curve in the observed range.

The power law is very simple mathematically: it allows an analytical treatment of
almost all simple flow problems that can be solved for Newtonian fluids (see Chap-
ter 3). The disadvantage of the power law is that when the 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 expo-
nent m enters into the dimension of the fluidity.
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Figure 2.3 Approximation of the flow curve by the power law
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2 Properties of Polymeric Melts

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 [7].
Therefore, in the collection of standard rheological material data [8,9], there will
be different values of ¢ and m corresponding to different ranges of shear rates.

Prandtl-Eyring Constitutive (sinh) Equation [7,10-12]
This model was developed by Prandtl and Eyring from observation of the place-
exchange processes of molecules during flow. It takes the following form:

-
y =C-sinh|— 2.9
¥ [A (2.9)

with material constants C in [s7!] and 4 in [N/m?2].

The advantage of the Prandtl-Eyring model is that it describes a finite viscosity at
small shear rates (zero-shear viscosity) and that it is readily applicable in dimen-
sional analysis [13,14]. Its mathematical application is somewhat difficult, how-
ever, because of its unwieldiness.

Carreau Constitutive Equation [9,15,16]

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

A

- (2.10)
(1+8-5)°

()=

where A describes zero-shear viscosity in [Pa-s], B the so-called reciprocal tran-
sition rate in [s], and C [-] the slope of the viscosity curve in the pseudoplastic
region at v — 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 it
produces reasonable viscosity values at v — 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
[9,16]. As a result, this model allows rough calculations by means of a pocket cal-
culator. This is particularly useful when a convenient approximate calculation
rather than exact analytical solution is required [9,16].
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1/8 lg ¥

Figure 2.4 Approximation of the viscosity curve by the Carreau constitutive equation

Universal Viscosity Function by Vinogradov and Malkin [17,18]

Vinogradov and Malkin [17] found that, in a temperature-invariant representation
(see Section 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.
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Figure 2.5 Universal viscosity curve according to Vinogradov and Malkin

15




16

2 Properties of Polymeric Melts

The regression line can be considered, at least for the purpose of estimation, to be
apparently a universal viscosity function, independent of temperature and pres-
sure. 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 fol-
lowing regression formula [17]:

o
1+ 4 '(770 "3’)u +4,- (770 'Y)Zu

n(y)= (2.11)

where

Mo Zero-shear viscosity, i.e., the limiting value of viscosity for ¥ — 0
A, 1.386 x 102

A, 1.462 x 103

Q 0.355

Here, A, and A, depend on the units of viscosity and shear rate. The values shown

here are valid for the following units: [n]=Pa-s and [y]=s"".

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

In the following section, it will be shown briefly how to calculate, by a simple
iteration, the zero-shear viscosity from a measured point [ ;n(7,)] with shear
rate 7, and viscosity 7](%)- 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 are increasing with increasing distance
from the known point on the curve ["yp;n<"yp )] .

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

o =13 )1+ A4 (04, )+ Ay (m 3, ) | (2.12)

Equation (2.12) contains 7, on both sides. An explicit solution for 7, is not possible.
Therefore it is subjected to an iteration procedure. It follows

(2.13)

M, :U(’?p)‘ 1_|_A1.(,70n .ﬁ,p)a +A2.(n0" '7p)2u )
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From Equation (2.13) results, with the estimated value of 7, , an improved
estimated value of the zero-shear viscosity 7,  in the nth iteration step. The value
of M, ., is then put into the (n + 1)th iteration step using Equation (2.13). The fol-
lowing iteration process results:

Step 0: Set no(]equal to the known value of viscosity, U("yp)-

Step 1: Calculate the new estimated value for 7, by putting the previous estimated
value into Equation (2.13).

Step 2: Decision: If the difference of the two subsequent estimated values is small
enough, the iteration is stopped. The last estimated value for 7, 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 pro-
gramming steps are required.

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

On the other hand, as a universal function defined by the regression line drawn
through the data points (Fig. 2.5), any model that approximates the curve with a
satisfactory accuracy can be used here instead of Equation (2.11).

Herschel-Bulkley Model [2,12,19]

With many polymers, especially with rubbers, a so-called yield stress is observed.
Such fluids start to flow only when a finite shear stress is exceeded (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, 7, which means no
flow occurs. Only beyond 7, will there be flow. This means that the viscosity below
the yield stress is infinite [2].

lg 7

Figure 2.6 Schematic representation of
% lg T the flow curve of a Bingham fluid

17




18

2 Properties of Polymeric Melts

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 7, and another one in which 7 is
smaller than 7, (Fig. 2.7 [20]). Figure 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 flow model is valid when
the shear stress at the wall is low, that is, when there is a small volumetric flow
rate or a large die cross section.

a) Low shear stress

b) High shear stress

Tw

T{r)
To z

[
Figure 2.7 Velocity profile of a Bingham fluid in dependence on the shear stress at the wall
and the yield stress [20]: (a) low shear stress, (b) high shear stress

The Herschel-Bulkley model [19] has been successful in describing the flow
behavior of polymers with a yield stress. This model results from the combination
of a simplified Bingham model (with 1= const. for 7 > 7,[2]) and the power law,
yielding

J=¢-(r—7,)". (2.14)

For 7, = 0 the relation becomes the power law (Equation (2.5)) and for m = 1 the
simple Bingham model.

When rearranging Equation (2.14) the following expression for the shear stress is
obtained:

T—TO:k-"y“’l-f'y (2.15)
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(2.16)

A relation analogous to the power law (Equation (2.8)) is derived from Equa-
tion (2.15) for 7> 7

:n—1

n==k-y

2.1.1.3 Influence of Temperature and Pressure on the Flow Behavior

Factors determining the flow of melts besides shear rate v and shear stress 7 for a
specific polymer melt are the melt temperature 7, the hydrostatic pressure in the
melt py 4, the molecular weight, and the molecular weight distribution, as well as
additives, such as fillers and lubricants. For a given polymer formulation, the only
free variables having an effect are + or 7, py,4, and T.

Figure 2.8 (from [21]) illustrates a quantitative effect of the changes in tempera-
ture and pressure on the shear viscosity: an increase in pressure of approximately
550 bar for an observed sample of PMMA (polymethylmethacrylate) 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.
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Figure 2.8 Viscosity as a function of temperature and of hydrostatic pressure
(according to [21])
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Figure 2.9 [22] provides a picture of the behavior of viscosity with the change of
temperature for various polymers. It can be clearly seen that semicrystalline
polymers, which have a low 7, when compared to amorphous polymers, exhibit a
considerably 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]:
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Figure 2.9 Change in viscosity with temperature for different polymers [22]

® A thermally activated process causing the mobility of segments of a macro-
molecular chain (i.e., the intramolecular mobility)

® The probability that there is enough free volume between the macromolecular
chains allowing their place exchange to occur

The Influence 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.
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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 that is independent of temperature. This is done by dividing the viscosity by
the temperature corresponding to 7, and multiplying the shear rate with 7,
[1,2,25,26]. Graphically, this means that the curves are shifted along a straight line
with a slope of -1, i.e., along a line log(n,(7)) to the right and simultaneously
downward and thus transformed into a single curve (Fig. 2.10). This is referred to
as the time-temperature superposition principle.
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Figure 2.10 Viscosity curves for cellulose acetate butyrate (CAB) at various temperatures

This time-temperature superposition leads to the plotting of the reduced viscosity
1/n, against 7,7 . In this way a single characteristic function for the polymer is
obtained:

n(4.T)
Mo (T)

= f(no(7)-4)- (2.17)

Here, T as the reference temperature can be chosen freely.

When seeking the viscosity function for a certain temperature T with only the
master curve or the viscosity curve at a certain other temperature 7, given, a tem-
perature 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:

o (T> o (T>
=—= 1 =1 . 2.18
“ o <75> s g770 (TO) ( )
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The quantity 1g a; is the distance that the viscosity curve at the reference tempera-
ture T has to be shifted in the direction of the respective axes (Fig. 2.11).

gn(T)

A Test curve lgn=f{lg g)
™4 \mmperqfure T

\g ar /)

Master curve\ N
lg %: fllgng 90

—— g (M B) -=-=m-=-

Figure 2.11 Time-temperature superposition principle for a viscosity function

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:

1 1

T,

770<T)_E0

Iga, =1g . (2.19)
1 (

L) R

where E|, 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/(mol-K).

The Arrhenius law is suitable particularly for the description of the temperature
dependence of the viscosity of semicrystalline thermoplastics [9,25].

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 [1,9]:

Igay = —a-(T—T,) (2.20)

where « is the temperature coefficient of viscosity specific to the given material.



2.1 Rheological Behavior

Another approach based on the free volume, i.e., the probability of the place ex-
change, was developed by Williams, Landel, and Ferry [27]. It was originally applied
to the temperature dependence of relaxation spectra and later was applied to vis-
cosity. The relationship (also known as the WLF equation) in its most usual form is

n(7) _ Cl'(T_TS>
(L) G+(r-1%)

Iga, =1Ig (2.21)

which relates the viscosity n(7) at the desired temperature T to the viscosity n(Ty)
at the standard temperature 7 with shear stress being constant. For T equal
approximately to 7, + 50 K [27] (i.e., 50 K above the glass transition temperature),
C, =-8.86and C, = 101.6 K.

The glass transition temperatures of several polymers are shown in Fig. 2.9, and
additional values are in [28]. The measurement of 7, of amorphous polymers can
be done in accordance with DIN EN ISO 75-2, Procedure A, which is a test for the
deflection temperature of plastics under load; in the USA the corresponding ASTM
standard is ASTM D 648 ISO 75. The softening temperature determined by this test
can be set equal to T, [7].

A more accurate description is possible when Ty (and, if necessary, C; and C,,
which also can be considered as almost material independent) is determined from
regression of the viscosity curves, measured at different temperatures. Although
the WLF equation pertains by definition to amorphous polymers only and is
superior to the Arrhenius law [9,24,25], it still can be used for semicrystalline
polymers with an acceptable accuracy [22,29-32].

Figure 2.12 compares the determination of the shift factor a; obtained from the

Arrhenius law to that from the WLF equation [30]. When operating within the

temperature range +30 K from the reference temperature, which is often sufficient

for practical purposes, both relations are satisfactory.

There are basically two reasons for favoring the WLF equation, however:

®= The standard temperature T is related to the known T, for the given material
with a high enough accuracy (Ts ~ 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).
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When the shift of a viscosity curve from one arbitrary temperature 7|, to the de-
sired temperature T is performed using the WLF equation, Equation (2.21) is used
twofold:

with C, =8.86 and C, =101.6 K, and T} is the reference temperature at which the
viscosity is known.

The Influence of Pressure

The effect of pressure on the flow behavior can be determined along with the ex-
pression for the temperature dependence from the WLF equation [29]. It turns out
that the standard temperature T, which lies at approximately 7, + 50 K, used in
the WLF equation at 1 bar, increases with pressure. This shift corresponds in turn
to the shift in 7,, which can be determined directly from a p-v -T diagram [22,33].

The pressure dependence of the glass transition temperature can be assumed to be
linear up to pressures of about 1000 bar (Fig. 2.13 [34]), thus:
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T, (p) =T, (p=1bar)+&-p. (2.23)
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The resulting shifts in 7, are of the order of 10 to 30 K per 1000 bar. At pressures
higher than 1000 bar, 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 pres-
sure dependence of its 7, could be determined, it can be estimated by the following
relation:

T, ~T,(1 bar)+(10 to 30)-10~° K/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 7T, and the pressure
p; to another one at T, and p, respectively can be performed. The shift factor a; can
be calculated as follows:

n (5,p,)
n (T;py)
Cl (Tz — Ts(pz)) C1 (T1 - Ts(p1))

TG —Ty(p,) G, +(T—Ty(p))

Iga, =1Ig (2.25)
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Computational Application

When a point P,(7,m(T;)) on a viscosity curve, constructed at temperature 7}, is
shifted to a viscosity curve valid at the temperature 7, (Fig. 2.11), the following
applies:

M, =10y
ot

V> :_1-
ay

where a; is computed from one of the superposition equations. If the WLF equation
is used, then the a; so determined can also contain the shift due to the pressure,
provided p,; and p, are not equal. Accordingly, the viscosity functions can be for-
mulated to become independent of temperature and pressure. Thus, the Carreau
law can become

a,(T,p)-A
<1+aT(T,p)-B-"y)

n(9.1,p)= - (2.26)

The analog for the universal viscosity function by Vinogradov and Malkin then is

T,p)
n(4.7,p)= aT(@ p)-th —. (2.27)
1+ 4 ay (T,p) 03]+ Ay (T,p) my 4]
where
A =1.386-10"7
A, =1.462-10"° | for [n]=Pas
a =0.355 [Y]=s""

As the Vinogradov-Malkin function is virtually independent of material [17], Equa-
tion (2.27) represents a universal material-, temperature-, and pressure-invariant
viscosity function.

2.1.2 Determination of Viscous Flow Behavior

For the measurement of the flow function 4= f (7-) or the viscosity function
n=f (&,T) within the range of shear rates relevant to the design of extrusion dies
(from 10 57! to 10* s71), 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.
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The principle of measurement is to determine the pressure loss Ap in a capillary
with an exactly defined and constant geometry and a known volumetric flow rate
V 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 (ambient
pressure) (Fig. 2.14).

Xj 7
l |
|

Figure 2.14 Principle for the capillary visco-

/ meter: (1) piston (ram), (2) cylinder, (3) pressure
transducer well, (4) capillary

Assuming a laminar, steady-state isothermal flow with wall adhesion, the shear
stress at the wall of a round capillary with the radius R is
_ Ap-R

T —_—, 2.28
W=7 (228)

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 7y, is

4y

- (2.29)
M

Tw

where V is the known volumetric flow rate (note that Equations (2.28) and (2.29)
are valid only for a round capillary, but similar relations are arrived at for annular
and slit-shaped capillary dies; see Chapter 3). From the definition of viscosity, we
get

_Tw

n=- (2.30)
Tw
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From Equations (2.28), (2.29), and (2.30) a point (f'y,n) on the viscosity curve can
be determined from the known geometric parameters R and L, the given volumet-
ric flow rate V, and the measured pressure drop Ap. By variation of V and with it
the corresponding =, the viscosity can be determined over a broad range of shear
rates.

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 apparent viscosity (e.g., [2]).

While Equation (2.28) is valid for both Newtonian and pseudoplastic flow (see
Chapter 3), 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 D, 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 the differentiation of the apparent flow curve. The relation
for the true shear rate v is

345

y=D,—— 2.31
vy ST, ( )

where s is the slope of the log-log graph for the apparent flow curve:

d(1gD
s:<g—s). (2.32)

d(lgTw)

Subsequently, the division of the values of shear stress obtained from Equa-
tion (2.28) by the values of the corresponding shear rates yields the values of
the 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 Schiimmer [36] for the first
time and 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 isother-
mal flow under pressure as it occurs in a channel of a rheometer or in the extru-
sion 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 materials are equal (assuming an equal volumetric flow rate V).
Once the shear stress and the shear rate of a Newtonian fluid are determined, the
true viscosity of corresponding representative shear rate and shear stress result
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(Fig. 2.15). The position of the point of intersection and hence of the representative
radius in the pipe depends in principle on the flow properties of the material [38].
However, for most polymeric melts it can be considered constant. The representa-
tive distance e from the center of the channel in a circular pipe is [37]
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Figure 2.15 Determination of the representative shear rate in a circular capillary

and for a rectangular slit
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The representative distances from the center generated from the application of the
Ostwald-de Waele Power Law are published in [38].

As Wortberg shows [30], it is obvious that, for the range of flow exponents m
between 2 to 4, corresponding to practical applications, the corresponding repre-
sentative distances e and e5can be considered constant. The respective errors
associated with this assumption are less than 1.8% and less than 2.5%.

The true shear rate at the point of intersection then can be calculated from the

apparent shear rate D simply as
Yrep = Ds -€ (2.33)

where the values for e can be obtained from Fig 2.16, or the calculation can be
done by the mean values contained therein.
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The true viscosity (which is equal to the representative viscosity) can be calculated
from the following equation:

TW TW e
Ny =——=—— (2.34)
rep Ds ~

which is valid for the representative shear rate 7, .
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Figure 2.16 Representative distance from the center of the channel as a function
of the flow exponent (power-law exponent)

When plotting the viscosity function in a log-log graph as usual, the correction is
the result of a shift in the abscissa by the value of log e (Fig. 2.17).

108 [
Pas =« — Apparent viscosity ns(DS)
True viscosity N (Yp)

/
/

S lg g

N

—
(=3
3

Apparent viscosity ng
True viscosity n

\
3
N
N
N
1 10' 10? g 10°

Apparent shear rate Dg
True shear rate ¥,

Figure 2.17 Correction of the viscosity function according to the concept of the
representative viscosity
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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 quan-
tity to be used in the appropriate equations for the calculation of viscosity), but it
also includes the so-called entry pressure drop, which is the result 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 elasti-
cally stored energy and then partly released at the exit by the swelling of the extru-
date (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 [39] is based on the following two assumptions:

1. The entry pressure drop occurs only at the entry to the capillary and is there-
fore independent of the length of the capillary.

2. The pressure in the capillary drops because of viscous flow, and the pressure
gradient is constant.

When determining the pressure drop in capillaries of different L/D ratios (usually
the diameter, D, is kept constant and the length, L, is varied) and at a constant
shear rate, 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 to 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 intersection of the line with the ordinate. This entry pressure drop increases
with the increase of the shear rate, the same as for the pressure gradient in the
capillary. For the calculation of the viscosity curve, the difference between the
measured pressure Ap,, and the entry pressure drop Ap, must be obtained simply
as

Ap, = Ap,, —Ap,. (2.35)

Only this difference can be used in the Equation (2.28) for the shear stress.

Note that Ap, is dependent not only on the shear rate but also on the type of mate-
rial: the higher the elasticity of the melt, the higher the entry pressure drop.
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IPressure transducer: AP = AP, * AP,

AP Pressure loss due fo viscosity
for a developed flow in a pipe:
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2.1.3 Viscoelastic Properties of Melts

Polymeric melts exhibit not only viscous but also elastic behavior (viscoelasticity).
This manifests itself in the behavior of the melt when entering an extrusion die
with a pronounced variation in cross section, for example. The result of that is the
entry pressure drop. This happens because the melt is deformed in the transitions
between the different cross sections, and part of this deformation is stored elasti-
cally. At the outlet of the die, these elastic deformations are released, and the
emerging extrudate swells (the so-called die swell). The released elastic energy,
generated by the processing machine (e.g., extruder), is lost completely for the
system.

This ability of reversible deformation is caused by the so-called entropic elasticity
of polymer melts. This means that the initially disorderly entangled macromole-
cules (the state of the most possible disorder equals the state of the largest possible
entropy) can be oriented to a large degree along the direction of the deformation. A
state of increased order, which is a state of lower entropy, is formed. However, as
soon as this happens, the oriented network will strive to move back toward the
state of the most possible disorder (following the second law of thermodynamics).
The material adapts to the imposed state of deformation; however, some rearrange-
ments of the macromolecules occur gradually with time (so-called relaxation).
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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 the memory effect or memory fluid.

Another typical characteristic of viscoelastic fluids 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., 2-4,12,25,26]. Both
these effects are used for the measurement of viscoelastic behavior and the
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 sec-
tions of the channel, respectively (the extrudate can also be subjected to a free
stretching outside the die)

® Deformation due to shear generated by the velocity profiles in the flow channel

[ C—me ez
I 4z, | 424, 5
fe—mq ]
Extension Compression

o 1 by 0T
l Y

Shearing action tions due to velocity differences in the flow

yt Figure 2.19 Tensile and shear deforma-
7 and shear directions [30]

In the first case, the elongation rate is defined as

v

b= (2.36)
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Fig. 2.19 shows that a volume unit 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° 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:

€p :AA—It:'y. (2.37)
This offers a possibility to measure the reversible deformation in a uniaxial exten-
sion experiment, using an extension rheometer. With such an instrument, a poly-
meric strand is, for example, stretched at a defined temperature and kept in this
stretched state for different periods of time. Subsequently, it is allowed to shrink
freely [30,31]. Reversible deformation can be defined by applying the definition of
natural extension according to Henky:

[
ep(t)=In ﬁ =In(A (1)) (2.38)
where
A Extension ratio

[(f) Sample length at time ¢
L, Sample length after a complete shrinkage

The relation is in principle depicted in Fig. 2.20. The decay of the reversible defor-
mation is also defined as relaxation. It is assumed that the total deformation is
completely reversible immediately after the deformation took place. The viscous
portion of the deformation develops subsequently as a function of time through the
decay of the elastic component of the deformation, in other words, by relaxation
[30,31]. This time-dependent decay of reversible deformation is essentially a func-
tion of the material, temperature, and the level of deformation initially present
[30].
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Figure 2.20 Reversible extension as a function of the relaxation time at constant temperature

Reversible extension €5

This process can also be well explained by a spring and dashpot connected in
series to characterize the elastic and viscous properties of a melt (Fig. 2.21). A melt
filament (spring and dashpot) is stretched at time t = 0 s by the amount Al. While
the external dimensions are maintained, relaxation processes take place in the
melt and are symbolized by the extension of the dashpot. At a very long time
(t = =), the spring once again attains the initial length; that is, the energy intro-
duced, which is stored fully elastically at t = 0 s, has been converted totally into
viscous, that is, irreversible deformation in the dashpot. This process and the
shape of the curve shown in Fig. 2.20 have the characteristic features of an expo-
nential function, which can be expressed by the following equation [30,31]:

L (2.39)
dt T <€R)
Spring ¢
Dashpot —
n
T
|
-&A[
t<0 t=0 t>0 t—>o0

Figure 2.21 The model representing the decay of elastic deformations
(spring and dashpot model)
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In this relationship, T(ey) is the relaxation time, which is a function of the momen-
tary state of deformation ep.

Measurements have shown that this characteristic relaxation time T(cz) can be
approximated very well for various thermoplastics at different temperatures and
initial deformation e ;, by the relationship

T(é‘R):Cl -exp(— G, -8R). (2.40)

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

Figure 2.22 shows a normalized relaxation curve; this distribution of the charac-
teristic relaxation time 7(cy) derived from this curve is shown in Fig. 2.23.
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Figure 2.23 Characteristic relaxation time as a function of the relative elastic extension
for PS at 130 °C

The quantity C,; contains the temperature effect, and, if known for a particular tem-
perature, it can be converted to other temperatures in the melt range by a simple
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temperature-shift law, such as the WLF equation (since relaxation like flow is
based on molecular site exchange processes) [30]):

7 (e, T)=C, (1)t (T)- exp(— Cyey ), (2.41)
where a; is the shift factor for the selected time-temperature superposition equa-

tion, which can be calculated from one of the following equations: Equations (2.19)
through (2.22).

Simultaneously with the buildup of reversible deformations, as a result of shearing
or elongation, relaxation phenomena exist in a polymeric material. A simple form
of describing this buildup of reversible deformations is given in [30,31], with this
buildup being treated as a superposition of relaxing deformations already present
onto the new deformations being added at the same time (Fig. 2.24). During the
interval of time At 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 ey;_; to £*;_;. At the end of the time interval At
the additional deformation Ae; =éAt,,, is reached through a step change and
is therefore completely reversible. The relationships describing this concept are
shown in Fig. 2.24.
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Figure 2.24 Model of the deformation buildup at a constant rate of deformation

Experiments with the extension rheometer show that the buildup of reversible de-
formations can be approximated well by this description, provided that the step
width A¢ 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 connec-
tion, an appropriate step width A¢; should be selected, and the effect of tempera-
ture on the relaxation behavior should be taken into consideration through the
quantity C,.
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The model developed by Wortberg and Junk [30,31] was presented above because
of its clarity and relatively simple application. There are many other models deal-
ing with this subject. Some of them are described in the referenced literature
[4,12,18,40,41].

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 present, there is no model that describes the behavior under different
deformations (shear, uniaxial, or multiaxial extension, as well as any superposition
of the above) for a great multitude of materials accurately enough. For that reason,
all conditions under which the material models are developed or the material
parameters are determined must be known so that the analysis is done within the
limitations of the given method.

B 2.2 Thermodynamic Behavior

In order to compute heat transfer in the extrusion die (nonisothermal flow), in
cooling (for example in a calibration line), or in heating in a cross-linking line or to
determine the necessary heating and cooling capacities to be installed for an extru-
sion die, thermodynamic data are required. These are both pressure and tempera-
ture 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 mate-
rial 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 transi-
tion 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 (7,) for amorphous polymers and above the
crystalline melting temperature (7,,) for semicrystalline polymers. If the simplifi-
cation 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 ther-
modynamic material data for thermoplastics is [43].
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2.2.1 Density

The densities of polymers lie considerably below 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 temperature and pressure.

The reciprocal of density p is the specific volume wv:

v= (2.42)

1
P
Figure 2.25 depicts the dependence of the specific volume on the temperature at a
pressure p = 1 bar [44]. For semicrystalline polymers, there is a steeper slope of
the specific volume in the area around the crystalline melting temperature (7},)

because the crystalline areas are highly packed and melting enables the expansion
of the macromolecules.
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The correlation between specific volume, temperature, and pressure is frequently
represented by a p-v-T diagram. An example of this for a semicrystalline polymer is
shown in Fig. 2.26.
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2 Properties of Polymeric Melts

For the computation of flow in extrusion dies, the melt is frequently considered to
be incompressible. This is acceptable because the pressures are relatively low and
the temperature variation within the melt is relatively small.

A collection of p-v-T diagrams is given in [43].

For the conversion of density from a reference temperature 7, to a different tem-
perature 7, the following simple relation is used:

1
(N=plf 1+a(T-T,)
where
Q Linear coefficient of thermal expansion

p(T,)  Density at the reference temperature 7,
p(T) Density at temperature T

The range of validity is limited to the linear sections only: under or over T, for
amorphous polymers or under or over T, for semicrystalline polymers.
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2.2.2 Thermal Conductivity

The thermal conductivity A 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), but
it is mostly hidden below the anisotropy occurring due to the molecular orientation
resulting from flow [46,47]. Because of that, the dependence of thermal conductiv-
ity on pressure is frequently neglected.

The thermal conductivity of semicrystalline thermoplatics particularly is depen-
dent on temperature (Fig. 2.27 [48]). It is higher than that of amorphous polymers
and drops to approximately their level when in the molten state [42]. It turns out
that generally the thermal conductivity of molten polymers can be considered
constant with a good accuracy.

Diagrams depicting the temperature dependence of thermal conductivity for
numerous thermoplastics are in [43].

05
W

mK
04

03

02

Thermal conductivity A

01 —~

Spyve-p

‘ Figure 2.27 Thermal conductivity as a
0 50 100 150 200 °C 250 function of temperature for different thermo-
Temperature T plastics [48]
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2.2.3 Specific Heat Capacity

The specific heat capacity c,, often called the “specific heat,” is the amount of heat
necessary to increase the temperature of 1 g of substance by 1 K at a constant pres-
sure [43]. From this definition, it is clear that ¢, is relevant to only nonstationary
processes such as heating or cooling. The values of ¢, for plastics at room tempera-
ture 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 °C is
4.18J/(g-K)). The pressure dependence of ¢, can be neglected [7].

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

For semicrystalline polymers, this step is less pronounced or missing altogether;
however, at the crystalline melt temperature (7,,) there is a steep maximum (Fig.
2.28) that results from the heat required for the melting of the crystalline portion
of the polymer [42].
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Figure 2.28 Specific heat capacity as a function of temperature
for different thermoplastics
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2.2.4 Thermal Diffusivity
Thermal diffusivity ais defined as

a=—2 (2.44)
p.cp

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 de-
pendence is based on that of the above-mentioned components.
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2.2.5 Specific Enthalpy

Specific enthalpy & is defined by the following equation:
TZ
Ah= [e,(T)ar. (2.45)
T

It results from the integration of the expressions for ¢, in the temperature range T}
to T,. Here, 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).
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Enthalpy is necessary for the computation of required capacities for heating or
cooling of polymers: Q =m-Ah (Q = heatingor cooling power, m= mass ﬂow).

Figure 2.30 depicts specific enthalpies of a variety of polymers. Additional graphs
are found in [43].
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Figure 2.30 Specific enthalpy as a function of temperature for different thermoplastics

Symbols and Abbreviations

A Material constant in the Prandtl-Eyring model

A Material constant in the Carreau model (zero viscosity)

A,, A, Coefficients of the Vinogradov-Malkin function

a Thermal diffusivity

ar Temperature shift factor

B Material constant in the Carreau model (reciprocal transition shear rate)
C Material constant in the Prandtl-Eyring model

C Material constant in the Carreau model (slope of the viscosity curve)

C,, C, (a) coefficients of the WLF equation
(b) constants in Equation (2.40)

c Spring constant

Cp Specific heat capacity
D Diameter

D, Apparent shear rate

E, Flow activation energy

D

Representative mean distance
e,  Representative mean distance in a circular channel
e Representative mean distance in a rectangular slit
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Height
Specific enthalpy
Representative height in a rectangular slit
Consistency factor
Length (length of a capillary)
) Specimen length at time ¢
Specimen length after a complete shrinkage

=~ x> >3

Flow exponent

Mass throughput

Viscosity exponent

Pressure

Hydrostatic pressure in the melt
Measured pressure

Pressure loss

Entry pressure loss

Viscous pressure drop in a capillary
Heating (or cooling) power
Universal gas constant

Radius

Representative radius in a circular channel
Slope

Temperature

Reference temperature

Glass transition temperature
Standard temperature

Time

Relaxation time

Volumetric flow rate

Flow velocity

Coordinate vertical to flow direction respectively in direction of flow channel
height

Coordinate in flow direction

e e e I B B AL ST o o > e
Frp

Coefficient of the Vinogradov-Malkin function
Linear coefficient of thermal expansion
Temperature coefficient of viscosity

Angle

Shear rate

Yw  Shear rate at the wall

= 2 2 2 2 N
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Representative shear rate
Elongation rate

€ra  Initial deformation

1.

Reversible elongation

Reversible elongation in step i

Reversible deformation in step i after relaxation
Elongation rate

Elongation rate due to shear

Dynamic shear viscosity, viscosity

Zero-shear (rate) viscosity

Thermal conductivity

Stretch ratio

Coefficient of pressure dependence of glass transition temperature
Specific volume (p-v-T diagram)

Density

Shear stress

Characteristic relaxation time

Yield stress

Shear stress at the wall

Fluidity
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Fundamental Equations
for Simple Flows

In this chapter, simple fundamental equations for the flow in channels with circu-
lar, 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 conser-
vation laws of mass, momentum, and energy (e.g., [1-3]).

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

tions:

® Steady state flow: no transient change in the flow at any point in the flow chan-
nel.

= 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.

® [sothermal flow: all particles of the fluid have the same temperature.

® Hydrodynamically fully developed flow.

® [ncompressible fluid: the density is constant.

® No external forces, e.g., 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) Sumof all

momentum /timer — J{momentum /time; + {forcesacting =0 (3.1)

(momentum ﬂux) (momentum ﬂux) on thesystem '
I - I, + S F =0.

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 forces acting on
the medium.
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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 incom-
pressible (i.e., the density is constant), fl = fz ; and then the problem is reduced to
the balance of forces SIF =0 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:

1. Set up a momentum flux balance on a fluid element of finite wall thickness (tak-
ing the continuity equation into consideration).

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).

3. Introduce a material law
5= f(r). (3.2)

4. On introducing boundary conditions, which make unambiguous physical state-
ments at defined values of the independent variables, the following can be deter-
mined from Nos. 2 and 3 (above) after integration: velocity profile v = f (r) or f
(x), average velocity profile v, maximum velocity v,,,,, flow rate V, forces F oc-
curring at the channel walls, pressure drop Ap, the residence time spectrum ¢
(r) or t (x), and the 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].

B 3.1 Flow through a Pipe

In a circular channel (radius R, length /) in which entry and exit effects can be ne-
glected, 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
flux 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
follows:

Zﬂrdr‘[p(z)—p(z+dz)]+7-(r)-2ﬂrdz

3.3
r(r+dr)2m-(r+dr)-dz =0, 3
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T{r+dr) ‘

<p_(z+dz)

Figure 3.1 Balance of forces acting on an element of mass during flow through a pipe

Developing the above into Taylor series and keeping only the first term:

_ o
p(z—i—dz)- p(z)+ aZdz
(3.4)
T(r+dr)= T(r)+&dr.
or

Because the flow is developed, the pressure gradient can be taken as constant:

9 __BPith Ap>0 bar. (3.5)
0z L
After neglecting all terms of the higher order, the following differential equation is
obtained:
Ap 7(r) dr 10
L L = (rr). 3.6
L r dr ror ( ) (3.6)
After integration, the result is:
C,
(N=2P,4 G (37)
2L r

For r = 0, all forces have to disappear, so the first boundary condition follows:
Forr(r=0)=0=>C; =0

7(r)= A;L'r. (3.8)
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This results in a shear stress at the wall 7, = 7(r = R) of:

Ap-R
T =TI = R = 39
w=Tlr=Rj=="— (39)
Equations (3.8) and (3.9) result strictly from the balance of forces; no assumptions
were made as to the material law. This means that the linear dependence of the
shear stress in Equation (3.8) is independent of the behavior of the material. Now
the material law can be introduced into the Equation (3.8):

Case A: Newtonian Flow

In the case of a Newtonian Flow the correlation between shear stress and shear
rate is the following:

dv,(r)

L2 =), (3.10)

7(r)=-n

When introducing this expression into Equation (3.8)

dv,(r) Ap-r
Qo) _ Aper

3.11
dr 2-L ( )
d .
s du) _ Aper (3.12)
dr 2-L-n

The negative sign means that v, in the direction of r decreases. From Equation
(3.12) we obtain:

_Ap-r
2-L-m

dv,(r) = dr. (3.13)

After integration and considering the boundary condition v, (r = R) = 0 (no slip
boundary condition) the velocity distribution over the cross section of the channel
is given by the following equation:

2 2
o, (r)= SR (3.14)
4-L-m R
The maximum velocity is at r = 0. From this it follows:
2
v = (=0 =2PR (3.15)

Z max 4'L'77
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For the mean velocity v,:

Ezzifvz(r)dA with A=7-R* and dA=2-7-r-dr. (3.16)

From the above:

* 8L

Ap-R?
5 =R (3.17)

A comparison with Equation (3.15) shows that the mean velocity is equal to half of
the maximum velocity:

_ 1
U, =—v (3.18)

z Z max
2

The relation for the flow rate V is:
V=17,-A (3.19)

where the pipe cross-sectional area A = 7 - R%

The Hagen-Poiseuille Law follows:

4 4
V:WR -l-Ap,with K=" R
8-L

= const. (die conductance) (3.20)
8L n

The pressure drop, Ap, can be calculated from Equation (3.20) when the volumet-
ric flow rate V is known.

The residence time of a particle on the radius r in a pipe with the length [ can be
calculated from the following equation:

L 4.7
t(r)=——= - (3.21)
Uz<r> 2 r g
Ap-R ~1_[]
R
The mean residence time ¢ is:
- L 8
f=—=20= (3.22)
v, R°-Ap

Because 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 v, ,,, = v, (r = 0).
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The dependence of the shear rate on the flow rate is given by combining Equations
(3.12) and (3.20):

4.V

_T('R4

5(r) r (3.23)

At the pipe wall the shear rate w is:

4y

_1'(~R3'

Fw =7(r=R) (3.24)

The above equation is particularly important for the evaluation of results from the
measurements with the capillary viscometer (see Section 2.1.2).

The force F, acting on the surface of the flow channel results from the multi-
plication of the surface area and the shear stress at the wall:

F,=2n-R-L-7(r=R)=71-R*-Ap. (3.25)

The validity of Equation (3.25) 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:

1

1 1
(A _[1)m [ du,n))
o[- 029

Applying Equation (3.8) with a negative sign for ¥ (because v, decreases in the
direction of r):

, dv,(r) Ap "
ry=— PAANLAP —r . 3.27
i) =-=2 ¢>[2. . ] (327)
After integration:
Ap m rm+1 (25[, [Ap]m [r]mﬂ
N=_ol 22 40 =—2L= |2 |1 +C.. 3.28
v,(r) as[“] Rl = I I 1 (3.28)

For a boundary condition v, (r = R) = 0 (no slip condition) it follows:
m [R m+1
L

C Q’_L.[& (3.29)

Cm+1( 2
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:ﬁ[&] (3.30)

m+11 2

A

Analogically to Equations (3.15) to (3.24) the following relations can be derived:

UZmaX :UZ (r:O):M[M] (331)
m+1\{ 2-L
m+3\ 2-L
V:¢.Apm,”'R3.(£]m, with K/_W‘R3.[i]m (3.33)
m+3 \2-L m+3 \2-L
m m-+1
t‘—i—’"—H-[i] [5] B (3.34)
v, ¢ Ap) (R
Ve[
i) =——(m+3) [R] (3.35)
. 14
Yw =Hr=R)=——-(m+3) (3.36)
7R

As stated before, the action of the shear force F, upon the surface of the flow chan-
nel is independent of the flow behavior and is described by the following equation:

E =m-R*-Ap. (3.37)
1
Ifm=1and n= ; , Equations (3.26) to (3.34) are transformed into corresponding

equations for Newtonian fluids.
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B 3.2 Flow through a Slit

When taking a momentum balance for the flow between two parallel plates in the
same way as in Section 3.1, the analysis is performed on a rectangular volume ele-
ment with the height dx, width B and length L (Fig. 3.2) and the resulting force
balance leads to a differential equation analogous to Equation (3.6):

Ap _dr

= (3.38)

It is important to bear in mind the assumption that all quantities in the direction of
the width remain constant (which would mean neglecting the edge effect which is
equivalent to the assumption of an infinite width of the flow channel).

Tix+dx)

Figure 3.2 Balance of forces acting on an element of mass during flow through a slit

When applying the boundary condition 7 (x = 0) = 0 after integration, we obtain:

7(x) :%-x. (3.39)

For the shear stress at the wall follows:

H]Z—AP'H (3.40)

Tw =TI|lr=—
W [r 2 2.1

Again, this correlation is independent of the flow behavior.



3.2 Flow through a Slit

Case A: Newtonian Flow

Assuming Newtonian flow behavior, the following equation results:

. dv (x)
T(X)=7-n=—n—"F—"0o0. 3.41
) =F-n=-n—2 (3.41)
Substituting for 7 into Equation (3.39), we obtain:
dou,(x A
L3 AP g (3.42)
dx L

Integrating over x and taking into consideration the boundary conditions v,

(x =-H/2) =v, (x = H/2) = 0 yields the velocity distribution for a slit-shaped flow
channel of an infinite width:

2
Ap |(H Ap-H? x)
v, (x)= =2 2| - x| = SR | 22X | (3.43)
) 2-n-L|| 2 8-L-n H
The maximum flow velocity v, ., occurs at x = 0:
Ap-H?
Uy =0, (x=0) = =2 (3.44)
8-n-L
The mean velocity v, is:
n
_ 17 Ap-H®
5, =— [ v, (x)ax =22 (3.45)
H u 12.n-L
2
By comparing Equations (3.43) and (3.44) we find that
U, = = Usmax (3.46)

H
.2k Ap-B-H°
I{U2< >y 12-L-n (347)
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where B is the channel width. Equation (3.47) 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:

2
=Lt lznl (3.48)
v, Ap-H
For the shear rate y(x) follows from Equations (3.39), (3.41), and (3.47):
: A 12V
= D0 o 12V (3.49)
L-n Ap-H
The shear rate at the wall 7, therefore is:
. . H| Ap-H 6V
= A x == :p_zz_, (3.50)
2) 2.p-L H*.B

The shear force acting upon the surface of the plate F, is obtained from Equation
(3.40).

The following relation results:

F,=B-L-T

H H
x=—|=Ap-B-—. 3.51
5 ] p-B-= (3.51)
Again, the validity of Equation (3.51) 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:

1
S b l]m'[‘dvzm m (3.52)
) ¢ dx
Combining the above with Equation (3.39), we obtain:
1 1
Tm [_dv,()|m _Ap (3.53)
10) dx L
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After rearranging the above, we obtain for the shear rate:

o du () (Ap )"
Y(x) = T —¢[L X] : (3.54)

After integration and solving for the boundary condition v, (x = H/2) = 0, we obtain
the velocity distribution:

m+1
o [H] _Xm+1

. m-+1 m-+1
v, (x)=¢ ap 0L A |(H)T (2], (3.55)
L m+1 m+1 2.1 L
Analogous to Equations (3.44) and (3.45), we obtain:
Uy max = Yy <X :0) = ¢H : APH (356)
2-(m+1) { 2-L
‘H (Ap-H|"
5 =2 Pl (3.57)
C 2-(m+2)\ 2-L

The ratio of the mean and maximum velocities is obtained by dividing Equation
(3.57) by Equation (3.56):

O _mtl 3.58
v m+2 (3.58)

Z max

This ratio for the Newtonian behavior (m = 1) is also 2/3 of what was found pre-
viously. 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); see Fig. 3.3.

7

o a3
won

Figure 3.3 Velocity profiles for
different flow exponents

59




60
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The flow rate again is obtained by the integration of Equation (3.55) over the entire
cross-section:

2 m
G BH [AP-H] s, 550
2-m+2)| 2-L

The mean residence time is obtained from Equation (3.57):

m+1
ol _ m+? [ﬂ] , (3.60)
v, ¢Apm H
For the shear rate (x) is following from Equations (3.39), (3.52), and (3.59):
, 2-(m+2)-V [2;4 "
== (3.61)
Hence, the shear stress at the wall 7y is:
. H Ap-H]m 2-(m+2)-V
=Y X=—|=¢" = 3.62
wa z] ¢[ 2-L B-H* (3.62)

The shear force acting upon the surface of the plates F, is independent of the flow
behavior as per Equation (3.51):

E,=B-L-T, = p.Bg (3.63)

1
Again, withm =1and n = 5 , we obtain equations valid for Newtonian flow.

B 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 (3.7), which is given here again
as Equation (3.64) [1]:

(3.64)



3.3 Flow through an Annular Gap

To solve this, the assumption has to be made that the shear stress 7 becomes zero

at the point r = AR (see Fig. 3.4), where the maximum velocity v, ,,, occurs; R is
the outside radius of the annular gap. It follows:
Ap 2
C,=———-(\-R)". 3.65
i TR (3.65)

Velocity distribution

A==

| AN
Shear stress
distribution

:

0

o
R, <kR—

0
7
i
AR —t—
Fror -
ay

1NN
L

_ _ ____Shear stres

’\

(L

Figure 3.4 Flow through a cylindrical
annulus

However, A is still unknown at this point. With Equation (3.65) in (3.7), we obtain:

Ap-R
=S

L_/\Z.E

- a (3.66)

This correlation is independent of the material behavior. In Equation (3.7) a mate-
rial law is introduced now.

Case A: Newtonian Flow
Assuming Newtonian flow behavior it follows:

dv,(r)

()= () = = =2

(3.67)
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For a Newtonian flow the shear rate will be calculated as follows with Equation
(3.10):

dou, (r Ap-R R
=3 __ApRIT R (3.68)
dr 2-n-L|R r
From Equations (3.67) and (3.68), it follows for the shear rate:
. p-R [r ) R]
r—=———:- —_)\ —_ 3.69
e (3.69)
and after integration of r:
Ap-R*|(rY r
v, () ==L 21 2% m| S +q,|. (3.70)
4.n-L (R R

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

1. Forr=kR,v,(r=kR) =0
2.Forr=Rv,(r=R)=0
The symbol k is the ratio of the inside radius to the outside radius, thus

_&
k=t (3.71)

substituting this into Equation (3.70), we determine:

1
k] (3.72)

2 2 2
S LAV R sl W | (3.73)
R R

B 4.n-L
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When r = AR, we obtain the expression for v, .

2 2 2
Uzmaxzuz(r:xm:i Af ! kl {—m|1=K (3.74)
.’r].
2-In(— 2-In(—
(k) (k)
We get the mean velocity v, by the integration of Equation (3.73):
_ R:Ap|1—k* 1-K*| Ap-R? 1—K*
vy ey £ o el L O (375)
" - ln[] " In|—

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

7r-R4' (1_k4)_(1_k2)2 1

V=nR-(1-K*)-0, = ~-Ap,
Fn = () | 7
k
i (3.76)

3 (1-K)

with K" =die conductance = (1—k4)7 ;
ln[

k

F_L_8nl 1
o, R*Ap
1-k* 1-K2 (3.77)
-
1=k ln[1
k
The expression for the shear forces F, acting upon the walls of the flow channel is
as follows:
Fz a :Fz er+1:;inner :T|r: '27TR‘L_7_|r: -2mkRL
total ,out : R kR (378)
=R (1=K} Ap
2 | 1=K 2
zinner — T |r:kR -2mkRL = _Ap TR —k (379)

2-In

63



64

3 Fundamental Equations for Simple Flows

1-k°
21nl
k

F

zouter T |r:R 27TRL = ApTrRZ 1_ (380)

Case B: Pseudoplastic Flow Following the Power Law

By definition of Power Law (Equation (2.5)) it follows for the shear stress 7(r)in a
flow through an annular slit:

1 1 1
T(r)= Mm: lm.iz(r)m (3.81)
0] 0] dr
For the shear rate (r) it follows from Equations (3.66) and (3.81):
2 m
dv,(r) _  (Ap-R [;] -
)= ——2L=¢.| == | 3.82
3(r) i ¢ [ oL ] T (3.82)
R
To determine the velocity profile the following integral has to be solved:
2
H
Ap-R| [|R
v (r)=—J ¢ . dr 3.83
(N==]¢ [ o ] T (3.83)
R

However, this integral can only be solved for whole-number flow exponents m. For
the flow behavior in an annular slit no general equations can be derived, while the
Power Law is applied.

B 3.4 Summary of Simple Equations for Dies

The equations for shear stress, shear rate, axial velocity profile, and pressure loss
for different simple flow problems (simple geometries) are concluded here. As
simple geometries the flow channel geometries of a circle, a slit, and an annular
gap are constituted. Beyond that, approximation equations for flow channels with
irregular cross section, as well as conical bores, are given. The geometries and
their dimensions are depicted in Fig. 3.5.
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Circle : 4
L~ 7
Pressure drop 4p
===
Circular slif: i
(annulus) —t z
L
Pressure drop 4p i B
Slit: =V A 5
(rectangular slit) —* Z ]
L I
Pressure drop 4p Circumference
General cross . 4 R
section: — Z [ “Area
L
RO\IQ-
Conical bore: L ==V %
—_—t- 7
L Figure 3.5 Geometric definition of
Pressure drop 4p the basic shape elements

It needs to be reminded that the following assumptions and simplifications are
necessary:

1. 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, i.e., 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).

2. Steady-state flow, i.e., no change in flow profile with time (valid for the steady
state extrusion process).

3. Laminar flow for Reynolds numbers, Re = 2 - r - v,p/n, smaller than 2100 (ap-
plies practically always to plastics melts).

4. Incompressible Fluid (constant density) (may be applied approximately to poly-
meric melts, see Section 2.2.1).

5. Disregarding the inlet and outlet effects (This is applicable as a rule, since the
equation below [20] gives the inlet length, L,, for Newtonian fluid for building
up a parabolic velocity profile, so-called hydrodynamic inlet distance).

L, =0.035-D-Re

In [21] this inlet distance for plastic melts is shown to be generally shorter than
R. This can also be proven by somewhat more involved numerical flow simula-
tions (e.g., [22]).
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Viscoelastic liquids require an additional rheological inlet distance in which the
material remembers all previous deformations. This inlet distance for plastic
melts is longer than for the hydrodynamic one [23]. Its length depends on the
rheological behavior of the melt and cannot be explicitly accessible by simple
means.

6. No-slip boundary condition (This condition is mostly applicable to polymer melts.
Exceptions possibly are polyethylene at higher shear rates [e.g., 24,25], 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 (see Section 3.5).

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:
V:EAp:LAp. (3.84)
n Wn

Here K is the so-called die conductance or alternately, its reciprocal, W, the so-called
die resistance. Both quantities are only functions of the die geometry.

For pseudoplastic fluids:

Applying the Power Law according to Ostwald-de Waele (Equation (2.5)), the flow
rate can be written in the following general form:

V=K'¢Ap™ =G pAp™ (3.85)

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 K’ and G are functions of the die geometry and the flow exponent m.

Equations (3.84) and (3.85) can be regarded as fundamental, simple relationships
describing the flow through a die. The values of coefficients, K and K' for dies of
simple geometry.

In the following, the most important equations for different simple geometries are
summarized for Newtonian and, as far as it can be derived, pseudoplastic flow.

In Table 3.1 the equations for the shear stress in different simple cross-sections
are summarized. In Table 3.2 the equations for the die conductances of different
simple cross-sections are given. Table 3.3 summarizes the equations for shear
rate of different simple cross-sections. For the rectangular cross-section (slit), of
width B, height H, and length L, an infinite width is assumed in the derivations,
unless otherwise stated, so that effects at the boundaries can be neglected. These
values are therefore only valid for flow channels with width much larger than
height. For circular/annular cross-sections with a width much smaller than the
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average diameter, these less practical equations can be replaced by the equations
for a rectangular slit by approximation. In this case it is approximated for slit
height H and slit width B:

R —R
H~R —R and B~nm-(R +R) for —> R, >1. (3.86)
R, +R

In Table 3.4 the the velocity equations of different cross-sections are summarized.
These equations are rules of thumb, based on an approximation of the irregular
cross section by annular or rectangular cross-sections including a correction factor.

Table 3.1 Shear Stress 7, Shear Stress at the Wall T,

Correction factors f, (Fig. 3.6) [7,8], as applicable to the flow of Newtonian mate-
rials 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]).
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H L, _1 4P BHI !
- 5L f - K& f,
v 7T f 7 dp b
12yt 1
- or JP= L.
09 TER
Pressure drop
Viscosity

081~ Flow rafe

Length of the channel

Flow coefficient

Greatest cross sectional length

= Smallest cross sectional length

T oG <
Srsay

Rectangle

Flow coefficient fo
S)
53

f]
8]

o4 Se(;:":’g[fiw (t,=04217)
Circle
o (1, =127
128 Figure 3.6
020 0'2 0‘4 0|6 0"8 ZIO Flow coefficient as a function of the
’ ) ’ Y shape factor for different
Shape facfor g shapes of cross sections

If a flow channel of an extrusion die consists of a series of successively arranged ba-
sic geometries, as is usually the case, then the respective pressure losses, for exam-
ple can be calculated and then simply added up to the total pressure loss for the en-
tire die. This method also lends itself to the computations involving conical and
divergent flow channels. The channels have to be subdivided into sections with a
constant geometry (Fig. 3.7). Subsequently the respective pressure losses are calcu-
lated 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].
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Table 3.2 Die Conductances K, K’

Geometry

Newtonian (

T

//-”})
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Pseudoplastic [Tm =
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Table 3.3 Shear rates 7, Shear Rates at the Wall ,,

Geometry

Newtonian (7 =n-7)
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Table 3.4 Velocities v, , Average Velocities U, , Maximum Velocity v,
max

Geometry Newtonian (7 =17-7)

Pressure 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 flow of Newtonian materials through elliptic and elliptically
convergent channels is described in [5,28] and [28], respectively. Die resistances
for conical channels are published in [5,27,28,32-35]; 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

Geometry | Newtonian (7 =17-7) | Pseudoplastic Pseudoplastic:
Representative data

Often it is possible to compute the pressure loss in complicated channel cross-sec-
tions by subdividing the channel cross section into individual subsystems which
can be easily calculated or by replacing it by a substitute pipe with a radius with an
equivalent friction, R, (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.
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Table 3.6 Representative Shear Rate ¥

Pseudoplastic: Representative quantities

Circle (Pipe) - 4V _  _
’Y:m'eo eoz0815
Circular slit (Annular slit) = v )
VS =T
(RZ-R)R R
1
= — 22 A
R=R, TNl ]
Ink R,
Rectangular slit - 6V
’Y:W'GD e\:‘ ~0.772

Thee, -, valuesare valid for flow exponent

2 <m < 4asaverage(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 math-
ematically unwieldy when using the Power Law. When using the Prandtl-Eyring or
Carreau constitutive laws they become even more so. The relationships for Newto-
nian materials are much simpler, however. Therefore it is advantageous to apply
the Method of Representative Viscosity described in Section 2.1.2. This method
allows the application of relationships developed for Newtonian materials to the
pseudoplastic materials by introducing representative quantities.

If a representative point in the flow channel is known (Fig. 2.15), by the application
of this method, the representative shear rate 4 (Table 3.6) at that location can be
calculated from the flow rate V and the representative viscosity Thep from the known
viscosity curve. The obtained value is then introduced into the equations derived for
Newtonian materials for the determination of the pressure loss (Table 3.5).

Thus an equation analogous to Equations (3.84) and (3.85) is obtained which is a
simple die equation employing the representative parameters:

V= _LAp. (3.87)
nrep

The die conductivities K can be found in Table 3.2.

This procedure should be used as often as possible because of its simplicity.
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B 3.5 Phenomenon of Wall Slip

In the derivation of the applicable equations to this point, the assumption was
made that the melt flowing through the die adheres to its surface and hence has a
velocity v, = 0 at that point (Fig. 3.8(a)) [37]. This assumption is not correct for
some rigid PVC 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(c)). [25] publishes a range of critical shear rates for polyethyl-
ene between 0.1 and 0.14 N/mm?, above which a wall slip generally occurs.
Between the two extremes, namely wall adhesion and wall slippage, there is the
formation of a low viscosity slip film (Fig. 3.8(b)). This happens frequently when
extruding a compound containing an external lubricant resulting in a lower pres-
sure drop at constant throughput.

al

i

R n
4] v,

Vualt = 0 \
b)
Y N\

| S T2

R =\
4 D iy,

f —=
e 2
N ‘
c) -
Vwa_[ﬁ Vg \

f =

R =y n
i vy,

Figure 3.8 Velocity profile at various boundary
conditions, a) Adhesion to the wall, b) Sliding
\ \ film, c) Slippage along the wall

3.5.1 Model Considering the Wall Slip

An analytical mathematical formulation considering the wall slip is that by Uhland
[37], a brief outline of which is presented here. It starts out from Coulomb’s Law of
the friction of a solid body on a wall and formulates the equilibrium between the
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viscosity and frictional forces for a flow through a tube on an element of volume
(Fig. 3.9):

_Rdp _ Iy

T = =
W oa, . PHeT

(3.88)
(with e, = coefficient of sliding friction and
p = pressureexisting in the element under consideration)
\\ NN
e (7 (a—
R
¢ _ pmR* (p+dp) m R z

fr --,u:N =—pcp 2w R dz
\ SO N

Figure 3.9 Force equilibrium on a volume element of a viscous material
with friction at the wall

Integration leads to the variation of pressure along the tube with p(z=L) = p; (p;:
pressure at the die exit):

2
p(z) = p, -exp %(L —Z) . (3.89)
It follows from Equation (3.88), that:
_ 2p
Tw = —PH €Xp T(L —z) . (3.90)

This equation states that in contrast to the case of wall adhesion, the wall shear
stress is not constant along the flow channel for wall slippage (see Table 3.1 and
Fig. 3.10).

It can be seen from Equations (3.88) and (3.90) that the frictional force F 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 7, which brings about shear flow, is less than the shear stress
required for overcoming frictional forces. Initially, the fluid adheres in a flow chan-
nel (0 <z <z). Subsequently (for z; <z <L), and there is wall slippage accompa-
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nied by a shear flow of the fluid (Fig. 3.10). This is made clear from Equation (3.88)
and from Table 3.5 using the Power Law (Equation (2.5)):

1
R 1 [(m43y]|m
leL—— In |—— — (3.91)
2p pLig | TR
g
“©
g Teritf ~ ===~ — ==~ ===-=~1 TN T =Hy P,
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Figure 3.10 Variation in pressure and the shear stress at the wall
in the case of slippage along the wall

The effect of the parameters V, m, and R on the slip range (L - z,) is discussed in
detail in [37].

A complete wall slip in a flow channel always occurs when z, = 0. The necessary
volumetric flow rate V for this case can be then obtained from the following equa-
tion:

m

(3.92)

R 2u.L
ex
3 PLHG €XP R
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The pressure at the point of separation z; is calculated from Equations (3.89) and
(3.91):

1

1 (m+3 Y
p=— —>3 (3.93)
He| ¢-m-R
The pressure at the capillary die inlet p, follows from:
Po — P dp
o P 3.94
- = (3.94)
.. dp  —Ap . .
With . = from Table 3.5 and Equation (3.92) it follows that:
L AL
m+3)- V™ |2 1 1 |(m+3)-V|m
poz% -—+—1—ln—% (3.95)
é-m-R R pyg Poitg| ¢-m R

The pressure in the case of a complete wall adhesion along the capillary p,y is
(compare Table 3.5):

1
m

(m+3)V
omR?

, 2L
OH R

(3.96)

This value is greater than that for the case of a partial wall slip (see Fig. 3.10).

From Equation (3.90), the material function (Equation (2.5)), and 7= 7, % (see
Table 3.2), it follows:

_dy,(r,2)

- . (3.97)

r,z) =

R

r m
:¢[ . _] exp
PL Hg R

After integration and the boundary condition v, = v, for r = R, the velocity profile
is given by:

m R _ pmtt

DL K r exp

R

2 1)), (3.98)

L—z)

UZ(Z)=Ug(Z)+¢-[ p—

in which 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,(z)

(3.99)

14 m R 241, -m
Ug(Z)_ —¢-(P 1) 'm -exp R (L*Z>-

1R’ +3

From this equation, it is evident that v,(z) has its maximum value at the die end
and it turns out that v,(z = z;) = 0 for the point of flow separation z, (transition
from adhesion to slip, Equation (3.91)).

Figure 3.11 shows the development of a velocity profile in the die for z; <z < L [37].
For (L - Z) > 2.36 cm in the example considered here, there is pure shear flow with
v, = v, = 0 at the die wall, while plug flow sets in at the die exit (where v, = v,).
Because of the rearrangement of the velocity profiles, there is also a velocity com-
ponent in rdirection. This component is disregarded (v, < v,) [37]. It is evident
that the wall slip is most pronounced at the die exit and decreases in the direction
opposite to the direction of flow. This means that wall slip also commences at the
die exit. This phenomenon was also observed in rheological investigations of the
wall slip behavior of plastic melts.
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3.5 Phenomenon of Wall Slip

3.5.2 Instability in the Flow Function — Melt Fracture

Although the method presented here correctly describes the wall slip trend of poly-
mers, the greatest obstacle to its application is the unavailability of the coefficient of
friction i for polymers in the molten state or the choice of the correct slip velocity
v, on the die wall. Technical 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 un-
fortunately have more of theoretical than practical importance at this point.

Therefore, when designing extrusion dies for melts that exhibit wall slip, the only
alternatives remaining are either an empirical way of determining the pressure
loss in a similar prototype die or the use of mathematical formulations, which are
selected in a nonspecific manner and which start out from total wall adhesion and
therefore lead to calculated pressure losses in the die being too high.

During rheological experiments to determine flow behavior, especially of PE-HD
melts, it was frequently found that when the volumetric flow rate V 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).

; 4
7 7
Pt Unstable
/ .
Unstable region J/ region
Torip [-mm=mmmem A // ’
. ; ) |
i / .
b HuP T BB B T
{(Terit)
Volumetric throughput = Constant Pressure = Constant

Figure 3.12 Variation of the flow curve with an unstable region as a function of the method of
operating the capillary rheometer

This instability is interpreted using the approach of Uhland [37], described in Sec-
tion 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 py, and since
wall slip, as shown, starts at the die end, a critical wall shear stress 7, can be
defined below which there can be no wall slip:

Terit = My P (3.100)
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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 (z; = ft¢). 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 de-
formed surface, is also partly interpreted by the effect described above [40]. How-
ever, opinions differ considerably on this point. Melt fracture is also frequently
ascribed to the elastic properties of the melt [40-43]. 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 pheno-
menon leads to disturbances in the stream lines. As a result, there are different
retardation behaviors of the melt at the die orifice which, in turn, manifest them-
selves in the extrudate deformation described above.

It should be stated, however, that, for designing extrusion dies, the operating points
of those dies must not lie in the described regions of instability of the flow func-
tion. Accordingly, critical shear rates and shear stresses, which are made evident
by the flow function (instability or melt fracture), have to be taken into considera-
tion during this design work.

Symbols and Abbreviations

A Cross section

B Width

C; Constant of integration
G, Constant of integration
d Diameter

e Ratio of representative radius to outer radius of a circular flow channel
e Ratio of representative height to height of a rectangular channel

F Force

F Force of friction

Force of shear

Correction factor

Die constant

Height

Momentum flux

N o~ Qoo

Die conductance
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3.5 Phenomenon of Wall Slip

Die conductance for fluids described by the Power Law
Ratio of inner radius to outer radius
Die length

Entry length

Flow exponent (material parameter of Power Law)
Force in normal direction

Pressure

Pressure at die inlet

Pressure with total wall adhesion
Pressure at point of separation
Pressure at die outlet (die length L)
Pressure loss

Radius

Outer radius

Equivalent radius (considering friction)
Inner radius

Radius

Reynolds number

Residence time

Mean residence time

Circumference

Volume flow

Flow velocity

Mean flow velocity

Slip velocity

Maximum flow velocity

Flow velocity in radial direction

Flow velocity in z-direction

Maximum flow velocity in z-direction
Mean velocity in z-direction

Die resistance

Coordinates

z-coordinate at the point of separation
Shear velocity

Shear velocity at flow channel wall
Representative shear velocity

Shear viscosity
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10.

11.

12.

13.

14.

15.
16.

17.

crit

Representative shear viscosity

Ratio of radius of maximum flow velocity at annular slit to outer radius of
an annular slit

Friction coefficient in slippage

Friction coefficient in adhesion (coefficient of static friction)
Density

Shear stress

Critical wall shear stress

Wall shear stress

Fluidity (material parameter of Power Law)
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Computation of Velocity
and Temperature
Distributions in
Extrusion Dies

B 4.1 Conservation Equations

The basis of the general mathematical treatment of flow processes is the conser-
vation equations for mass, momentum, and energy. The flow 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 flow.

To determine these quantities, the conservation equations are combined with the
constitutive (material) equations that describe the correlations between parame-
ters relating to motion and kinetics on the one hand and between the individual
thermodynamic parameters on the other (e.g., [1-5]).

To describe an isothermal flow fully, the following are required:

® the law of conservation of mass (continuity equation)
® the law of conservation of momentum (equation of motion)
® 3 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 con-
ductivity)

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

explained. For detailed derivations and representations in different coordinate

systems, see the pertinent literature (e.g., [1-5]). The equations treated below are
interpreted strictly in Cartesian coordinates.
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4.1.1 Continuity Equation

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

Storedmass |  |Enteringmass Leaving mass (4.1)
per unit time B per unit time per unit time | '
For Cartesian coordinates, it follows that
dp 0 0 0
—=—|—p v, +—pv, +—pv,| 4.2
o [axp Py TP } (4.2)

This relationship describes the change in density with time at a fixed reference
point as a function of the mass flow vector pv (vx,vy,vz are the components of the
velocity vector 17). Written in vector symbolism, Equation (4.2) becomes

ap

B —p(V©). (4.3)

By using the multiplication rule of differential calculus, Equation (4.2) can be
reformulated as follows:

dp 9p Ip dp _ ov,  Ov, v
L4, —~4v —p| =+ L= 4.4
o Nox Yoy oz Plox oy | oz (+4)
or in vector symbolism:
Dp
L —_y(VD). (4.5)
o= (Vo)
The expression Dp 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 seen by an observer who follows the motion of the flow (i.e., the sub-
stance). Equations (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 Equation (4.4) becomes
zero, and the continuity equation is simplified thus:

VD:%—F%—k%:O. (4.6)

ox Oy Oz



4.1 Conservation Equations

4.1.2 Momentum Equations

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

Changein the Entering
momentum per unittime; = {momentum per unittime
(Momentum Flux) (Momentum Flux)
(4.7)
Leaving [Forces
—imomentum per unittime ; +{actingon the .
(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
consideration. The flow component in the z direction, for example, can thus be
represented with the following equation [1]:

gv——i vv—l—gvv—l—gvv —@
at_p7 pXZ pyZ pZZ aZ

ox oy 0z
(4.8)
- QT +£7’ +£7‘ +
BX XZ 8}/ yz 82 77 pgz

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,
which cuts through the plane in which the stress is acting. The second index
indicates the direction of the stress.

Figure 4.1 Definition of the
stress components acting on a
fluid particle in a rectangular

z = Direction of flow channel
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In a generally valid vector and tensor symbolism (i.e., independent of the coordi-
nate system) the momentum equation becomes

0

—pvU =—(Vp-v-0 -V

" (Vp-0-0) p
Change inthe motion Pressure forces

Momentum change .

L (momentum ﬂux) actingon theelement
perunittimeand . .
. perunittimeand under consideration

unitof volume . (4.9)

unit volume per unit volume ’
-V +pg
. Gravitational force
Changeinsurface
L ontheelementunder
forces per unit timeand . .
. consideration per
volume unit .
unitvolume
where g is the vector of acceleration due to gravity.
Equation (4.8) can be rearranged so that it appears in a substantial notation:
Du op |or, 07, Or
b —— | 2+ +—"\+pg,. 4.10
Dt 0z [ ox Oy Oz P8, (+10)

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

— =_Vp—-Vr+p3. 411
P D p—VT+pg (4.11)

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
Newton's second law: mass times acceleration equals the sum of the forces acting.

Equations (4.3) and (4.5) are equivalent just as are Equations (4.9) and (4.11);
however, the placement of the observer is different in each case.

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 [1]:



Change in internal
and kinetic energy
per unit time

Increase in internal
and kinetic energy
through convection
per unit time
Change in internal
energy through
conduction per
unit time

Change in internal
energy due to

heat sources per unit time

4.1 Conservation Equations

Decrease in internal
and kinetic energy
through convection
per unit time

Work which the
system carries out

(4.12)

on the environment
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 to be the energy that is coupled directly
to molecular motion and interactions; it depends on the local temperature and on
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the density of the flowing medium.

The energy equation for Cartesian coordinates is derived, for example, in [1]:

) i,
CloUu+- =
ai 2w]

ox

0 0
—[va [pU-f—lpUz]"r—Uy [pU—l—lpvz]—F—vz [pU—}—%pvz]

2 10)4 2 0z

Or in general vector symbolism:

—_ U _
acl|” Y

Changeinenergy

perunittimeand
volume

B v
Changeinenergy
perunittimeand
volume
duetoheat
conduction

- %+%+% +p(v g +vg, +uvg )
ox oy Oz rew o yEy e (4.13)
ad 0 0 0
_ [a pu, + a—ypvy + gpvz J — a(rxxvx + 7,V + Ty, )
0 0
+ 5(7'“1& +7y, 7y +7,0, ) + g(TZX’UX +7,0, +7,,0, )] +¢.
=—|V-pvU U—l—%vz]
Changeinenergy per unit
timeand volume through
convection
(4.14)
+p(0-8) ~V-pi ~Vird] 4o
Work perunit ~ Workperunit Workperunit Changein
timeand timeand timeand internal
volumedue volumedue volumedue energy
togravitational topressure toviscous duetoheat
forces forces forces sources
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where (3 is the heat flux vector (components g, q,,q,) and v = vf +v§ + vf .

After casting in substantial form, Equation (4.14) becomes [1]

D 1 2 - o .
p—D—t[UJrEvZ]——V-q+p(v-g)—Vp-v—v-(T.a)+¢. (4.15)

As also shown in [1], the following is obtained by subtracting an expression for

D(1 2]
p—|=v"|:
Dt|2
Du 2 L L
pD_t =-V-q —p(V~v> —(T:VU) +¢. (4.16)
Changein Changein  Recoverableportion Nonrecoverable Changein
internal energy per  of thework per portionof the energy
energy per  unittime unittimeand work per unit perunittime
unittime andvolume volumebecauseof  timeand volume and volume
andvolume duetoheat compression becauseof viscous dueto
conduction dissipation(work  heatsources
of frictionin the
flowing medium)

The dissipation term is

T:Vio=1 %4—7 %+T %4-7' %—F%
' “ox Yoy "oz Moy ox
(4.17)
+7 6&4_% T 8U2+%
1 oz oy “lox 0z )

For many applications, it is more meaningful to formulate the energy Equation
(4.16) in terms of temperature T and the specific heat capacity ¢, instead of in
terms of the internal energy.

At constant pressure p [1]:

dU =c, dT —pdu, (4.18)

where v, is specific volume.
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It follows that

DU DT Du,
—— =pc ——pp—2L. 4.19
P or =" PP T (4.19)
with
DT oT .
22 (BT 4.20
Dt Ot ( ) (+20)

from the definition of a substantial derivative

D0, %% 4 9 421
e "o TP *:21)
——
=0
and
p=L (4.22)
()

It follows from Equation (4.16) that

o, %Jr(ﬁ-v)T = V{—(r:Vi)+o. (4.23)

According to the Fourier law of heat conduction:

G =—\VT, (4.24)
where A is the thermal conductivity.
It therefore follows that

oT

C_
ppat

+(17'V)T]:)\-V2T(T:VU)+¢. (4.25)

This equation, suitable for calculating temperature profiles in extrusion dies, con-
tains—apart from the dissipative term—an additional heat source ¢. This term
must be taken into consideration, for example, if there are heats of chemical reac-
tion. This term is dropped when processing thermoplastic materials, but must pos-
sibly be taken into consideration for cross-linkable compounds.
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B 4.2 Restrictive Assumptions and

Boundary Conditions

The system of the conservation equations cannot be solved in its general form, so,
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 compu-
tation depends strongly on how close the restrictive assumptions are to the reality.
Therefore, in each case a critical evaluation of the validity of the assumptions is
necessary.

The most important assumptions made for the design of extrusion dies are summa-
rized below:

1.

. 0 . .
Steady-state laminar flow [E<) = 0]: For continuous extrusion processes,

the assumption of a steady-state flow is permissible; this is not valid for start-
ups or discontinuous processes such as blow-molding with so-called accumula-
tor heads.

. Inertial and gravitational forces can be neglected when compared to frictional

forces and pressure. This assumption is always a good approximation for poly-
meric melts.

. Wall adhesion: This condition is under certain circumstances not met locally

(see Section 3.5). Since the generally valid models and material data describing
the wall slip are not available, wall adhesion is almost always assumed.

. Reduction of the variable direction of coordinates (fixation of neutral direction

. . 0 .
of coordinates): For example, for circular channels —( . ) =0, which means a
concentric distribution of the variables of state (rotational symmetry).

For the flow through a slit, the effect of the confining channel side walls can be
neglected when B/H is greater than 10, which means that there is no change in
the direction of width (plane flow).

. The velocity gradient in the direction of flow is much smaller than in the trans-

verse direction. If the cross section of the flow channel in the direction of the
flow remains 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.

. Constant pressure gradient in the channel cross section, meaning no consider-

ation of the effects of normal stress is necessary.

. Hydrodynamically fully developed flow in every cross section of the channel

with one direction of shear perpendicular to the axis of the channel. The gra-



10.

4.2 Restrictive Assumptions and Boundary Conditions

dients 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).

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

conductive heat transfer.

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

conduction.

Constant density (incompressibility), constant heat transfer, and constant
thermal diffusivity of the melts.

The constancy of these material parameters can be applied only when the
thermodynamic state in the given process zone changes only very little, when
no points of transition occur, and when 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.

12.

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
qmu:—Aa;:—k(QAJW) (4.26)

where

A Heat conductivity
Ty, Temperature of the melt at the wall
Ty  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 (4.26) that

oT T, — T,

v — Bi . Bi= Q (4.27)
oy A

wall S
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 between melt and die.

The temperature of the melt at the wall is equal to the wall temperature:
Ty = Ty. This is referred to as an isothermal wall (Bi — ). However, with Bi =
100, the wall can be considered isothermal already [8].
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13.1f (0T/0y),,.y €quals zero, Bi equals zero, too. Here, then, the wall is considered
to be adiabatic: it takes up the temperature of the melt closest to it. (This as-
sumption is permissible for long spider legs, breaker plates, or melt strainers.
This adiabatic assumption is in principle valid on the axis of rotation for axially
symmetric computations of flow and temperature.)

For Bi less than one, the adiabatic condition 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.

B 4.3 Analytical Formulas for Solution of the
Conservation Equations

Analytical solutions of the conservation equations, which form a linked system of
nonlinear (Fig. 4.2) partial differential equations, exist only for simple, special
cases; some of them are demonstrated in Chapter 3.

In the following paragraphs, the derivation of an analytical solution for the velocity
and temperature fields on a simple case will be explained.

Consider a channel with a shape of a slit (Fig. 4.1) with height H and width B. Here,
H is much smaller than B, so the edge effects can be neglected and an assumption
of a uniform flow can be made.

1
A pseudoplastic melt flows through that channel [Tm =—-7v|, while the flow is
laminar and steady state (the entry effects can be neglected). The melt exhibits

wall adhesion |v,=0fory = iﬂ] and has only the flow components in the z
direction. 2

Find the velocity profile v,(y) # f (z) as well as the temperature profile 7(y) # f(z) in
the melt (one-dimensional solution since all parameters are only dependent on the
z coordinate). That means that the convective heat flux in the z direction is not
taken into consideration. (However, in reality 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 descrip-
tion of flows with constant material parameters and shows the coupling between
the velocity and temperature in the flow channel:
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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).

2. 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 z direction, whereas gradients of velocity and temperature are only
nonzero in the y direction. Therefore, all the parts of the conservation equations
that contain v, and v, as well as derivatives in the x and z directions are omitted.

The conservation equations as well as the possible simplifications are presented
in detail below:

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

%4—1) (%Z—l-v 8vz+v ov, _ Oop (9TXZ+8TYZ+8TZZ +pg. (4.28)
Ploc "™ ox "oy "oz )T oz ax oy oz | P8
1 2 3 4 5 6

1 = 0: Since it is steady state

2 = 0: Since v, = 0

3 = 0: Since vy, =0

4 = 0: Since B> H, the effect of shear stresses at the surfaces laterally limiting
the channel (7,,) can be disregarded

5 = 0: Normal stresses due to deformation can be disregarded

6 = 0: Gravitational forces can generally be disregarded for polymer melt flows

After simplification, it follows from Equation (4.28) that

A 4.29
Aoz )" "oz oy (4.29)
Continuity Equation (see Equations (4.2) and (4.3), e.g., [1]):
dp 0 0 0
el = - =0 4.30
at+8X<pUX)+8y<pUY)+8Z(pUZ) ( )

1 2 3

1 = 0: Density is constant, so there is no change with time
2=0:Since v, =0

3 = 0: Since vy = 0
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It follows from Equation (4.30) that

0 A Ov dp
v —02 02 g0
0z (pvz) p 0z T 0z

=0since p=constant

=0

0
Itfollowsthat p k&
0z

=0 andtherefore % =0
0z

(4.31)

(4.32)

Combining Equation (4.32) (continuity equation) with Equation (4.29) (equation

of motion) and simplifying:

6p B 87'yz

0z Oy
Energy Equation (see Equations (4.16) and (4.23), e.g., [1]):

oT oT or oT
PCp —|=

5 vxa—kvya v, e
1 2 3 4
doq, 9q, oq,| [ov, Ov, 9,
*8—X+6—yy+g — 8—X+a—yy+g -p
5 6 7
—T Ou, +7 %—FT GUZ}
0 oy " 0z
7 7 7
iR [8_ o) [%% 6_+8_}
Yloy  ox ¥l oz ox 1oz oy
7 7 7 7 7

= 0: Since steady-state conditions
2 =0: Since v, =0
3 = 0: Since vy, =0
4 = 0: Since T(y) as well as v, # {(z)
5 = 0: Temperature gradient in the z direction was assumed to be 0
6 =0:Since T#f(z)>q,=0

7 = 0: See above

(4.33)

(4.34)
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After simplifying, it follows from Equation (4.34) that

dq ov
0=——>— . 35
8}/ TYZ ay (4 )

oT
and with 7, = 7,  and g, = —A— to Fourier that
Ay

aofor_ . oy, (4.36)
Oy | oy Y dy

To solve the problem, use the

Material Law (see Equation (2.3)):

100 4.37
yz ¢ 8}/ ( . )

It follows that

1
1
¢

. Computation of the Velocity Profile

(4.38)

Tyz

1
9, |
oy

Assuming ¢ and m to be approximately independent of temperature, the
momentum equation can be decoupled from the energy equation. In this case,
only Equations (4.32) and (4.29) suffice for the computation of the velocity pro-
file v(y):

From Equation (4.33) it follows that

= @J.Hq_ (4.39)

0z

With 7,, =0 fory=0= C; = 0:

op
=_2P.y 4.40
T =75, (4.40)

It follows from Equation (4.39) and with a negative algebraic sign for ~+, since
v, decreases in the y direction:

m

v ym. (4.41)

o ¢

ap
0z
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Integration leads to

8p mym+1
=¢|— +C,. 4.42
Vs ¢[8z] m+1 2 (442)
With v, = 0 for y:%:
H m+1
op m[Z]
C,=—¢|— 4.43
g ¢ 0z m+1 ( )
H m+1 .
N "‘[z] e
=—¢|—| ——. 4.44
wl)=-o|2Z| ey (444

The negative algebraic sign illustrates that flow takes place in the negative

pressure gradient, that is, in the direction of lower pressure. Equation (4.44)
op Ap

-4

As in Section 3.1, the maximum flow velocity v,,,,, the average flow velocity v,
and the volumetric flow rate V can be calculated from Equation (4.44).

corresponds to the relationships given in Table 3.4 [

4. 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 7(y) follows from Equa-
tions (4.36), (4.38), and (4.42):

m+1
O \o1)_ o[ ym (4.45)
oy | Oy Aoz
After integration:
m+l mo
or _ 99 Y~ ¢ (4.46)
ay MOz m-+2

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

symmetrical), it follows for C; = 0:

o +C,. (4.47)

A
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With T=T, fory = H/2:

[H] m+3
m+1 A
Lo -1, 4% 2] (4.48)
Moz (m+2)(m+3)
The resulting temperature profile 7(y) is
H m+3 s
¢ ap m+1 E -y
T(y)=T, +—[—] —_— (4.49)
) =T Aoz (m+2)(m+3)

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 direc-
tion perpendicular to the direction of flow, that is, through the flow channel wall.
The heat development due to dissipation and the heat removed by conduction are
therefore equal at any point (see Equation (4.35)).

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

T
means that the term p-c, -v, 8_ in Equation (4.34) does not become zero. Hence
z

it follows (compare Equation (4.35)) that

oT % ov,

C v — —_— —r 4.50
P e T Ty ey (4.50)
with the Fourier law of heat conduction
@ =-A 8_T (4.51)
oy dy
and
Ty = —n(Y)% 452
v o (4.52)
with

o
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It follows from Equation (4.40) that

oT | OT o, )
e R )] e 4.54
Py = gy n(Y)[ay] (4.54)

[ hi§ I

m | is the convective heat transfer in the z direction
® ][ is the conductive heat transfer in the y direction

m [II is the heat generation by dissipation due to the velocity gradient in the
y direction

Equation (4.54) makes clear that during a flow process the temperature field is

coupled with the velocity field. The coupling is illustrated by the viscosity n, which

throughout the process is a function of temperature 7, hydrostatic pressure p, and

the shear rate 7‘[7' =— Gavz ] (see Chapter 2). The velocity field affects the temper-
Y

ature field since heat is generated in the melt by internal friction, which in turn
depends on the velocity gradient (’y) Moreover, the term in Equation (4.44)
describing the convective heat transfer depends directly on the velocity field.

The coupled system from the momentum and energy equations in which the
convective heat transport is considered cannot 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]).

B 4.4 Numerical Solution of Conservation
Equations

In the numerical solution of differential equations, the closed-form solution, a
function that satisfies the differential equation over the entire domain (e.g., flow
channel), is no longer the objective. Instead, values of the function at discrete
points are computed or the function is approximated section-wise. The finer this
division, the more accurate the result.

Among the computational methods used in engineering science today, the two
most important are the finite difference method (FDM) and the finite element
method (FEM).
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Both these methods will be explained briefly theoretically and in examples in the
next chapters. Detailed introductions into both are given, for example, in [14,15].

4.4.1 Finite Difference Method

When applying FDM, the subject under consideration, for example the flow chan-
nel, is covered by a grid (Fig. 4.2). The points of the grid lie always within the area
or exactly on its edges [14]. In the simplest case, the grid consists of squares and
its spacing is constant.

Ax
k=1 k-1 k k+1
n=NT Jj ) y
y

net ? J (2 4¥pe) (Zy¥po1) (ZystYnet)

S > (Zy-1¥n) (Z Y | (Zier¥a)
n g
n-1 // ( Zy-4Yn-1 [ - ( Zyar Y1 )

\ ) (ZYp-1)
L_

i — I S |
S s | S GNP e S S ——
1 ®

Figure 4.2 Difference grid in a two-dimensional plane or axially symmetrical flow channel

To solve the differential equations describing a given problem, they are converted
into difference equations by replacing the differential quotients by the difference
quotients. For example, for the derivative of function u in the z coordinate at the
point z, (Fig. 4.3), we obtain

ou u(zn —f—AZ)—u(zn)
oz 2.Az

(4.55)

This means that the tangent at point (z,,u(z,)) is replaced by a chord running
through both points (z,_{, u(z,_,)) and (z,,, u(z,.1)) (Fig. 4.3). The slope of the tan-
gent that corresponds to the differential quotient is approximated by the slope of
the chord, that is, by the difference quotient. Equation (4.55) corresponds to the
so-called central difference quotient. This one approximates the derivative more
accurately than the forward difference quotient or backward difference quotient
(Fig. 4.3). The central difference quotient can be constructed only if there are
points of the grid on both its sides. If the grid point z, lies on the edge and so close
to the edge of the area that there is no grid point on the other side, the derivative
is approximated by a forward difference quotient
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ou NU(Zn+AZ>_u<Zn)

aZ| n AZ ( )
or by a backward difference quotient
ulz, )—ulz, —Az
@unz () ( . ) (4.57)
0z Az

Forward difference quotient:
BU |y YY)
§z “n Az

Backward difference quotient:

S_u_)H : Utzy 17 Uizoe)

§z Zn 4z

Central difference quotient:
Su ;. Uiz ™ Yizpq)

(= )

§z “n 24z

(

N
i

N
E

N
3
E3

N

Figure 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 Implicit Difference Method

In the FDM two different variants exist: the implicit and the explicit method. When
arranging the difference quotients for all the grid points simultaneous, a system of
equations is obtained that contains all the points on the grid and therefore as
many equations as the number of unknowns in the system. This system, which, if
necessary, has to be first linearized, 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 implicitly;
an explicit formulation that supplies the solution explicitly is not possible. There-
fore, it is referred to as the implicit difference method. In the explicit difference
method, the values of the function at the grid point k + 1 are computed explicitly
from the values at the point kK and sometimes even from points farther back in the
grid, such as k— 1 and k - 2. Thus the equation for the value of the function v, at
the grid point k + 1 of the following form is obtained:

Uy :f(uk,uk_l,...). (4.58)
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Using an example of a flow channel, this means that the flow in the channel is
calculated 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 often utilized for the computation of time-dependent prob-
lems (transient processes): here the state at the time point ¢ 4+ 1 is computed from
the past states ¢, t — 1, ... and so on.

The advantage of the explicit difference method is that, instead of a system of equa-
tions, only a single equation has to be solved. The procedure is therefore simpler
from the point of view of the programming technique and considerably faster than
the implicit FDM. However, the accuracy, the stability, and the rate of convergence
of the explicit FDM are smaller. It should also be noted that, in an explicit FDM
analysis, retroactive effects of downstream conditions, such as from a converging
channel, cannot be evaluated. Provided that certain criteria of stability and conver-
gence are met, results with acceptable accuracy are still 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 method is particularly good for use on
personal computers. Many examples are given in [9-12]. Therefore, the following
sections will deal with the explicit difference method exclusively.

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

In the following section, the energy equation (Equation (4.54)) is transformed into
an explicit difference equation as an example of the use of this method.

To accomplish this, first, the differential quotients in Equation (4.54) are replaced
by the difference quotients:

g _ Tk+1,n - Tk,n

= e (4.59)
and
ﬂ _ Tk,n+1 *ZTk,n +Tk,n—l _ (4.60)

dy*? (Ay)z
By substituting this into Equation (4.54) and solving for Ty, , [16], we obtain

Lz(Tk,n+l - 2Tk,n + Tk,nfl )

(4.61)
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For the value of v, here the average velocity in the given time step is set:
_ 1
v, ~U (n) = > (’Ukln +Uiin ) (4.62)

Equation (4.61) makes clear that the temperature distribution at the grid point
k + 1, that is, in the direction of flow, is computed from the temperature distribu-
tion at the grid points k farther back in the grid (Fig. 4.2).

When dividing into layers, as in Fig. 4.2, it has to be kept in mind that Equation
(4.61), as it is, is only valid for 2 < n < NT - 1. If the die temperature T\, is given, the
temperature in the layer NT is computed by applying Equation (4.61) and introduc-
ing the new step width Ay/2 in the proximity of the die wall (compare Fig. 4.2):

Tk,NT _Tk,NTfl
Tk,NT—l/Z = —2 . (4.63)

Setting with the step width Ay/2 into Equation (4.61): Ty ,.; = Ty, Ty, = Ty x1, and
Tk,n—l =T K,NT-1/2

For the reason of symmetry in the flow through a slit, the layer n = 0 has to have
the same temperature as the layer n = 1 so that Equation (4.61) can be set up: for
n=1,T, =Ty, [16,17].

For channels with axial symmetry the procedure is similar, as is shown in [17], for
example.

4.4.2 Finite Element Method

The finite element method (FEM) is an approximation procedure to solve differen-
tial equations. Originally, it was developed for structural analysis, that is, for the
computation of forces, stresses, and deformations in solid bodies. In the past few
years, the area of applications of FEM has steadily expanded; today, FEM is consid-
ered to be a universal procedure for the numerical solution of a wide range of engi-
neering problems.

In the following section, the fundamentals of FEM will be explained only to the
extent necessary for users of FEM programs. For a more detailed treatment of this
subject, there are many textbooks, e.g., [14,18-22].

General Formulation of the Finite Element Equations

The FEM is based in principle on the approximation of a continuum with an infinite
number of degrees of freedom by a sum of contiguous subregions with a finite num-
ber of unknowns. These subregions are the finite elements. The shape of the func-
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tion that satisfies the differential equation is approximated. The approximation is
done by interpolation functions and their derivatives; the points used in the inter-
polation are the nodal points of the finite elements. The equations are first set up for
each element (local equations). Subsequently they are combined, and the result of
this is a system of equations (global equations) describing the entire problem.

The system then is solved with the consideration of the pertinent initial and bound-
ary conditions. The values of the desired function on the nodal points are the
solution. In the following section, it will be explained how to obtain the local finite
element equations for each element from a given differential equation by means of
weighted residuals.

Consider a differential equation (DE) of a function dependent on position u(z):
DE(u)=0 (4.64)
(the type of the DE does not matter here because the general procedure does not

depend on it).

In the first step, an approximation of the form
u(Z)= Yoy (2)uy (4.65)

is made for the shape of the function u in the (finite) element. Here, N is the
number of nodes in the element, ¢y the interpolation functions, and uy are the
(constant) values at the nodes.

The interpolation functions ¢y are referred to as shape functions. They have a
central significance in the FEM, as will be explained later.

The values uy of the approximation function (Equation (4.65)) at the interpolation
points are constant; only the shape functions are dependent on the coordinate.
Thus, the first derivative of the function u in the direction of the z coordinate, for
example, is

ou(z) o 09\(2)

. 4.66
0z N Oz N ( )

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 (4.65) and (4.66) into DE (Equation (4.64)),
generally a nonzero value is obtained on the right side of the equation (as an error),
which is called the residual, e:

20(2) |

DE ,
0z N

oy (2), =e. (4.67)
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To minimize this residual, the scalar product of the residual and the weighting
functions W, (where i = 1, 2, ... N) is used; this product is then integrated over
element area €2, and the resulting integral is set to zero:

fe-mdQ:o. (4.68)

Q

This way the error of the approximate solution of the differential equation is forced
to be zero-averaged over the element (the 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, different 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 func-
tions ¢,;. Thus Equation (4.68) becomes

[ =6 a0=0. (4.69)

Q

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 (4.64)),
Equation (4.69) 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 domain 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 and flow chan-
nels), 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
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the approximation of the area, but it is not imperative. The residual defined by
Equation (4.67) becomes smaller when the interpolation Equation (4.65) describes
the actual course of the desired function in the element with increasing accuracy.
This is clearly demonstrated by Fig. 4.4 [23]. It shows a velocity profile for a pseudo-
plastic fluid in a pipe. A solution using FEM with one element over the radius pro-
vided the function course marked with 1 when a linear shape function 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, Equation (4.69)), there are very large deviations at discrete points. This can
be markedly improved by the choice of a quadratic shape function (curve 2). Figure
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.

Exact
profile

2 AR J)

Exact profile

1 Element 3 Etements

Figure 4.4 Dependence of the accuracy of approximation on the degree of the
polynomial and the number of elements

However, it cannot be generally stated that the required computation effort de-
creases 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 nodes; additionally, with the increase in the band width of the ordinary nar-
row-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
nonzero coefficients). Another disadvantage of polynomials of higher order is that
they lead to oscillations in the solutions and also to a decrease in the smoothness
of the results. For the computations of flow and temperature problems, parabolic
shape functions are used most frequently.
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Finally, the question of the description of the first derivative (from here on, the
derivative is the local derivative) by Equations (4.66) or (4.67) should 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 velocity field (e.g.,
shear rates) are needed for the computation of the flow. The shape functions guar-
antee the continuity of the interpolated quantities not only within the element, but
also at their borderlines [18-22]. This is generally not the case for the first deriva-
tive, 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, a
bend in the shape of the approximating function appears at the borderline of the
element and, thus, a discontinuity in the first derivative. The second derivative is
here no longer defined; therefore such occurrences are not permissible in the DE
while applying the 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 when computing, for example,
stresses or shear and extension rates from the velocity fields.
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| Figure 4.5 Discontinuity of the first derivative
! =‘l of the quantity u(x) interpolated by the means of
Element 1 Element 2 the shape function
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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 (the so-called smoothing procedure
[20,23-25]).
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4.4.3 Comparison of FDM and FEM

For the user, the question arises as to which type of computation is the most suita-
ble 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 the accuracy and utility of the results [26]. In order to make a general classifi-
cation of the numerical methods of solution, the simple methods of computation
based on analytical 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). Hereby, the real process is approximated by a suitable superposition of one-
dimensional procedures. Advantages of analytical methods are [26] as follows:

® 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 per-
formed on a pocket calculator. A personal computer is even more effective since
it provides the desired answers even faster.

® The main advantage of the simple computational methods is, however, that the
relationships are reversible so that they can be differentiated, integrated, and
solved with regard to any parameter. Consequently, a suitable geometry for a
(melt) manifold, for example, can be computed in one step from the requirement
of uniform velocity distribution at the outlet (see Chapter 5).

On the other hand, the simple methods have considerable disadvantages:

® Their application is limited to dies that can be approximated by basic geometries
defined easily by a simple analysis.

® [nteractions and transition effects cannot be described in their entirety.

® Results can be often obtained only integrated over the entire cross section (e.g.,
pressure loss, volumetric flow rate, cooling time).

When more complex geometries are computed or more accurate simulations per-

formed, numerical solutions of differential equations describing the problem, such

as FDM or FEM, have to be used.

In the difference method, as explained previously, the differential equations are

replaced by difference quotients, which are formed by the points of a rectangular

grid constructed over the geometry under consideration.
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Superposition of Numerical methods
analyticat
results

FOM FEM

Geometry @ @ .[h o r}_] B%
Resutt Bp, %,V
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Figure 4.6 Comparison of ananalytical methods, FDM, and FEM

The development of the differences as well as the subsequent solution of the
obtained equation system and often even the construction of the grid are done by
the computer program itself. Compared to simple computing techniques, FDM has
the following advantages (see [26]):

® Geometries that 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 inserted 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 into con-
sideration.

® 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).
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Besides the above-mentioned advantages of the difference method over the simple
ones, it has some inherent disadvantages:

® 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 finite 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 construction of finite elements with edges that do not have
to be perpendicular to each other and can be curvilinear. When applying parabolic
shape functions, the edges of the elements can take up a parabolic shape. As men-
tioned previously, these shape functions are at the core of the FEM: they serve not
only the purpose of interpolating the geometry but also obtaining the desired
quantities (velocity, pressure, temperature on each node). Thus, they directly affect
the accuracy of the results. The introduction of the shape functions is at the same
time the main difference between FEM and FDM: while in the latter only the values
on the nodal points 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 advantages 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.

m 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:

® Computing times, requirements on the core, and mass storage are multiples of
those required by FDM. The lowest class of computer to be used for this purpose
is a high-performance 32- to 64-bit personal computer.
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® Since the geometry as well as the boundary and initial conditions are set by the
user himself, the time required for the computations is longer than that required
by an FDM program in which these data are more or less fixed.

® The great flexibility with regard to geometry, mesh density, and the choice of
types of elements and boundary conditions demand a considerably greater
understanding of the method by the user if he or she wants to 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 differ-
ence grid for their approximation, then the advantages of the FDM prevail [27,28].
However, when various geometries exist that differ strongly from each other, then
the application of the FEM, which is independent of geometry, is justified. This
method has advantages in the presentation of the geometry, in the mesh genera-
tion and definition of boundary conditions, and in the presentation and evaluation
of results. As extrusion dies are generally very complex, the current state of
research focuses increasingly on the usage of FEM.

4.4.4 Examples of Computations of Extrusion Dies

In this section, examples of computations applying numerical methods will be pre-
sented in order to clarify possible applications. The discussion is limited in the case
of FDM to computations of flow by the means of explicit difference procedures
since these are the most important for polymer processing.

Convergent Slit [16]

When studying velocities and temperatures in a slit with a varying gap height, a
strong influence of the channel geometry and a weak influence of the temperature
on the velocity profile are observed (see Fig. 4.7).

The temperature distribution shows a maximum near the channel wall because a
high shear rate causes increased dissipation at that point. With a constriction of
the channel, this maximum becomes more distinct due to the increase in dissi-
pation. 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 melt.

In the section of the channel with parallel walls, the melt temperature in the mid-
dle 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.
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Figure 4.8 depicts the influence of different die wall temperatures on the tempera-
ture profile in a relatively short rectangular channel and a convergent inlet. At the
entrance (x = 0), a constant mass temperature 7y = 170 °C is assumed.
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It can be concluded from the illustration that a uniform increase or decrease in
mass temperature in the flow channel by changing the wall temperature is not
possible. Therefore, one should try to deliver an extrudate with the highest possible
thermal homogeneity (with the minimum temperature difference over the cross
section of the melt) from the extruder to the die.

Crosshead for Blow-Molding [17]

In [17] the velocity and temperature distributions in a crosshead for blow-molding
are analyzed: Figure 4.9 shows a cut through the flow channel of the crosshead and
the computed velocity, shear rate, and temperature profiles. A constant mass tem-
perature at the inlet (position x = 0) was set at 200 °C; the mandrel wall is as-
sumed to be adiabatic.

With the help of computations, it is possible to determine if and how the tempera-
ture differences in the melt stream in a die equalize and what effect they have on
the temperature profile of the emerging extrudate. Figure 4.10 shows computed
temperature profiles at the exit for two operating conditions (with extreme differ-
ences 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 have 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 with Constant Cross Section [11]

Not only the flow of one melt but also of multilayers can be subject to computation.
Here the position of the layer interface (or interfaces) of two melts in addition to
unknown pressure, velocity, and temperature must be determined by iteration.

Consider an asymmetrical PE-LD/PE-HD/PE-LD three-layer flow in a simple rectan-
gular channel with the cross section H x B =12 mm x 200 mm. The mass temper-
ature 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), and the temperature shift is according to the WLF equation (see Section
2.1.1.3). The relevant material data are shown in Table 4.1. The computation is
performed with constant heat conductivity and constant specific heat capacity.
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Table 4.1 Material Data

Thermodynamic Material Data:

Density (kg/m?®) 801 850
Reference temperature (°C) 115 115
Linear coefficient of (1/°C) 0.001 0.001
thermal expansion

Thermal conductivity (W/m K) 0.257 0.257
Specific heat capacity (J/kg K) 2620 2620
Data for WLF Equation:

Standard temperature (°C) 10 =70
Reference temperature (°C) 285 285
Carreau Coefficients:

A (Pa-s) 5738 39033
B (1/s) 0.418 1.052
C 0.938 1.101

Figure 4.11 and Figure 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 distance, 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 co-



extruded product (Fig. 4.12). The effect of the change of material on the velocity
and temperature profiles is shown in Fig. 4.13. Here the PE-LD/PE-HD/PE-LD melt
stream was replaced by PE-HD/PE-LD/PE-HD while all the remaining parameters
(throughput and temperature) were held constant with regard to the operating

point in Fig. 4.11.

Layer interfaces
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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 thick-
nesses. A computer program for the determination of the temperature profile,
velocity profiles (and hence of the residence time), shear rate profile, pressure loss,
and 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.

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

A simple and fast way to obtain information about the velocity and the wall shear
stress distribution in the die land of a profile die of any cross section is to compute
the distribution of the one velocity component assuming an isothermal, planar,
viscometric flow. This velocity component is always perpendicular to the cross
section under evaluation. Hence, each cross section corresponds to an isobaric
area, and all streamlines are straight lines. The computed distributions are valid
strictly for fully developed flows in infinitely long die lands. In spite of that, the
reality can also be approximated quite accurately for short zones, provided their
length is the same for all cross-sectional regions.

Figure 4.14 [23,30] shows the cross section of the die land of a truly complicated
die for a sealing profile and the velocity distribution calculated by FEM and
represented by a shape of a mountain range. Each 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 coeffi-
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cients A = 11,216 Pa-s, B=0.14 57!, and C = 0.644. The takeoff speed is 22 m/min
(367 mm/s), and the pressure gradient is 3.9 bar/mm. The computed velocity dis-
tribution shows clearly that the melt lags behind in the nose (tab) and in the side
piece that is sticking out to the left and therefore is stretched excessively in the
takeoff. The mean velocity in the primary profile (including the nose) is 422 mm/s
and in the relatively narrow side piece only 69 mm/s, about one-fifth of the takeup
speed. Here the cross section has to be increased upstream to increase the melt
velocity (see also Section 7.4.3).
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Figure 4.14 Die cross section and velocity distribution in the
parallel zone of the die for a sealing profile

Pipe Bend

Figure 4.15 and Figure 4.16 show the results of computation using three-dimen-
sional FEM for pipe bends of different ratios of pipe bend radius to pipe radius,
R,/R, (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).

The results of the computation show that in the inside area of the pipe bend there
are higher velocity gradients than in its outside area: the maximum velocity shifts
from the center to the inside of the bend.
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The velocity difference between the inside and the outside area increases with the
decreasing radius of the bend. The effect is depicted in Fig. 4.17. Here the ratio of
the shear stress at the wall (respectively inside and outside the bend) to that of a
straight pipe (R, = =), 7 is plotted against the ratio R,/R,,.

From Fig. 4.17 the following can be concluded. The shear stresses increase in the
inner area, while in the outside they decrease with the decreasing radius. This can
be the reason for deposits (plate-out) in this zone as they are found occasionally.
From the ratio R,/R, = 10 and up, the differences become so small that they can
be neglected; the 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 ra-
tio R,/R,, 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 that would act as a compensator. This ensures a well-devel-
oped symmetrical flow into other areas (such as the mandrel area).

Figure 4.15 Velocity distribution in a
pipe bend of 90 degrees (R,/R, = 10)

.:II[///

L1 1y Figure 4.16 Velocity distribution in a
ot i

pipe bend of 90 degrees (R,/R, = 2)
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Streamlines in a Planar Two-Layer Flow [23]

Multilayer flows are particularly critical in practical applications 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 fluctuation.
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 visco-
sity or in velocity.

Such effects are undesirable, and they have to be eliminated by proper die design
or process control. These can be determined effectively by a computational simu-
lation.

Figure 4.18 and Figure 4.19 depict an isothermal planar 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 for a flow rate ratio of 2.5:1 is shown in Fig. 4.18.
The boundary between the layers shifts downward due to the higher volumetric
flow 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. The recirculation zone causes a reduction of the effective cross
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section of the lower channel in such a way that, despite the high velocities, the
condition of constant volume is met. Experiments with model fluids have shown
that this effect indeed can be observed under real conditions [11,23]. In order to
eliminate long residence times and the resulting degradation of the polymeric
melt, either different operating conditions or a different die geometry must be
chosen.

Figure 4.18 Planar two-layer flow
with a flow rate ratio of 2.5:1

bl

Figure 4.19 Planar two-layer flow
with a flow rate ratio of 32:1

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

An example of the need to use three-dimensional computations even for a rela-
tively simple geometry is depicted in Fig. 4.20. It shows the flow between a rotating
screw tip (right) and a stationary tip of a mandrel that is a part of a pelletizer (left).
The streamlines of particles that are located in different radial positions on the
right side at the inlet into the observed section of the flow channel are depicted. It
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can be clearly seen that the particles that 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 flow is again two-dimensional and axially symmetrical: because
of high friction forces in the stream, the rotation propagates only over short
distances.

Figure 4.20 Flow in the space between a rotating screw tip and the mandrel tip of a
pelletizing head: (1) fixed mandrel, (2) housing, (3) rotating screw tip, (4) particle streamline,
(5) direction of flow

The result confirms the necessity of a three-dimensional flow simulation in spite of
the axially symmetrical geometry: because of the rotation of the screw tip, the
particles of the melt have velocity components and velocity gradients in all three
directions in the space.

Consequently, both the die designer and the processor have the tools to evaluate
the necessary changes of the die 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.

Simulation of the Predistribution in a Spiral Mandrel Die [85]

An example for a three-dimensional, nonisothermal computation, in which not
only the flow channel but also the surrounding die material is modeled, is given in
[85]. Considered is the flow through the predistributor of a flat spiral mandrel die.
The predistributor divides the melt delivered by the extruder into eight substreams
(Fig. 4.21), which are then fed into the spiral channels of the main distributor. The
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main target in the design of the predistributor is to ensure that at each outlet of the
predistributor the same mass throughput is given. An inhomogeneous predistribu-
tion would lead to an uneven flow in the spiral mandrel die and hence to an uneven
wall thickness distribution in the extruded tubular film. This thickness distribu-
tion must be expensively compensated for by downstream equipment, such as by
using a segmented cooling ring, otherwise it can lead to unnecessary material con-
sumption in thicker film sections or even to the production of waste if individual
layers in the film are outside the tolerances and therefore can no longer fulfill their
specification. One possible problem in this context is the influence of the tempera-
ture distribution on the melt flow in the predistributor. Both the external temper-
ing of the die and the dissipative shear heating can lead to an uneven temperature
distribution in the melt. Since the viscosity of the melt is dependent on the temper-
ature, an inhomogeneous temperature distribution would result in an uneven
throughput distribution at the predistributor outlets.

Figure 4.21 Predistributor (left) and main distributor (right)

In order to consider these effects in the design of the predistributor, numerical
computations are necessary. Figure 4.22 depicts the computed temperature and
throughput distribution in the predistributor for a total throughput of 300 kg/h, a
melt temperature at the die inlet of Ty = 200 °C, and an outer die wall temperature
of Tyy = 220 °C. The material is a PE-HD whose viscosity is modeled according to
the Carreau law and the WLF equation. It can be seen that the external tempering
of the die leads to an inhomogeneous temperature distribution in the die, which
results in higher melt temperatures in the subchannels that lead to outlets 2 and 3.
This effect is further reinforced by the dissipative shear heating. The combination
of high dissipation near the flow channel wall and the branching of the subchannels
also leads to an increase of the melt temperature at outlets 2 and 3. As a result,
outlet 3 has the highest melt temperature and outlet 1 and 4 the lowest. As shown
on the right-hand side of Fig. 4.22, the temperature distribution is also reflected in
the flow rate distribution at the outlets. Outlet 3 has the highest temperatures and
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therefore the lowest flow resistance, because of which the highest output is also at
outlet 3. At outlets 1 and 4, on the other hand, which have the lowest melt temper-
atures, are the lowest flow rates. The overall result is a difference between
the maximum and minimum throughput of approximately 8.4% of the average
throughput.

It should be noted that the inhomogeneities are dependent on the process para-
meters. For comparison, Fig. 4.23 depicts the computation results for an outer die
wall temperature of 7, = 200 °C. All other parameters are identical to the ones in
Fig. 4.22. Here, it can be seen that, by lowering the die temperature T, the
throughput distribution gets more homogeneous. In this case, the total throughput
difference amounts to 3.6 %. The reason for this is that by setting Ty, identical to Ty,
the influence of the external tempering on the melt temperature is minimized.
Here, the melt temperature is only influenced by the dissipation.

In conclusion, the thermally induced throughput inhomogeneities in the predistri-
bution can be partially reduced by adaptation of the process parameters. However,
the process parameters cannot be changed freely as they influence several more
process and product attributes. As a consequence, it is not possible to completely
eliminate the inhomogeneities solely by optimizing the process parameters. In-
stead, it is necessary to change and adapt the die design, for example by integrat-
ing thermal design measures such as heater cartridges into the die. At this point,
the benefits of numerical computations are particularly highlighted since they
enable the evaluation of a great number of different die designs without having to
produce each variation.
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Figure 4.22 Temperature and throughput distribution in the predistributor
(300 kg/h, T,, = 200 °C, T, = 220 °C)
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Figure 4.23 Temperature and throughput distribution in the predistributor
(300 kg/h, T, = 200 °C, T,, = 200 °C)

B 4.5 Consideration of the Viscoelastic
Behavior of the Material

When designing extrusion dies, the elastic properties of the melt, that is, 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

B entrance vortices

m 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

® interfacial instabilities between layers or at surfaces due to a viscoelastic turbu-
lence [3]

Neglecting the elasticity of a melt can lead to relatively large errors in the com-

putation of the pressure loss. Reference [12] demonstrates this with an example of

flow of a high molecular and hence highly elastic PE-HD through a blow-molding
head.
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Figure 4.24 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 in-
creased 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 on the results is even more pronounced in the com-
putation of the extrudate swelling. As shown in numerous publications (e.g.,
[15,32,33]), the swelling factor Sw, defined for circular dies as

Sw=D/D, (4.70)

where
D,  Diameter of the die orifice

D Diameter of the extrudate

depends to a high degree on the elastic properties. For a Newtonian fluid, generally
the value of Sw is approximately 1.13 [34-36], whereas elastic fluids exhibit
considerably higher values; these depend on their relaxation times and the shear
rates during the extrusion.
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There are essentially two ways to consider elastic properties:

1. Figure 4.25: The velocity field is first computed with the assumption of a purely
viscous behavior. Subsequently, the elastically stored deformations are com-
puted from a suitable material model combined with the results from the previ-
ous procedure. From that the swelling factor is obtained. The effect of the viscoe-
lasticity on the velocity field is here completely neglected.

1. Set-up and solution of the conservation
equations assuming viscous flow behavior

Result: Velocity field, temperature
and pressure distributions

2. Computation of reversibly stored
deformations from the velocity field

Figure 4.25 Diagram of computation

3. Computation of the swelling factors at without the introduction of a viscoelastic
the die outlet material law into the conservation

equations

2. Figure 4.26: The velocity field is first computed with the assumption of a viscous
behavior. Subsequently, based on the result, the computation proceeds includ-
ing a suitable material model to obtain a stress field. This stress field is then
used as input into the momentum equation, and from that a new velocity field is
computed. From that a new stress distribution results, and so on. The iteration is
discontinued when either the difference of results from two steps fall under a
set limit or if the maximum of the permissible steps is reached. In this proce-
dure the effect of viscoelasticity on the velocity field and the pressure distribu-
tion is taken into consideration.

It is obvious that Procedure 1 is considerably simpler than Procedure 2. Procedure
1 was, for example, applied in combination with the explicit difference method
[12,16,17] or with FEM [37,38]. Today such computations can be easily imple-
mented by the use of personal computers [12]. Procedure 2 is considerably more
demanding because

® 3 great number of iterations must be performed and

= the computing procedure often does not converge, particularly if there is a strong
influence of the elastic behavior of the melt [15,39-41].
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1. Set-up and solution of the conservation
equations assuming viscous flow behavior
Result: Velocity field, femperature
and pressure distribution
!
1
2. Computation of the stress distribution from
the velocity 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 2

Result: Velocity field, temperature
and pressure distribution
1

L If computing of the extrudate swelling is
required: determination of the new surface
coordinates

Criterion for
convergence satisfied ?

No

Figure 4.26 Diagram of the computation
with the introduction of the viscoelastic
material law into the conservation
equations

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

® yortices at the inlet or a constriction

® shifting of the boundary of a layer due to elastic effects

® 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 re-
search. The goal of these efforts is to improve the convergence and the stability of
the computations.

Another problem is the absence of a universal rheological material law that 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 (overviews
given for example in [4,47-49]), no model in existence can meet these require-
ments (see also Section 2.1.3). Therefore, the accuracy of the computations of the
extrudate swelling or other effects depending on viscoelasticity is limited.
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B 4.6 Computation of the Extrudate Swelling

It has been demonstrated before by Figure 4.25 and Figure 4.26 that 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 [12,16,17], or the
unknown coordinates of the emerging surface of the extrudate are considered
unknowns in the problem—such as velocities, pressures, and temperatures—and
are then computed by using a suitable expansion of the system of differential equa-
tions (e.g., [23,39,42]).

One equation suitable for the determination of the free surface of the system deter-
mination 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 sca-
lar product from the velocity vector ¥ and the vector normal to the surface 7 must
become zero:

v-n=0. (4.71)
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 between layers [23,43] because the
latter is defined by condition of Equation (4.71) the same way as a free surface. An
example of such an analysis is shown in Fig. 4.27 [23,30]. It involves the result of
the FEM computation of a planar, symmetrical three-layer flow, where the top and
bottom layers are the same material. Therefore, only one-half of the die orifice is
considered. The FE network is continued 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 of both the layer interface and
the free surface is unknown; therefore, both have to be computed by the iterative
process using the condition of Equation (4.71) [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. 4.27, center). When the outer layers are made from a highly
viscous material (a factor of 10 relative to the middle layer; see bottom of the
figure), the extrudate swells the most, because in this case the highest rearrange-
ment of velocities occurs at the die exit. This rearrangement occurs because at the
die exit a parabolic velocity profile exists that turns into a plug profile immediately
after leaving the die. This leads to an acceleration of the outer layers and a slow-
down of the layers in the center region.
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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 pro-
vides 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.

n/n, = 1/1
s

< n,/n, = 1710

2!

n,/m, = 1071

Figure 4.27 Symmetrical planar three-layer
flow with a free surface: comparison for
different viscosity ratios between cover layer
and middle layer

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 buildup of
reversible elastic deformations in an extrusion die. Here the determination of re-
versible elastic deformations produced in a volume element is determined directly
following the computation of the temperature and velocity fields.

The average, mathematically determined (theoretical) state of deformation of the
melts, &, 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 deforma-
tions ey at the die outlet is the calculated temperature and velocity distributions in
the die and the velocity distribution providing information on the local shear and
extension rates (és,éD>0f the melt in the die (compare Fig. 2.19) and on the defor-
mation buildup shown in Fig. 2.24, taking into consideration the specific relaxa-
tion behavior of the processed material.
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Since shear and extensional deformations can occur simultaneously in a melt par-
ticle, it appears to be appropriate to define a representative rate of deformation

€ep» Which results from superimposing the two portions of the deformations [16]:
Eep = e, +bE)) (4.72)
where
E =7

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

Erp =0.01-6, 4. (4.73)

This means that, starting out from the same rates of deformation, the extension
deformations have a considerably greater effect on the reversible elastic deforma-
tions in this case than do the shear deformations. In order to calculate the rever-
sible deformation from location z, , to z, , (see Fig. 4.2), the representative defor-
mation velocity €., is calculated from the shear rates as their mean value, i.e.,

1/. . . .
E(yk o Ve n), and the extension rate (vy,; , = vy ,)/Az. The corresponding tem-

peratures and pressures for determining the actual relaxation times 7(cg) in the
computing step under consideration are also obtained as average values from the
values at the interpolation points. The numerical relationships given in Fig. 2.24
can therefore be rewritten into computing instructions for determining the change
in the reversible deformation in the nth grid layer of the flow channel and in the
Aty . time step under consideration [16]:

20z . R

6rep -

Agyp =

=" Al . (4.74)
Vkn T Vkiin

o (T )exp (—Clst’n )

This analysis can be carried out for all layers of the FDM grid over the height of
the channel. In [16] the initial values of the reversible deformations in the inlet
cross section are set equal to the steady-state values for the respective deformation
rates.

By this procedure, the distribution of the reversible deformation e can be calcu-
lated numerically over the channel height in each section of the die, as well as its
mean value &, which in turn can be correlated at the die outlet with the swell
factor Sw. If the swell factor is defined as the ratio of the dimensions of an extrudate
after (index 2) and before (index 1) complete recovery of stored elastic deformation
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(complete retardation, similar to Equation (4.70)), then the following relationship
applies to the extension between the two states:
L
E, = ln —2. 4.75
R=In (4.75)
If the volume is assumed to be constant during the retardation, then for a rectan-
gular profile it follows that

BH,L, = B,H,L,. (4.76)

A retardation of longitudinal deformations & brings about swell factors in the
direction of thickness [16]:

Swyy = exp(K ) (4.77)

and in the direction of width
Sw, = exp(K* &, ) (4.78)

with K+ K* =1

Here, K and K* indicate anisotropy of the values of swelling; they are generally
different and depend on the shape of the extrudate cross section. If the cross sec-
tion is square, then K = K*.

As Equations (4.77) and (4.78) demonstrate, the swell factors can be correlated
with the numerically determined mean state of deformation in the melt, &;.

Note: The values of swelling determined by this procedure do not take into con-
sideration the swelling that occurs due to the rearrangement of the velocity profile
at the die outlet into a block profile, even for purely viscous fluids. Because of that,
especially when the elastic recovery is small, too low a swell factor can result from
the computation. Some examples of the results from the computations are pre-
sented below.

Figure 4.28 taken from [16] illustrates the effect of the geometry on the buildup
and decay of reversible deformations by means of a slit-shaped flow channel with a
variable height H. The right half of the figure in each case shows the strong effect
of convergent regions of the flow channels, where in addition to shear deformation,
extensional deformation occurs; the latter must be weighted more heavily with re-
spect to the reversible deformation. This means that the effect of the so-called land
zones in extrusion dies is made evident here. Die 1 and die 2 show that defor-
mations, introduced directly at the end of the channel, are more swell-effective
than those introduced farther upstream (fading memory of polymer melts).
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Figure 4.28 Effect of different channel profiles in the direction of flow on
the reversible deformations of CAB (according to [16])

The left side of Fig. 4.28 shows also the effect of the land region on the deformation
profile over the cross section of the flow channel. Die 3 shows lower e; values,
whose comparatively steep increase near the wall is attributable to the quite high
shear rate in the last narrow section of die 3. The land region, therefore, does not
have a positive effect on the decay of reversible deformation near the die wall.

In the case of the buildup of reversible, elastic deformations in an axially symmet-
ric channel, deformations in the circumferential direction, in addition to those in
the longitudinal direction, must be taken into consideration in convergent/diver-
gent annular slit regions of the channel [12,17].

Figure 4.29 [17] shows the average, mathematically determined longitudinal and
circumferential deformation over the length of the flow channel of a crosshead die
of an extrusion blow-molding line (compare to Fig. 4.9). The average, reversible,
elastic, longitudinal deformation initially increases steeply because of the rapid
increase in flow velocity in the inlet region. However, this deformation decays
through relaxation processes up to the end of the following channel section with
constant pipe diameter. The flow velocity is reduced greatly in the annular
cross-sectional region commencing at the mandrel tip, as a result of which nega-
tive, longitudinal deformations occur and 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.



4.6 Computation of the Extrudate Swelling

Mandrel support region

1

<2

B8 |
#

>

£ simm]
3 4 -
8 Bo~~ =2
T

> 25 [\ 1
[y / \ A~27
IS N=2
2 ‘ =40 kg/h 29
§ 15pf—9 =200 °C, 8, = 200 °C —
‘;?, €. Longitudinal f' [t

E 10 deformation - 51
3 gy : Circumferential }\ \ / 1
¢ 05[—L__deformation v 29
>
&
0 50 100 150 200 250 mm 300 320

Crosshead die length

Figure 4.29 Mean elastic deformations over the length of the channel in a
center-fed mandrel support die

The large cross-sectional areas following the mandrel support lead to the decay of
longitudinal deformations through compression and relaxation. Subsequently, as
the width of the outlet slit and the mean radius of the annulus decrease, longi-
tudinal 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. Figure 4.29 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] and for tubular and annular flow channels on an example of a blow-molding
head in [12,17].

Figure 4.30 [16] illustrates the correlation between the swell factor Swy of an
extruded flat ribbon with the calculated mean deformation ey as it is represented
by Equation (4.77) 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 predic-
tions of the swelling behavior as process parameters and flow channel geometry
are varied, when correlations similar to those in Fig. 4.30 exist.
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Thus this analysis shows the strong influence of convergent regions of the channels
on swelling, while parallel regions of the channel, such as land regions, lead to a
decay of reversible, elastic deformations. It must be kept in mind here, however,
that a parallel land at the end of the die once again increases the pressure
consumption of the die. An optimized channel geometry, therefore, must be the

result of matching pressure loss computations with the computation of reversible
deformations.
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Figure 4.30 Comparison of measured and computed swell factors for different types of slit
dies

B 4.7 Methods for Designing and Optimizing
Extrusion Dies

This chapter discusses the topics of designing and optimizing extrusion dies. The
design process currently employed in industry is described, and the objectives of
die design are presented. In addition, methods are introduced that permit abstrac-
tion of the design process in a manner that can be aided by optimization methods,
which are also discussed. At the end of the chapter, examples illustrate how such
an optimization can be performed, and a brief overview of the current state of the
art with regard to automatic optimization of extrusion dies is given.
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4.7.1 Industrial Practice for the Design of Extrusion Dies

In plastics processing, the primary objective of the rheological design of an
extrusion die or distributor is a uniform velocity distribution in the polymer melt
at the end of the flow channel. This requirement arises from the desire for a
product that changes its dimensions only slightly due to superimposed local velo-
city profiles after exiting from the die. It is possible to meet this requirement with
an appropriate design of the flow channel.

Usually, a distinction is made between standard extrusion dies and profile extru-
sion dies. Standard extrusion dies involve simple flow geometries (slit dies, man-
drel and spiral dies) for extrusion of pipes, solid rods, sheets, and films. The flow
channels of these dies are characterized largely by simple pipe and slit geometries
with almost constant cross sections. In contrast, profile extrusion dies encompass
all dies with which more complex shapes can be extruded. The geometry of the
flow channels in profile extrusion dies is often very complex.

The flow conditions in standard extrusion dies and simple profile extrusion dies
with flow channels that can be divided into sections having simple geometries can
be estimated on the basis of analytical pressure-flow relationships for simple or
idealized geometries (circle, slit, annulus (Section 3.4)). To calculate the velocity
and pressure distributions, the flow channel is divided into geometrically simple
sections. For these sections, simple equations relate the flow V to the pressure loss
Ap via a flow resistance R. For a description of the resistance that is independent
of the flow, the nonlinear behavior of the melt viscosity with regard to shear rate
can be incorporated via the flow exponent n (Equation (4.79)):

Ap=R-V" (4.79)
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For simple geometries such as convergent pipe and slit and annular flows, the
resistance in the flow channels can be calculated using the classical Hagen—
Poiseuille equation, in which the non-Newtonian viscosity is taken into account via
the exponent [73]. Accordingly, the pressure and velocity distributions in a die
comprising several simple geometries can be calculated using these equations. To
this end, the resistance of each individual section of the die is determined, and the
resistance values are combined into a resistance network [51]. Figure 4.31 shows
such a network.

For given boundary conditions (e.g., inlet and outlet pressures), such a network
can generally be calculated very quickly using computational rules analogous to
Kirchhoff's Laws. Kirchhoff's laws describe conditions at nodes and around loops.
The law regarding nodes states that at a node where several resistances are
connected to one another, the sum of the incoming currents (flows) must equal the
sum of the outgoing currents:

Vi = ZVi (4.80)

In addition, the law regarding loops states that in a closed loop the pressure (volt-
age) drop always equals zero:

Y Ap, =0 (4.81)

Using these rules, a system of equations can be set up for any arbitrary network,
and the velocities and pressures in the die can be calculated. If a flow-independent
definition is chosen for the pressure-flow relationship, Equation 4.79 must be
linearized, and the system of equations describing the network must be solved
through iteration. To obtain a linear form, the resistances are converted into a
linear and flow-independent form at each iteration:

~ “Yconst iterationstep

Asz(V)-V

o -
R(V)=R eV s

With the aid of these simple equations, for instance, the geometry of a slit die can
be calculated directly via a reverse design process (Section 5.2). This means that
the flow channel of a die can be established directly from the desired cross section
of the extrudate. Such direct design, however, is possible in only a few special
cases. If the network describing the flow channel is more complex, even simple
extrusion dies can be designed only via an iterative process in which the geometry
is changed incrementally until the desired optimization result is achieved.

The spiral mandrel die will be presented here as a simple example. As with the slit
die, it is possible for a given spiral mandrel die to calculate the velocity distribu-
tion at the discharge adequately via network theory for a large number of materi-
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als. Figure 4.32 shows as an example the calculated velocity distribution at the
outlet of a spiral mandrel die. However, direct design of the flow channel is not
possible because of feedback effects. Even for these simple geometries, an iterative
procedure is necessary to obtain an optimal melt distribution at the discharge.
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Figure 4.32 Throughput distribution at the die outlet

For the more complex geometries usually encountered in profile extrusion, a de-
sign procedure based on network theory fails because resistances can no longer
describe individual channel sections analytically. Moreover, for such dies, there is
no method available that permits direct calculation of a suitable flow channel from
a desired profile cross section [55,61].

In actual practice, more complex extrusion dies are designed in an iterative pro-
cess. First, an initial concept for the flow channel is prepared, and then, based on
the experience of the designer and practical trials, changes are made over the
course of several iterations until the desired velocity distribution is obtained at the
exit. For this optimization, the tool maker alters the geometry of the flow channel
on the basis of an analysis of the velocity distribution of the melt at the exit from
the die. The decision as to “where” and “how much” the flow channel must be mod-
ified depends primarily on the experience of the tool maker. According to manufac-
turers, 10 to 15 iterations are required to optimize complex profile geometries [80].

In recent years, for time and cost reasons, there has been an increasing trend in
this area as well to minimize the number of actual trials through the use of com-
puter-aided design. By using simulation programs, it is possible today in many
cases to perform computer trials instead of the previous real-world trials that were
conducted on actual dies. Here, as in the real world, an iterative design process is
employed. For this procedure, the velocity distribution in the flow channel can be
calculated by any of several different methods.
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Often, the finite element method (FEM) is employed to simulate the flow conditions
in complex geometries. This method permits exact calculation of the flow in any
three-dimensional flow channel geometries [58,59,65,83]. In addition to the
accuracy of the simulation, an advantage of this method is that, after the flow has
been calculated via FEM, the velocity and pressure distributions are known at
every point in the die, thus permitting a “look inside.” This method is, however,
very laborious because a finite-element grid must be created for the entire geo-
metry. As a result, use of this method is relatively time-consuming and costly.

The flow conditions in a die and at its exit can, however, also be established via
simulation programs that are based on other methods of computation. For instance,
the finite difference method (FDM), the boundary element method (BEM) [72], or
even a combination of network theory and these methods can be employed.

However, it should be noted that, in spite of advances in simulation methods and
the ever-increasing performance of the computers available, it is still not possible
today to take into account via a simulation all of the factors that affect the shape of
the extruded profile. While mathematical models are available for many physical
phenomena, exact measurement of the material parameters used in these models
is often lacking. Moreover, incorporation of the usually nonlinear models into
simulation programs can lead to numerical instabilities that prevent calculation.
The viscoelasticity of polymer melts and the wall slip of several materials are men-
tioned here as examples that cannot yet be fully described via simulations.

Nevertheless, simulation programs have today become an indispensable tool sup-
porting the design process. The following sections discuss the criteria according to
which optimization of an extrusion die can be performed, what boundary condi-
tions must be observed and how this design process can be facilitated through use
of a computer.

4.7.2 Optimization Parameters

4.7.2.1 Practical Optimization Objectives

There are usually several objectives when designing extrusion dies as well as
when designing and optimizing flow channels. Depending on the particular bound-
ary conditions, these objectives can be assigned various priorities.

The quality of an extruded product is affected primarily by the flow distribution of
the polymer melt at the outlet from the extrusion die. Accordingly, in plastics pro-
cessing the primary goal of the rheological design of an extrusion die or distributor
is usually to achieve a uniform velocity distribution in the melt at the exit from the
flow channel. Stagnation regions in which the melt can degrade as the result of
excessive residence time are to be avoided. Furthermore, short residence times of
the melt in the flow channel are the objective for materials susceptible to thermal
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degradation, like PVC. In addition, it is useful in many dies to have the narrowest
possible residence-time spectrum in order to minimize the lost time and costs asso-
ciated with purging the die in the event of a material change.

A low pressure drop in the die is another criterion. Since the energy that is
introduced by pressure forces is converted largely into heat through viscous dissi-
pation, the melt is heated further by this energy input. This further reduces the
efficiency of the overall process, which is often limited only by the cooling of the
profile. Supplying a high pressure also requires a more powerful and thus more
expensive extruder.

There are also other criteria, like maintaining a certain shear stress at the wall.
Since any deposits present on the wall cannot be dislodged and carried along when
the shear stress is too low, and the extrudate can be degraded when the shear
stress at the wall is too high, the shear stress at the wall should not be too low or
too high. This criterion can also be extended to the shear rates, which are closely
related to the stresses in the melt.

When designing flow channels, it must also be ensured that the melt is subject to a
continual acceleration as it moves from the inlet to the die to the outlet. This
requirement applies especially to materials that tend to exhibit wall slip, since if
the shear stress at the wall increases monotonically along the flow path due to
acceleration of the melt a critical shear stress at which a stick-slip effect can appear
occurs only once in the die.

Furthermore, with materials that exhibit highly viscoelastic behavior, the die swell
should be taken into consideration during the design process in order to promote
uniform die swell over the entire cross section, since it is possible, for instance, to
compensate for this via a higher takeoff speed.

For many dies, an effective design for melt distribution, that is, a minimal operating
point dependence and a minimal material dependence, should also be ensured.

4.7.2.2 Practical Boundary Conditions and Constraints When Designing

Flow Channels
When designing dies, the design freedom is limited by a few boundary conditions.
For instance, the space available for the flow channel may be limited by the maxi-
mum overall dimensions of the die, by the location of other flow channels (in co-
extrusion dies), or even by other infeed channels (e.g., in coating dies).

Additional constraints limiting the selection of the flow channel geometry result
only from the manufacturability of the desired geometry.

When designing and dimensioning the overall die, it must be considered further
that very high pressures are often present in the flow channels, so sufficient me-
chanical strength must be provided in order to prevent a deformation of the flow
channel that could affect the optimization results.
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4.7.2.3 Independent Parameters during Die Optimization

As mentioned in the previous section, the freedom of the designer is limited by
only a few constraints when designing the flow channel. Subject to the given
constraints, the designer has the opportunity to specify the complete flow channel
geometry of the die in a manner that takes into consideration the optimization and
design goals. There are no design methods today for establishing the starting or
basic geometry of the flow channel that represents the basis for the iterative opti-
mization of the flow channel geometry. Thus, the initial design still depends on the
experience of the tool maker.

To optimize the starting geometry, the designer specifies geometric parameters
that are changed in a subsequent iterative optimization. Selection of the parame-
ters and the amount by which they must be changed in order to achieve the desired
optimization goals depend on the skill of the designer.

4.7.2.4 Dependent Parameters during Die Optimization and Their Modeling

The quality of the selected parameters is evaluated by the designer during the op-
timization. In the course of this evaluation, the quality criteria listed in Section
1.2.1, for instance, may be employed. Estimating the quality of the flow channel
with regard to any one of these quality criteria, such as the velocity distribution at
the outlet from the die, for instance, is often only subjective. With a mathematical
description of a quality criterion, however, an objective evaluation becomes possi-
ble. To this end, the quality criteria, subject to the flow conditions in the die, are
modeled in such a manner that the quality of the flow channel can be described by
a scalar value or index. For instance, the standard deviation of the velocities at the
outlet from the die can be used as a quality criterion for the uniform velocity distri-
bution at the outlet of the extrusion die.

Moreover, the introduction of indices is also useful with regard to an automatic
optimization of flow channels, since with the aid of such indices the quality of a
flow channel can be determined by a numerical algorithm.

If the design process for extrusion dies is considered abstractly, the process is a
normal optimization problem with many independent parameters (Fig. 4.33). In
this case, the abstract optimization goals discussed in Section 1.2.1 represent the
parameters that are affected by the flow channel geometry. The independent
parameters of such an optimization problem thus describe either a portion of the
geometry or the entire geometry, while the dependent parameters provide a quan-
titative indication of the degree of success achieved with regard to meeting one or
several optimization goals. For a mathematical formulation of such a problem,
these relationships must be expressed in the form of objective criteria. For in-
stance, mathematical functions that exhibit an absolute extremum when inde-
pendent parameters reach an optimum value must be found for the optimization
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goals. In the terminology of optimization methodology, these mathematical expres-
sions are called quality functions or merit functions.

Initial design of the flow channel

Description of geometry Optimization of the dependent qm Optimization goals
via suitable - parameters with regard to goals,
taking contraints into
dependent parameters .
P P consideration = Constraints

Optimal geometry

Figure 4.33 Abstraction of the optimization problem

For instance, as mentioned above, the optimization goal of a uniform velocity
distribution at the outlet can be formulated to mean that the standard deviation of
calculated velocities at the outlet should be as small as possible. In this case, it is
useful to consider the velocities averaged over the height of the individual outlet
sections for the various outlet sections, so a possible quality function might appear
as follows:

f(vl,...,vn>: /Zai-(vi—ﬁ)z (4.83)

where v, represents the mean velocity in one section of the outlet, v represents the
mean velocity over the entire outlet, and «; can be used additionally as a weighting
factor in order to assign greater importance to sections of the outlet that are
especially important for proper operation of the die.

The pressure loss between the die inlet and outlet can, for instance, be employed as
a further quality criterion. For this purpose, this value can be normalized with a
weighting factor as follows:

f(Ap)=p-Ap (4.84)

By means of formulations such as those presented here as examples, quality func-
tions can be described mathematically and employed to evaluate flow channels. It
should also be noted, though, that other variables, such as the minimal operating
point dependence or the residence-time spectrum, for instance, are more difficult
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to access. In principle, however, any criteria or combination of criteria can be
employed for objective evaluation of an extrusion die.

Usually, optimization with respect to several criteria is desired. For this purpose, a
quality function can be defined as the weighted sum of individual criteria:

0=> 1 (4.85)

If it is further possible to describe the geometry of the flow channel parametrically
in addition to defining the quality function; these geometric parameters can be
optimized so that the quality function achieves the desired value. It is possible
then to not only create objective evaluation criteria but also to have, within certain
limits, a computer automatically perform the iterative optimization in a subsequent
step through the use of various optimization strategies. To implement an automatic
optimization, a computational method for determining the flow conditions in the
extrusion die (e.g., FEM) can be linked with an optimization method (e.g., evolu-
tion strategy). With an automatic optimization, the geometric parameters, which
define the geometry of the flow channel, can be selected by means of various opti-
mization algorithms until the flow conditions, which are evaluated objectively
through quality criteria, achieve an optimal value. In this case, it must be ensured
when defining the quality function that not only the objectives of the optimization
are expressed in a mathematical model, but also that, when using the optimization
algorithms, the mathematical properties of the quality function contribute signi-
ficantly to convergence of the selected optimization method.

The following section shows how optimization objectives can be achieved with the
aid of optimization strategies and how such an optimization can be performed in
an abstract sense.

4.7.3 Optimization Methods

In research and engineering there are numerous problems that focus on finding an
optimum. Viewed mathematically, this involves searching for a maximum or mini-
mum for a specified function in a defined region.

The variety of problems in research and engineering suggests that there are a
great number of optimization problems that require special or specific optimiza-
tion techniques. As a result, several optimization strategies have been developed,
and these employ a variety of procedures and algorithms to locate the extremum.

Common to all optimization methods, however, is the search for an extremum
(maximum or minimum) in a specified parameter space. Viewed abstractly, every
optimization problem with n independent system parameters can thus be consid-
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ered as the maximization (or minimization) of a merit function [54], so the follow-
ing holds:

F(x)=max!for x € R" (4.86)

The merit function f (1{) represents a surface in an n + 1 dimensional space, where
n is the dimensionality of the vector X , and the function value indicates the quality
of the selected parameter set. For an optimization problem with two independent
parameters, this surface might appear as shown in Fig. 4.34. In this illustration,
the x and y axes define the parameter space. Every point on this x-y surface
represents a parameter set. If all possible parameter variations are assigned a
scalar value that is plotted on the z axis, the result is a surface that describes the
quality of the entire parameter space. This surface can exhibit very different
shapes for different problems.

x:  Parameter 1
y:  Parameter 2
z:  Value of the quality function

.‘. "
v k\“”‘ X
SRS 0% %
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Figure 4.34 Quality (merit) function

While the individual points that define the surface in its entirety can be calculated,
they are not known a priori. The objective of every optimization strategy now is to
localize the optimum in the fewest possible calculations.

There are many strategies that an optimization algorithm can follow to select an
optimal parameter set. The various optimization strategies can be classified. For
optimization problems with multiple independent parameters (geometry points of
the channel), the optimization strategies can be classified as deterministic and
stochastic methods. For the deterministic methods, a specific principle is employed
to proceed from one iteration point to the next, hopefully better point. Given
identical starting and boundary conditions, optimization always follows the same
course with this type of strategy. With the stochastic methods, a randomness is
incorporated into the course of the optimization [78].
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The deterministic methods are also called “hill climbing” strategies. These meth-
ods can be further classified as to whether or not the gradients of the quality func-
tion are incorporated into the strategy. If the information provided by the gradient
can be employed, it is often possible to achieve the optimization objective very
quickly. In this regard it should be noted, on the one hand, that calculation of the
gradient is not always possible and that, on the other, the value of the gradient
cannot always be determined reliably or that the calculation is too laborious, thus
limiting the use of these methods.

A classification of common optimization algorithms is given in Fig. 4.35. In the
next section, various search strategies are presented and the individual methods
described briefly. The reader is referred to the references for further reading
[77,78,84].

4.7.3.1 Gradient-Free Optimization Methods
Coordinate Strategy

The coordinate strategy of GauB3 and Seidel [54] is an extension of one-dimensional
optimization strategies for multidimensional problems. Starting from an initial
state with this strategy, only the first parameter is optimized until the quality func-
tion reaches a maximum, while the other parameters remain constant. Next, all
other parameters are optimized following the same principle. If no improvement in
quality results from a modification of the parameters, the optimization sequence is
stopped. The one-dimensional strategy for finding the optimum can be freely
selected. In the basic form of this method, an exploratory step is taken in both the
positive and negative directions.

Rotating Coordinate Strategy

This strategy developed from the coordinate strategy [75]. In the rotating coordi-
nate strategy, the search direction is not determined by parallels to the individual
axes. Instead, a new coordinate system for locating the optimum is introduced. One
axis of this coordinate system always points in the direction of the vector formed
by connecting the starting point to the end point of the previous iteration step. The
coordinate axes for the other dimensions are always orthogonal to this axis and to
the other coordinate directions. With this procedure, it is likely to find a favorable
search direction, which is usually reflected in a faster rate of convergence.
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Pattern Search (Direct Search)

The pattern search method of Hooke and Jeeves [62] is an extension of the coordi-
nate strategy. With this optimization method, an exploratory move is first made in
a manner similar to the exploratory steps employed with the coordinate strategy.
Assuming that the line connecting the starting point to the end point represents
an especially promising direction, one iteration step is made in this direction by
extrapolation (pattern move). The success of the extrapolation is determined only
after evaluating the quality of an additional exploratory step. If the move is not
successful, the step is retracted; if successful, the move is continued. By modifying
the extent and direction of the extrapolation, it is possible to react to the results
from the individual steps so that with only a gradual change in the optimal search
direction the length of the extrapolation step increases from time to time, resulting
in a shorter search.

DSC Strategy

The DSC strategy, named after Davis, Swann, and Campey, is a combination of
the rotating coordinate strategy and a linear search [50]. Starting from an initial
location, a linear search for the optimum is conducted in each of the coordinate
directions. Starting from the optimal end point determined in this manner, a
one-dimensional optimization now follows in the direction of the line connecting
the starting point to the end point. Next, the axes of the coordinate system are
realigned to form a normalized, rectangular coordinate system, and a new linear
search is conducted parallel to these axes. Following this, a one-dimensional
optimization is performed in the direction of the line connecting the starting point
to the end point.

Simplex and Complex Method's

Another search strategy that differs from those described above follows the sim-
plex method of Neider and Mead [71]. With this method, at least n + 1 starting
points, representing one parameter set, are specified in an n-dimensional search
space. The starting points are selected to be equidistant from one another. This
generally results in a regular polyhedron called a simplex. Optimization via this
strategy proceeds by first evaluating all vertices, each of which describes a param-
eter set (usually by means of a quality or merit function). In the next step, the
vertex with the worst value in relation to the others is identified. This parameter
set is discarded and replaced by a new set generated by reflecting the discarded
point through the center of the remaining points. If the newly generated vertex
produces the worst evaluation in the next iteration, the second-worst vertex is
reflected and so forth. If, as a result of this iteration process, the simplex has
approached the optimum closely, the simplex is rotated around the vertex with the
best evaluation. A closer approach to the optimum can then be achieved by short-
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ening the edge length. Figure 4.36 shows how such a procedure can be performed
in a two-dimensional search space. The lines in this figure represent locations
having the same value of the quality function. The starting points are identified
with 01, 02, and 03. Point 1 results from reflection of point 0! through the center of
the line connecting points 02 and 03 and so forth.

A refinement of this method, the complex method, permits incorporation of addi-
tional conditions in the form of inequalities [52]. The most significant differences
with respect to the simplex method are the greater number of vertices and the
increase in size of the polyhedron, called a complex, after each reflection.

Figure 4.36 Simplex strategy

4.7.3.2 Gradient-Based Optimization Methods

When searching for a minimum or maximum using the “hill climbing” strategies
described above, the merit function is evaluated only at discrete locations in the
course of locating the optimization objective. The class of gradient-based opti-
mization strategies employs, in addition to the values of the merit function, its first
partial derivatives to specify the direction of the next iteration step. Generally, the
gradient of the merit function in different directions is first determined at some
initial point with this method. The new iteration point is specified in the direction
having the steepest gradient. The procedure repeats until the gradient in each
investigated direction changes and it can be assumed that an optimum has been
located.

Nowadays, gradient methods exist that not only allow steps parallel to the coordi-
nate axes, but also incorporate knowledge gained from the successes and failures
of prior iteration steps in order to determine an optimal search direction. With
these optimization methods, obtaining the derivatives, which can sometimes be
very complex or in many cases cannot be determined at all, can present problems.

If a function is differentiable several times, the information provided by higher
derivatives can be used in addition to that from the first derivative. The Nexton
strategy, for instance, employs the second derivative in order to represent a func-
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tion at a given location by means of terms in a Taylor series. In this way, the next
best position with respect to the quality function can be determined in a single
step without having to conduct a linear search.

The number of optimization methods using partial derivatives is quite large; details
can be found in [54].

4.7.3.3 Stochastic Optimization Methods

In contrast to the deterministic methods, the stochastic optimization methods
employ a randomness to influence the search. The basic technique within this
class of optimization methods is the Monte Carlo strategy, which represents a
purely random, or blind, search. With this strategy, parameter values are selected
randomly within a specified parameter space, and the resulting values of the merit
function are determined. No methodical procedure is employed. When no further
improvement in the value of the merit function is observed after evaluating a
specified number of parameters, the process stops. Methods that incorporate a
methodical procedure in addition to a purely stochastic approach are called evolu-
tionary methods.

4.7.3.4 Evolutionary Methods

The methods in this class find wide application in engineering since they are usu-
ally well suited to handling problems with very many independent parameters. In
addition, they offer advantages for problems with poorly conditioned quality or
merit functions that exhibit undesirable properties such as instabilities, noise, or
even undefined values.

The evolutionary methods are optimization methods that perform an optimization
in a manner similar to biological evolution. In this case, biological principles are
transferred to technical processes (Table 4.2). The evolutionary methods can be
divided into two groups. First, there is the evolution strategy, which was first em-
ployed by Rechenberg [74] for optimization of a flow problem. Then there are the
genetic algorithms, which were introduced by Holland [66] and Goldberg [60].
There are many variations among these optimization strategies, but only the basic
ideas underlying them will be presented here. Additional methods that are com-
parable to the evolutionary algorithms include simulated annealing and evolution-
ary programming, but these will not be considered further here. An overview of all
the methods mentioned here can be found in [53,78,84].
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Table 4.2 Transfer of biological principles to the technical optimization process

Replication Identical duplication of the genetic mate-  Copying an existing parameter set

rial

Mutation Random, undirected modification of the Random, undirected modification of the
genotype parameter set

Birth Formation of a phenotype Selecting the new parameter set

Life Survival of the life form in the environ- Evaluating the quality of the selection
ment

Selection Selection of the most well-adapted organ- Comparing the qualities of the parameter
ism and death of the less well-adapted sets and discarding the parameter sets
individuals with the lower qualities

Evolution Strategies

The objective of evolution strategy is to optimize a parameter set through so-called
mutation and selection. To this end, new parameter sets are generated from a
single parameter set through small, random changes (mutation) to the individual
parameters. From the newly generated parameter sets, the one with the best eval-
uation with respect to the optimization objective is chosen (selection). The proce-
dure followed for optimization by means of an evolution strategy can be divided
into the steps below:

1. Specify one or more parameter sets as the starting point.

2. Change all existing parameter sets randomly or mutate the individual parame-
ter sets and thus generate the specified number of “descendants.”

3. Select the parameter sets or the “descendants,” which are to be used as “par-
ents” for the next generation, and discard the rest.

4. If the optimization objective is not yet reached, return to Step 2.

Genetic Algorithms

In the evolution strategy, the parameters to be optimized are described by real
numbers. For instance, the position of a point in space is defined with the aid of
real values. Instead of such representations of parameters through real numbers,
the genetic algorithms employ series of binary numbers to describe the para-
meters. Like the chromosomes in biology, these contain the system parameters in
coded form.

How such series of numbers appear is shown in Fig. 4.37. In this example, three
different parameters are encoded with the aid of series of binary numbers having
different lengths. The lengths of these series and the manner used to convert the
system parameters into binary code are problem-specific. Once a useful scheme is
found for encoding the real numbers into series of binary numbers, the individual
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parameter sets are changed randomly for the purpose of optimization. When em-
ploying genetic algorithms, these random changes are generated through so-called
point mutations and crossovers. A mutation changes one digit in a series of binary
numbers. The digit that changes is determined randomly. By way of example,
Fig. 4.37 shows such a mutation for a parameter encoded by a six-digit binary
number. Parameter sets are also changed by crossovers. With the aid of a cross-
over, two new parameter sets are generated from two existing parameter sets by
exchanging values of the binary code starting at a certain digit, which is deter-
mined randomly (Fig. 4.37). After this change to the parameter sets, they undergo
selection once again. The procedure followed for optimization by means of a genetic
algorithm can be divided into the steps below:

1. Specify several parameter sets, which form a starting population.

2. Change all existing parameter sets randomly or perform mutations.
3. Generate new parameter sets through crossover.
4

. Select the parameter sets or the “descendants” that are to serve as “parents” of
the next generation and discard the rest.

5. If the optimization objective is not yet reached, return to Step 2.

For both of these methods, there are many different ways to generate mutations
and select the descendants. For further details, the reader is referred to [77,78].

1 'l 1
Coding: [1]of1fof1]1]oJo1T1]1of1]1]0]0]0] .
1st Coded 2nd Coded  3rd Coded
parameter parameter parameter

Mutation:  [0Jo[1]ofo]1] =P [0J0[1]1]01]

Crossover: [6f0o]1]0 m [oTo[1]0]06]7]
[ofa]1j1]o]0]

Figure 4.37 Coding, mutation, and crossover

4.7.3.5 Treatment of Boundary Conditions

Optimization problems in engineering generally involve constraints. This means
that not every parameter is freely variable, but rather can change only within
specific limits. For instance, when optimizing the throughput from an extruder,
the pressure at the inlet to the die is limited to the maximum available from the
extruder. If the pressure-throughput relationship of the die is modeled mathe-
matically and, for instance, the die characteristic is approximated by a polynomial
for the purpose of optimization, an optimization algorithm to increase the through-
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put would attempt to increase the pressure endlessly. This can happen because the
information regarding the maximum pressure available from the extruder is not
contained in the modeled die characteristic. It can be seen in this simple example
that the boundary conditions must be incorporated into this and similar problems.
To ensure this, the merit function of an optimization problem can be expanded in a
manner that incorporates the constraints when evaluating the parameters.

Expressed mathematically, a single optimization problem with constraints is con-
verted into one or more optimization problems without constraints by modifying
the merit function. The penalty method and barrier method are two techniques
that accomplish this.

Penalty Method

To prevent parameters from passing too far beyond a permissible range and enter-
ing an impermissible range during an optimization, penalty terms can be intro-
duced. The value of the penalty terms is added to the value of the original merit
function so that a new, modified merit function results. The purpose of this is to
modify the value of the merit function in such a way that the quality resulting from
parameters that are outside the permissible range is artificially reduced. To achieve
this, the penalty functions must be tailored to each problem. The mathematical
definition for these penalty terms takes the following form when searching for a
maximum:

=0 xeM"
S(x) = = (4.87)
<0 xgM"

The effect of the penalty terms is shown graphically in Fig. 4.38 (left). In this illus-
tration, a monotonically increasing merit function is depicted. Since the optimiza-
tion algorithm can only evaluate the merit function during an optimization (i.e.,
when searching for a maximum), the value of parameter s was set to be as large as
possible in order to achieve the highest possible quality in the model. Boundary
conditions were not taken into account in this case. The restrictive constraint or
various boundary conditions can, however, be incorporated into the optimization
by adding a penalty term with the indicated shape to the values of the merit func-
tion. By following this procedure, the values of the merit function are not changed
within the permissible range, but the maximum in the function is prevented from
occurring far outside the permissible range. With suitable selection of the penalty
terms, an optimum that is located near the edge of the permissible range can be
found with this method. If, however, the penalty terms are not well matched to the
merit function, a parameter set that lies in the restricted range can be selected as
the optimum. Preventing this requires the use of so-called barrier functions.
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Penalty function Barrier function

1 S(s)
!

i

s: System parameter g: Quality of design  RR: Limit of constraint
ol.: Optimal solution L: Solution

B(s): Barrier function S(s): Penalty function

Z(s): Merit function Z,(s): Modified merit function

Figure 4.38 Principles of the barrier and penalty functions for consideration of constraints

Barrier Methods

A barrier function is designed to increase indefinitely as the edge of the restricted
range is approached (Fig. 4.38, right). This reliably prevents an impermissible
parameter set from being selected. However, when using barrier functions, it is not
possible to locate an optimum that lies on or near the edge of the restricted range,
since, in contrast to the penalty method, values of the merit function are changing
also within the permissible range.

4.7.4 Practical Applications of Optimization Strategies for the
Design of Extrusion Dies

4.7.4.1 Optimization of a Convergent Channel Geometry

Finding a useful definition of the quality function that determines the quality of the
selected parameters with respect to the quality criteria is the most difficult aspect of
successfully applying the optimization methods mentioned above. The following dis-
cussion will show how different definitions of the quality function affect the result of
an extrusion die optimization when employing optimization strategies.

In the example below, a convergent channel with a reduction ratio of 3:1 was
optimized with respect to various criteria by means of the evolution strategy [64].
For the optimization, the flow in the channel was calculated using FEM. Further,
the upper limit of the convergent section of the channel was modeled by means of
a spline having the points shown in Fig. 4.39 as independent geometric para-
meters. These points were incorporated into the optimization as parameters, and
the finite-element grid was readjusted to the modified channel geometry succes-
sively for each iteration step.
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If the particle-specific residence time is set as the optimization criterion, the
channel assumes the shape shown in Fig. 4.39. Since the flow channel narrows,
the melt is accelerated significantly and the mean residence time decreases. As a
consequence, however, the pressure drop increases.

Starting geometry

Optimized geometry

Figure 4.39 Optimization of a
convergent channel geometry

If only the pressure drop in the depicted flow channel is optimized as the quality
function, the geometry shown in Fig. 4.40 results. It can be seen that a bulge forms,
creating a stagnant area. As a result of this stagnant region, the shear stress at the
wall and, thus, the pressure drop in the convergent section are reduced, thus achiev-
ing the optimization objective with respect to the selected criterion. From an engi-
neering standpoint, however, this optimization is not acceptable, since stagnant
regions lead to degradation of the melt as the result of excessive residence time in
the die. This can be avoided, for instance, by combining several optimization crite-
ria. In the present example, the residence times or the shear stresses at the wall
could also be taken into account in order to prevent formation of a stagnant region.

b)

Shear stress at wall

e 2

026 0,25
0,20 0,20
0,15 0,15
0,10 0,10
0,05 0,05

Figure 4.40 Shear stress at wall before and after optimization

It is clear from these simple examples that various criteria, each of which may be
weighted differently, must be incorporated into an optimization.
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4.7.4.2 Optimization of Profile Dies

The primary objective when designing an extrusion die is a uniform velocity distri-
bution at the die outlet. Results from automatic optimization of profile extrusion
dies with respect to this criterion will be summarized at the end of the chapter.
This list makes no claim to completeness, but these research studies show that
automatic optimization of complex profiles will be possible in the near future.

In the first example, optimization of a simple profile die is presented. The die is
intended to produce a wedge-shaped profile. With this in mind, a starting geometry
with a rectangular inlet and wedge-shaped parallel zone is proposed. The starting
geometry as well as the velocity distribution calculated by FEM at the outlet of the
die are shown in Fig. 4.41.

Starting geometry Figure 4.41 Velocity distribution before optimization

For optimization of the geometry, five independent parameters describing the
height of the flow channel between the inlet and transition zone were selected. The
points whose heights are changed during the optimization are marked in Fig. 4.42.
When the heights of these points are changed, the associated hexagonal regions
are deformed linearly.

Melt stream \ Inlet

Points to be
optimized

Outlet
areas

Figure 4.42 Trial geometry
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The simulation method chosen for optimization of the velocity distribution at the
die outlet is based on a computational technique that combines network theory
and FEM [63,69,82]. This method permits very rapid simulation of the velocity
profile within the die, and the changes in melt velocity resulting from changes to
the flow channel geometry can be calculated very quickly. Using this technique, it
is possible to calculate approximately 300 variations in geometry in one minute on
a computer with a Pentium III CPU.

A manual optimization of the depicted starting geometry would attempt to obtain a
more uniform velocity distribution at the outlet by increasing the cross sections
before the narrower regions of the parallel zone and vice versa. This would force
the melt to flow more strongly in the region that initially has less flow.

If an optimization cycle is started with the upper nodes between the inlet and
transition zone free to vary during optimization, this is exactly what happens [68].
The three cross sections shown at the right in Fig. 4.42 are narrowed, and the
region to the left is expanded by displacing the vertex upward. In this example, a
simple evolution strategy that generated five new parameter sets (descendants)
from each initial parameter set (parent) was chosen as the optimization method.
The best parameter set was selected from the descendants and served as a starting
point for the next generation.

The velocity distribution resulting from the optimization is shown in Fig. 4.43. It
can be seen clearly that the change in geometry produced an improvement in
distribution of the melt. It should be noted that further optimization of the mean
velocities was performed for only four outlet segments. By dividing the flow chan-
nel into more segments, an even more uniform velocity distribution could have
been achieved through additional computational effort.

Optimized geometry Figure 4.43 Velocity distribution after optimization
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An automatic optimization of a more complex profile die for producing PVC pro-
files was performed by Szarvasy [81]. FEM was employed as a simulation method
in this example to calculate the velocity and pressure distributions. In addition, the
viscosity and wall slip behavior of the melt were modeled through incorporation of
equations with exponents. The die is designed such that, after entering the die, the
entire melt stream is divided into four substreams that are recombined in the die
land (Fig. 4.44). The optimization proceeded in two steps. In the first step, the indi-
vidual volumetric flows necessary to provide a uniform velocity distribution across
the segments were determined. In the second step, the geometry of each individual
partial channel was optimized to achieve an identical pressure drop in each partial
channel at the throughput specified in the first step. The shape of the channels
before and after the optimization as well as the simulated velocity distribution at
the die outlet are shown in Fig. 4.45. The advantages that such an automatic opti-
mization yields in actual practice become clear if the desired profile is compared to
those obtained with various die geometries. Figure 4.46 shows cross sections of
the desired profile, together with the unoptimized and the optimized extrudate
cross sections after the calibration unit. It can be seen clearly that through optimi-
zation the wall thickness distribution of the profile was improved noticeably.

Additional automatic optimizations based on the finite-element method for simu-
lation of the velocity and pressure distributions will be discussed briefly in the
following.

Reddy et al. [76] optimized a simple slit die that was divided into two segments
having identical widths but different heights. Here, the local lengths of the die
lands were automatically designed to achieve a uniform velocity distribution over
the width of the outlet.

Inlet region

Supply channels

Die land

Figure 4.44 Geometry of the flow channel
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Shape of the supply channels

not optimized optimized

Velocities at outlet

Velocities
[m/s]

. 9,8E-02

\ 7,0E-02

not optimized optimized 4,2E-02

Figure 4.45 Results of optimization

Y

not optimized optimized desired geometry

Figure 4.46 Geometry of the extruded profile

Nébrega et al. [70] optimized a die with outlet segments having different widths for
producing cross-shaped profiles. For this optimization, an optimization zone up-
stream from the die land was introduced for each segment. Each of these zones has
an initial section with the dimensions of the die land and then expands into a
wider cross section, which remains constant up to the end of the optimization
zone. During the optimization, the ratio of the length of the narrow section to the
length of the wide section was optimized to achieve an identical mean melt dis-
charge velocity from all four segments.
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In work performed by Sienz and Marchal [67,79], a flow channel for extrusion of a
dual-lumen catheter was optimized by means of gradient-based methods. The over-
all flow channel was divided by ribs into two channels that were modified through
optimization to provide a uniform velocity profile at the outlet. To achieve this,
three design variables were used to specify the cross-sectional geometry.

It should be noted as this chapter concludes that, although the optimization of pro-
file extrusion dies is still largely based on a “trial and error” approach at present,
very promising steps have been made to automatically optimize such dies with the
aid of flow simulation programs coupled with optimization algorithms. In the
future, it is probable that the design of extrusion dies for producing profiles in
materials whose flow behavior can be described well mathematically will be greatly
facilitated, if not completely automated.

Nevertheless, for some materials, it will remain difficult in the future to accurately
describe all of the factors affecting the melt in the extrusion process with the aid of
simulation calculations. More extensive research is probably still required to pre-
dict in advance, for instance, the viscoelastic behavior of a polymer melt that
causes, among other effects, the die swell experienced by the profile after leaving
the outlet from the die. The problem of material shrinkage as well as the phenom-
enon of wall slip cannot yet be handled completely by means of simulation calcu-
lations. The reasons for this are that either the mathematical models are not yet
satisfactory or it is not yet possible to obtain reliable measurement results for the
parameters in the material models.

Symbols and Abbreviations

a, b Valuation factors for shear rate and extension rate
A, B,C Carreau parameters

B Slit width

Biot number

=

Specific heat capacity

Diameter

Diameter of the die orifice

Gravitational constant

Slit height

Coefficient of heat transfer between the contact layer melt and die wall

e

Factor for the ratio of thickness and width swelling
Length

Flow index

Normal vector
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Number of layers in the difference grid
Pressure loss

Vector of heat flux

Flow resistance

Radius of pipe bend

Radius of pipe

Distance

Swelling factor

Swelling factor of an extruded flat band in the direction of its width
Swelling factor of an extruded flat band in the direction of its thickness
Time

Temperature

Mass temperature

Temperature at flow channel wall
Internal energy

Average velocity

Maximum velocity

Specific volume

Velocity components in the direction of coordinates x, y, z
Weight function

Coordinates

Shear rate

Residual

Reversible deformation

Mean (average) reversible deformation
Representative rate of deformation
Extension rate

Shear viscosity

Cylindrical coordinates

Heat conductivity

Density

Extra-stress tensor

Heat source

Shape function

Area (or volume) of an elment
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Monoextrusion Dies
for Thermoplastics

After having developed the fundamental theoretical considerations for the design
of flow channels of extrusion dies in the preceding chapters, now in Chapter 5 the
focus will be on types of design, applications, and the layout of dies for the dis-
charge of a single melt. These will be referred to as monoextrusion dies, in contrast
to coextrusion dies (see Chapter 6). In discussing this subject, the extrusion dies
will be divided into groups according to the geometry of their exit cross section
since as a rule dies with similar exit cross sections are practically equal in the way
they are designed, regardless of the extruded product.

B 5.1 Dies with Circular Exit Cross Section

Dies with a circular exit cross section are used for the production of pellets and the
extrusion of fibers, strands, and solid rods. The latter two shapes are extruded
generally through axially fed dies, while the melt flow for fibers is frequently de-
flected.

5.1.1 Designs and Applications

Pelletizer Die Plates

Pelletizer die plates form plastic strands that are subsequently cut into pellets. In
principle, there are two pelletizing methods, which differ in the sequence of the
individual steps involved [1]:

® Hot pelletizing: Strand extrusion — cutting — cooling
® Cold pelletizing: Strand extrusion — cooling — cutting

In both methods, the pelletizer die takes over the task of extruding the strands; in
hot pelletizing, it acts, in addition to that, as a cutting plate (counterknife). There
are essentially two types of knife arrangements: centric and excentric (Fig. 5.1).
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The advantage of the excentric arrangement is that there is no need to deflect the
melt in the die. This is particularly important for heat-sensitive melts, because
there is no stagnation caused by their deflection in the flow channel. When design-
ing the die plate for the hot pelletizing process, it is necessary to take into consid-
eration the cooling of the pellets, which follows the cutting step. Different methods
of cooling as well as the typical process conditions are shown in Table 5.1 [1].

Figure 5.1 Hot pelletizers [1]: (a) pelletizer with a
knife shaft in the center; (b) pelletizer with an ex-
centric knife shaft:1a and 1b, knife;2a and 2b, knife
holder; 3a and 3b, knife shaft; 4a and 4b, pelletizer
die; 5a and 5b, pellet collector housing; 6, torpedo

The boreholes in the pelletizer die plate (Fig. 5.2) typically have a conical entry
with the entry angle kept at less than 30° to eliminate secondary flows. In addi-
tion, the holes generally have a relatively small length-to-diameter ratio (L/D less
than 10) [2].

~
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Lg Figure 5.2 Pelletizer die (geometry)
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The arrangement of the holes in the die plate is either linear or circular. To avoid
solidification of the melt in the holes during the underwater pelletizing and damage
resulting from the melt pressure, the boreholes are partially insulated by the use
of special inserts (Fig. 5.3). This arrangement allows a higher temperature melt to
be brought to the cooled zone at the die outlet [3]. The pelletizing plate is heated
either electrically or by high-pressure steam.

50
mm Twafer = 85°C
% Tett = 280°C
Q
g Tnp (PETP)
&
= In the body In the melt
§ 25t of the die
&
e
[~
{=]
G
S}
AL the interior
wall of the die
0 100 200 300 °C

Temperature

Figure 5.3 Underwater pelletizer die 3]

During startup, a pressure peak of 500 to 700 bar can occur in front of the plate;
during the steady-state operation, the pressure loss still can be up to 250 bar [3].
At the same time, the mass flow through a single hole can be up to 15 kg per hour
[4]. A comprehensive description of the pelletizing technique is given in [2,5].

Screens

In order to eliminate dirt particles from a plastics melt or remove particles of the
same material with a different (mostly higher) degree of polymerization, various
screening or filtering devices are used between the extruder and the die [6]. The
following filters are used successfully [7,8]:

® Filters from sand grit

® Filters from sintered metal (prepared by powder metallurgy)

® Filters from wire mesh with different weaves

= Filters from nonwoven wires

The filtration of a plastic melt requires that the pressure losses are kept at a per-
missible level and that certain requirements for flow uniformity and serviceability
and so on are met [6]. Mesh gaps are between 5 pm and 2-3 mm, defining different
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screening qualities [8]. To keep the residence time and the distribution of the melts
in the filtering device to a minimum, only such filtering arrangements are practi-
cal that have large filter areas in a housing of small volume [6]. These require-
ments are best met by a concentric arrangement of filtering inserts in a candle
form or as disks. The filtering devices are stretched over or between perforated
supports that allow the filtered melt to proceed to the exit from the housing [6].

The effectiveness of a filter is determined by the amount of mass throughput, filter-
ing area, and pore size and by the flow rates and pressure losses resulting there-
from, as well as by the physical properties of the filter [6,9]. Mass throughputs over
1000 kg per hour are possible in the production of fibers with filtering areas of 0.5
to 7 m? [6].

Automatic melt filtration systems are an interesting development in this area. They
offer advantages with regard to compactness, undisturbed flow, and maintenance
[10,11]. An example is shown in Fig. 5.4. A screen pack is placed between two per-
forated disks. A so-called feeler is attached on the inlet side, which is capable of
sweeping over the entire cross section of the disk by rotating. This rotation starts
whenever a pressure limit is exceeded due to increasing clogging of the screens.
As soon as the feeler leaves its parking position, the contaminated melt flows in
the opposite direction through the screen pack and perforated disks due to the
pressure buildup. This reverse flow presses the filtered dirt particles through the
holes that were covered by the feeler. This way the dirt particles removed from the
screen pack pass along the hollow drive shaft of the feeler to the outside. Depend-
ing on the polymer and the degree and kind of contamination, the system shown
here allows throughputs up to 500 kg per hour [10].
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Figure 5.4 Melt filter [10]: 1: contaminated melt; 2: feed (inlet) chamber; 3: screen pack;
4: breaker plate pack; 5: cleaning fingers; 6: clean melt; 7, 10: pressure transducer well;
8: outlet chamber; 9: drive shaft; 11: concentrated contaminant
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Besides a gradual rotation of a rotating screen disk, another possibility of continu-
ous filtration is shown in Fig. 5.5. The melt is split up and flows through two or
more screen packs. As soon as the pressure drop of one screen pack is too high,
this pack is moved out of the flow path so that it can be cleaned or replaced. In the
meantime, the screw speed is increased at constant throughput through the
remaining screen pack until the renewed pack is back in position. Throughputs of
up to 15,000 kg/h are possible [12].

Figure 5.5 System for a
continuous filtration via splitting
up the melt through different
screen packs [Nordson Kreyen-
borg]

Continuous systems are usually beneficial for large lot sizes and few material
changes because no stopping of production for filter cleaning is necessary. Espe-
cially for continuous systems, degassing, such as by bleed grooves, is required.

A very good description containing many useful hints for the construction and
computation (involving pressure losses) of screen packs and the supporting per-
forated disks is given in [6,13].

Spinnerets

For spinning plastics melts of, for example, polypropylene, polyamide, or polyester
into filaments or yarns, so-called spinnerets are used. These contain a very high
number of boreholes (spinning nozzles). These spinnerets are frequently placed in
a horizontal position so that the filaments can be pulled away downward [14,15].
If a melt with a low viscosity is processed, a gear pump is placed between the
extruder and the spinneret that ensures a uniform melt stream [16].

The spinnerets can be of circular shape with diameters from 40 to 80 mm, with the
plate thickness between 10 and 45 mm and containing 10 to 1000 spinning holes,
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or they can be rectangular. Typical measurements of the latter can be 60 mm x
60 mm to 150 mm x 450 mm, with a plate thickness between 20 and 30 mm. The
number of holes can be up to 10,000 [15]. 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 [15]. 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° into the outlet region
[15]. Smaller transition angles may produce fibers with a better surface. The best
results for polypropylene monofilaments were achieved according to [17] with
transition angles less than 20°. To produce filaments of good quality, the surface of
the borehole has to be extremely smooth and the edge of the outlet sharp and with-
out burrs [14,15].

Besides round holes, other geometries, such as triangular, Y-shaped, and T-shaped
holes are used [14,15].

Under production conditions, the spinning plates are subjected not only to pres-
sures 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. Hence, cleaning in salt baths is
unusual, in contrast to, for example, vacuum pyrolysis or hydrolysis. Therefore, all
of the above stresses have to be taken into consideration when selecting the mate-
rial for this purpose. Useful data can be found in [14,15,18].

Solid Rods

Solid rods from plastics with diameters up to 500 mm and also flat bars with
cross-sectional dimensions up to 250 mm x 100 mm [19] 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. 5.6 [20]). Since the calibration
section has to be cooled very strongly, there must be good thermal insulation
between it and the die [19-21].

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 [20], and enters the attached
guiding zone of the calibration section at a relatively steep angle. A solid skin is
formed in contact with the cooled wall, and a wedge- or cone-shaped melt zone,
defined by a parabolic cooling curve, is formed in the rod (Figs. 5.6 and 5.7). 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 that they can resist not only the pressure from
the melted core but also the takeoff tension.
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Figure 5.6 Solid bar extrusion: 1: heat separation; 2: cooling water outlet; 3: calibrating
section; 4: melt; 5: water level; 6: water bath; 7: solidified layer; 8: cooling water inlet; 9: die

Figure 5.7 Real course of the freeze line
for a material change trial [Ensinger]

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 pres-
sure 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 circumstances by coating the sur-
face of the calibrator with PTFE, for example, or by feeding a lubricant between the
surfaces of the extrudate and the calibrator [20,21]. 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 [20], have
to be installed. For products with larger cross sections and resulting slow cooling



5.1 Dies with Circular Exit Cross Section

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 [19]. Often, tempering has to be done on rods with
thick walls to eliminate internal (residual) stresses that are due to process condi-
tions. When materials with a low melt viscosity are processed, it is often necessary
to install a valve between the extruder and the die that increases the melt pressure
and thereby its homogeneity [19-21].

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 requirements 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 (i.e., consideration of the extrudate
swelling)

® Elimination of zones of stagnation in front of the plate
Typical requirements for a breaker plate are as follows:

® 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 Section 9.1).

The pressure loss of a breaker plate limits the maximum possible throughput and
hence the productivity of the equipment. This is particularly important when only
a low discharge pressure is available or if there is another pressure-consuming
part located after the screen pack, such as a blown film die. The permissible pres-
sure loss is limited by the mechanical strength of the plate; the boreholes reduce
the mechanical strength. This has to be taken into consideration [22]. Careful me-
chanical design of the perforated plates for hot pelletizing is extremely important
because if the plate bends, which can happen quite easily, it does so in the direc-
tion 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. 5.8).
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\ 4 Figure 5.8 Velocity profiles during the flow
l l l l l l through a breaker plate: 1: stagnation zone;
2:inlet region; 3: orifice; 4: melt strand

Perforated plates are often made with a conical borehole in the inlet zone (Fig. 5.9)
[23,24] 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°.

A simple calculation of the pressure loss for short holes (L/D < 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 [2,25-28]. Rather, the
following procedure is recommended:

1. Calculate the viscous pressure loss in the cylindrical part of the hole, for exam-
ple by the method of the representative viscosity:

A - 8'77rep,pipe V 1
Prpipe = R ’ (5.1)
i L/B<10
N 30°< a < 90°

I

Figure 5.9 Breaker plate with conical boreholes
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5.1 Dies with Circular Exit Cross Section

With 7, ipe = f (V'rep,pipe) (determined, e. g., by the Carreau or Ostwald-de Waele
constitutive equation)

4V

and v, oo=-—— (5.2)
rep, pipe T .R3

€

where e, = 0.815.

. When determining the inlet pressure loss, the fact that there is a good correla-

tion between the inlet pressure loss p,,,, and the shear stress at the wall 7, in
the established flow can be utilized. This correlation, tabulated for many poly-
mers, is independent of temperature (Fig. 5.10) [29]. For such a situation where
the area for the flow passage in the capillary is large relative to its length, the
above correlation is practically independent of the geometry (flow from an in-
finitely large container). The relationship between the inlet pressure loss and
the shear stress at the wall can be determined from results from a capillary
rheometer. For these, the Bagley correction is applied or the measurements are
arranged in such a way that they are performed using a capillary with a slit and
at least one pressure gauge in front of the capillary and two along the capillary.
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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 : AW = Appipe ' Acrossfsection ’ (53)
Ap_. R
ry = (5.4)

Thus, the corresponding inlet pressure loss can be found from the shear stress
calculated above:

Apentry = f(TW> (55)

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:

Aptotal = Appipe + Apentry' (56)

This procedure also gives good results for channels with a conical inlet zone pro-
vided the opening angle is greater than 60°. 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 same inlet shape and length as the hole that will be used in the in-
tended application. The mass flow for a single orifice can be up to 15 kg per hour
[4]. This can be used for an approximate layout 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 geometry over a certain period of time is
that no flow instabilities occur. These have several sources: depending on the
material and operating conditions, an unstable flow in the inlet zone, which leads
to a winding corkscrew-like extrudate, or a melt fracture, which manifests itself in
a rough nonuniform surface of the extrudate. The melt fracture results predomi-
nantly from the partial loss of the wall adhesion in the channel (Fig. 5.11; see also
Section 3.5.2) [30-33]. Generally, the occurrence of flow instabilities depends on
the level of the rate of deformation, which means the productivity of the equip-
ment is limited by these effects. It depends on the material being processed
whether instabilities in the inlet or melt fracture will occur and which of these two
effects will occur in which range of deformation.
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Figure 5.11 Flow instabilities: (a) stable flow, (b) unstable inlet region, (c) melt fracture

PE-HD is the known exception here: in the range of high shear rates, a condition of
slipping occurs that is due to a complete loss of wall adhesion, which produces
extrudates with good surfaces [33].

The design of the channel can influence the occurrence of instabilities 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 ar-
rangement, where the flow path from the melt entrance (extruder adapter) is equal
to each hole. As an alternative, a suitable predistribution must be ensured such
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 individ-
ual 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 par-
ticularly 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 ar-
rangement 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 disks [34,35]. When
using the perforated plates, it is also important that there are no stagnation zones
behind them that would increase the residence time of the material and can lead to
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degradation. For that purpose, perforated plates are often made with a conical
outlet (Fig. 5.12).

O—v/%——- Figure 5.12 Example of a breaker plate

assembly: 1:inlet; 2: outlet; 3: screen
3 4 pack; 4: breaker plate

B 5.2 Dies with Slit Exit Cross Section

Dies with flat slit-shaped exit cross sections are used for the production of extru-
dates with large width-to-thickness ratios, such as films and sheets, as well as for
the coating of substrate webs. The distinction between the flat extrudates film and
sheet is difficult to make since both the thickness and the ability to be wound are
brought in for the decision about the category [36-40]. (The ability to be wound
means that there is no permanent deformation or damage of the product.) Con-
sidering the fact that both notions run smoothly into each other, an arbitrary
borderline can be set at the thickness of 0.5 to 0.7 mm.

All dies with a slit-shaped opening show a great similarity in the way they are
made up. The substantial differences between them are based on the geometry of
the manifold (melt distribution channel) used. The variety of manifolds will be
discussed in the following section.

5.2.1 Designs and Applications

An extrusion die for sheets or films shapes a round melt strand into a flat rectan-
gular sheet. The distribution of the melt is accomplished by a manifold followed by
a flow resistance region—also referred to as the land.

As shown in Figs. 5.13 and 5.14, the melt flow enters the die in the center and is
spread symmetrically on both sides to form an even flat extrudate. Experiments to
evaluate the feeding of the melt to one side only, that is, asymmetrically, and
distributing it were discontinued because of technical difficulties.
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Figure 5.13 Flat slit die for film extrusion: 1: lip (adjustable); 2: choker bar (locally adjustable);
3: manifold; 4: land; 5: flex lip; 6: body of the die
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Figure 5.14 Flat slit die for the extrusion of sheets: 1: lip (adjustable); 2: choker bar
(locally adjustable); 3: manifold; 4: land; 5: body of the die

In order to obtain as uniform a melt flow across the entire width of the die as
possible, the flow channel geometry has to be designed with the consideration of
the material properties, operating conditions, and rheology. This procedure is dis-
cussed in Section 5.2.2.

Differences in the flow across the die during its operation almost always occur and
can be regulated by several methods. In flat film extrusion, local differences in the
flow rate are usually evened out by local changes in the gap width of the die lips.
This is done, for example, by a slight bending of the lip by pressing screws (flex
lip); the material is weakened and thus provides the required point of bending
(Fig. 5.13). The limited capacity of steel for deformation allows deflections of up to
about 2 mm [41]. The lip recovers because of the elasticity of the steel and the melt
pressure.

In exceptional cases, flat film dies have an additional device, called a choker bar or
restrictor bar (Fig. 5.13). This is a locally adjustable (bendable) profile strip in the
interior of the die, which is capable of making coarse adjustments only because of
its massive size.
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For sheet extrusion, the choker bar is standard equipment to ensure a uniform
melt distribution. But still, flex lips are also used here for fine adjustments (Fig.
5.14). Moreover, 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, however, used only in special cases.

Extrusion dies for coating of flat substrates are built the same way as dies for flat
sheets without a choker bar; the flow regulation, as needed, can be accomplished
by adjustable lips. In order to be able to extrude films and sheets by a wide slit die
with different average thickness, very massive lips are used, which can generally
be adjusted or changed only when the unit is at a standstill.

Typically, the length of the lips in wide slit dies is between 30 and 90 mm [37],
although it can be much higher in some cases.

Depending on the swelling or stretching behavior of the processed material, the
lips, which run parallel across the entire width of the die, can be adjusted by sev-
eral percent closer or more open to achieve the required thickness of the extrudate
[42]. However, this is only feasible when the melt is not purposely stretched after it
leaves the orifice.

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 fabri-
cation of cast film or coated webs can be discharged 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 be-
tween 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 [43]. Usual die widths are between 1500 to approximately
4000 mm [44].

Sheet can be extruded with a thickness of up to 40 mm, whereby the widths can be
up to 4000 mm [43,45-47]. The operating width of a flat slit die can be reduced
with the help of deckling systems. The simplest form, which can be applied to all
flat slit dies, is the external deckling. Here, the outlet cross section is deckled by a
metal plate. However, the external deckling leads to dead spots, which can cause
problems when thermally sensitive materials are processed [48,49]. Therefore,
alternatively, internal deckling systems are used in which displacement parts are
inserted into the manifold and land so that not only the outlet cross section but the
whole flow channel is changed. Such internal deckling systems can only be used in
T-manifolds because of the required straight shape of the insert. In flat slit dies
with other manifolds, internal deckling systems can be used only in the die land.
In this case, dead spots are not avoided; instead their volume is reduced compared
to external deckling systems. Internal deckling systems can usually only be
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inserted at a standstill of the extrusion line. In comparison, external deckling
systems can be adjusted during the running process.

As was mentioned at the beginning of this chapter, the main concern in the rheo-
logical configuration of the flow channels of flat slit dies is to obtain as uniform a
melt flow across the width of the lip opening as possible. Now, in order to trans-
form the circular flow as it comes from the extruder into a flat shape, a special flow
channel system is necessary. There are several types, and the most important ones
are shown in Fig. 5.15. These are referred to as T-manifold, fishtail manifold, and
coathanger manifold. There are additional types under development [50,51], but
none of them has found widespread use so far. The dies with the coathanger
manifold are the most frequently used today. The reason for this is that, if properly
designed, they provide a good distribution that can to a high degree be independ-
ent of the operating conditions.

T-dies

Beveled —F
edges

Fishtail die Coathanger die
1

IS

—tn

Figure 5.15 Flat slit dies: manifold shapes

A disadvantage of this system is the high manufacturing costs that are due to the
complicated flow channel geometry involved (Fig. 5.16).

Flat slit dies (or sheet dies) with a T-manifold are very simple and therefore much
less expensive to make. They are most frequently used for extrusion coating lines.
This type of die is not suitable for the processing of temperature-sensitive materi-
als. The flow distribution can be optimized or influenced by geometric modifica-
tions of the manifold as well as of the choker bar. Theoretical studies for the design
of such dies are given in [52-54].

183




184

5 Monoextrusion Dies for Thermoplastics

Figure 5.16 Principle of the coathanger manifold

With regard to distribution quality and production costs, the fishtail manifold lies
in the middle between the two previously mentioned systems. Studies determining
its rheological configuration are presented in [55-57]. As is the case with the
T-manifold, the fishtail manifold by itself does not bring about a uniform-enough
melt distribution, so corrective elements, such as a choker bar, have to be added.

As mentioned before, the increasingly complicated geometry of flow channels rep-
resents higher technological demands and thus higher costs. Because of that, often
in practical applications compromises are made between the designed and actually
used melt distribution systems [48]. The costs of the flat extrusion die include
another factor, namely the area in the die that is subjected to pressure. As this area
increases in size, more mechanical effort must be expended to prevent the pres-
sure from opening up the die. This phenomenon is referred to as clam shelling. If
this happens, it has a negative effect on the thickness distribution across the width
of the product [48].

All flat slit dies depicted in Fig. 5.17 [41] have a so-called symmetrical central divi-
sion: the flow channel is incorporated into both halves of the die (top and bottom).
An asymmetrical central division is a design where the flow channel is incor-
porated in one-half of the die and the other half remains planar. Such a die is, of
course, less expensive to make, but it has certain flow-related drawbacks compared
to the die with a symmetrical division.

Flat slit dies operate with pressure losses up to 200 bar [36,43]. Coating dies oper-
ate at much lower pressure losses mainly because the materials for coating have a
lower melt viscosity at the processing temperature [48].

When processing high-viscosity melts, the pressure at the die entry can reach 400
bar [43]. In such cases, precautionary measures must be taken to endure such
large forces. This can be done by a locking mechanism with toggles or hydraulic
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pistons [16] or by the use of so-called single block dies, which consist of a single,
mechanically extremely stable, U-shaped die block. In the U-shaped recess of this
die, there are strips containing the distribution channel as well as the die lips [43].
Moreover, dies with a flow channel rerouting (Fig. 5.18) have been proposed and
actually used [36,43,58]. The rerouting of the melts leads to less stress on the
screws holding the die together (a smaller area is subjected to pressure). Further-
more, the lips are, in fact, not forced apart, but only slightly displaced relative to
each other under the existing loads [48].
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Figure 5.17 Flat slit dies (Johnson [41]) (A) for films and thin sheets, (B) for films, and (C)
for thick sheets (slabs): (a) flexible lip (flex lip), (b) transverse channel for flow equalization,
(c) locally deflectable channel wall, (d) choker bar, (e) cartridge heater

The most commonly used shapes of the choker bar are shown in Fig. 5.17. Here
also belongs the choker bar mounted at an angle under 45 degrees (in the die on
the left), which is very advantageous from a flow point of view. However, with this
choker 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, fill-
ers, pigments, and so on and 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, that is 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 (locally bendable) lips are commonly
used today for flat 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 that 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 [48].

Another interesting possibility to influence the melt distribution is shown in the
middle of Fig. 5.17. In that case, a region of the bottom half of the die is weakened
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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
also runs across the entire width of the die and is connected to the above regulat-
ing element. Its purpose is to equalize the pressure and, therefore, the flow through
the die [59,60].

The regulation of the flow over the 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.

20 | .
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|8 Figure 5.18 Flat slit die with angled flow channel [36]:

i 1: differential screw; 2: threaded bushing; 3: adjustable

die lip; 4: lip heating; 5: block with manifold; 6: borehole
for cartridge heater; 7: choker bar; 8: die block

o
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Because of that, most of the wide flat slit dies are equipped with adjustment ele-
ments controlled electrically that cause the required bending of the lips and choker
bars. A system that contains a hydraulically operated screw-driving system on a
rail alongside the die, which can be moved up against each adjusting screw of the
choker bar and adjust it, is described in [47,61,62]. A wide flat slit die is described
in [40] that contains a choker bar adjustable locally up and down by means of
small electric motors with highly stepped-down gears. Several systems for auto-
matic lip adjustment were developed. Here also electric motors are utilized as
control elements for the adjusting screws of the lips [44]. The setup shown in Fig.
5.19 [63,64] is the most widely used and well established on the market. The flexi-
ble 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 to automatically control thickness in
flat sheet extrusion [65,60].
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2 Figure 5.19 Flat slit die with heated die
B bolts for gap adjustment (Welex) [64]:

1: bolt for the choker bar adjustment;

2: bolt for the lip adjustment; 3: bolt
heating; 4: heating block

Alternatively, an extrusion die was demonstrated that uses so-called translators
operating on the piezoelectric principle for the control elements for the lip adjust-
ment in [67]. Such a piezotranslator can vary its length from fractions of milli-
meters 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 [67].

The wide flat slit dies are generally heated by electricity, either by cartridge heat-
ers 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 [16]. 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 [68].

If the lips are massive and the plastic melt flows with difficulty, rod-shaped lip
heaters placed lengthwise are sometimes used in addition to the usual heating
systems. Selectively controllable heating systems for the regulation of flow as sug-
gested in [69] and tried on the die described in [40] have had many problems and
therefore have not found widespread practical use.

5.2.2 Design

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 is
required. However, there are applications, such as sheets or films, that are oriented
uniaxially or biaxially in the subsequent procedure. In that case, the sheet leaving
the die has to have a certain gauge profile [69,70]. The second requirement is that
the melt has a relatively uniform history of deformation, temperature, and resi-
dence time. Finally, it is expected that the above requirements are met over a wide
range of operating conditions and for a variety of materials.
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In the following sections, first, the analytical formulas for the design of manifolds
for wide flat dies that provide a uniform melt distribution will be discussed, and
then a numerical method for the design of a regular manifold and a wide flat die
manifold with equal flow length will be described.

When designing wide slit dies with a manifold analytically, it is advantageous to
assume the desired flow distribution and then consider the pressure losses result-
ing from the corresponding volume flow and geometry.

If equal mean flow rates of the melt (i. e., uniform flow distribution) exist at the exit
cross section of a wide flat die, the flow resistance of all pathways of the flow
through the die must be equal (Fig. 5.20); that is, the different flow pathways of the
incoming melt must be neutral.

Section A-A

Manifold pipe
Land I
N

[ Vfoful
V4= Vp= V3=V A
o ﬂ
—
1 2
ol % %
L=8/2

A

Figure 5.20 Pathways of the flow in a flat slit die with a manifold

This means, at the same time, that the volumetric flow rate in the pipe of the man-
ifold in front of the point of entry (influx) up to the end of the pipe (i.e., across the
entire width of the die) falls off to zero in a linear fashion. These relationships can
be formulated in the following way using the coordinate system shown in Fig. 5.21
(because of symmetry, it is sufficient to consider only half of the die):
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Figure 5.21 System of coordinates in a flat slit die

pard Vtotal
Ugit (x) = const. = B.H (5.7)
. X .-
Ve (X) =7V (5.8)
.V
v, = toTw', (5.9)
Ap (x)=Ap,. (x)+Apg, (x) = const. (5.10)

The mathematical formulation of the requirement for equal flow resistance on all
flow paths across the entire width of the die results from Equation (5.10):

OAp (x)

=0. 5.11
o (5.11)

These basic relationships are valid for all design work pertaining to manifolds.
Furthermore, the following restrictions apply:

® [sothermal, steady-state, laminar, and fully developed flow

® [ncompressibility of the melt (i.e., 0 = const)

® [gnoring the inlet and outlet effects

® Wall adhesion

The following simplifications are applied to the design formulas shown in the
sections below:

® Consideration of the manifold as a pipe or a flat slit

® Constant slit height in the land area
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5.2.2.1 T-Manifold

A rheologically optimal design of the flow channel of a T-manifold is generally not
possible. The reason is that, in the case of a constant height of the die land, the
flow resistance of the flow path in the middle of the channel is always lower than
the resistance of all other flow paths. This is why there is always a throughput
maximum in the middle of a T-manifold and a throughput minimum at the side
boundaries. Because of this, the criterion in the design of the T-manifold should be
to keep the flow resistance in the manifold transverse to the extrusion direction as
low as possible compared to the flow resistance of the land.

If a manifold with a circular cross section (radius R) is considered, in which the
volume flow rate V is to be distributed evenly over the width B, the concept of the
representative viscosity leads to the following pressure loss in the manifold:
8-7 V(X) 8- Vo X
fﬁ 0B/z rep,pipe e dx = fx =B/2 rep4plpe e, total " gy (5.12)
7R* TR B

Ap pipe —

For the pressure loss in the die land with the length L and height H it follows:

12-m . g Vv 8-7n V. o -x
_ rep,slit total ~ x=B/2 rep,pipe total
Apy, = T en =24 e e —dx (5.13)
8- Vtotal X= B/Z
Ay _ gty O T 0
Apslit 12- nrep,slit : Vtotal L e
B-H° - (5.14)
2 1 H> e
——_O B/z'r]repplpe(x) xdx

3 nrepsht 7TR L eD

If an upper boundary is given for this relation, the minimum radius of the manifold
can be determined iteratively for a given geometry of the die land.

5.2.2.2 Fishtail Manifold

For the fishtail manifold (Fig. 5.22), the length of the land across the entire width
is assumed to be linear:

y(x)=y,-=. (5.15)
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Figure 5.22 Fishtail manifold

The pressure loss in the manifold is obtained by the application of the method of
representative data:

L8 o (X) VX
Ay (X) = f %u (5.16)

The pressure loss in the slit is

lznre ,slit(X)'VO 'yo
Apg, (x) = "Lz g7 X (5.17)

If considering also the relationship between the length of the manifold and the
width of the die in Equation (5.16)

dl — dx (5.18)

& )
L

we obtain the course of the manifold radius across the entire die width using
Equation (5.11):

Ccos [arctan

R(x) = | L Mo () B

=5 ® . (5.19)
Tepsii ¥, - COS [arctan [ ];/ 0 ]]
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The advantages of the fishtail manifold are as follows:

m Relatively simple techniques are used in its manufacture because of the linear
course of the distribution channel.

® When computing the pressure loss in the manifold, Equation (5.16), the real
length of the distribution channel is taken into account, Equation (5.18). This is
particularly important for manifolds with very long lands.

The main disadvantage of the fishtail manifold is the great change in the shear rate

across the length of the distribution channel. This is equivalent to a variable

loading of a material across variable flow pathways.

5.2.2.3 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 with the goal of
keeping the stress on the melt as uniform and as low as possible.

One possible way of doing this is the study of the mean residence time along the
streamline. The mean residence time is calculated from the mean velocity in the
flow cross section and the length of the flow path:

L
t(x)=J= et _y<X> (5.20)
* Dy (%) T (%)
where
the mean velocity in the manifold v . (x) = VpiL(X) (5.21)
e\ TR (x) '
the mean velocity in theland v, (X) = const = Z“’—t;‘{ (5.22)

A formula for the design of a flat wide slit die with a manifold that includes an
optimized residence time distribution is such that the cross section of the distribu-
tion channel of the manifold is shaped so as to minimize the residence time along
the flow path that goes through the entire manifold [71]. This means, that for

1
Upipe <X>

a minimum has to be found.

dx (5.23)

O —~

t_(x:O):
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The search for the minimum value from Equation (5.23) yields as a solution the
following shape of the cross section of the distribution channel:

—] . (5.24)

Furthermore, it can be shown that the condition of the 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 [71].

The shape for the land follows by using Equation (5.24):

(5.25)

The geometric shapes of functions (5.24) and (5.25) are independent of material
behavior and the operating conditions. However, R, and y, are affected by the flow
behavior of the melt. For the sinh law by Prandtl-Eyring, the following relationships
result:

4v. 1A 1A
I . R R A (5.26)
TR -C 3 A L 3 A L
for the maximum radius of the distribution channel and
6-V 1H A 1 H A
_ o _ 18 2p |22 2p (5.27)
H*.C-L 22y, A 2y, A

for the maximum length of the land. The functions ¢(u) and v(r) are summations
of the hyperbolic functions of the form

1 1 1
u)=— |- cosh u——sinh u+—{(cosh u—1 5.28
o)== |3 cosh L sinh = cosh 1) (5:28)
with u—L 2P Ko (5.29)
3 A L

P(r)= % -[cosh r—Lginh r} (5.30)
r r
with r—L AP (5.31)
2y, A

for the flow through the slit.
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Note that R, and y, cannot be determined explicitly from Equations (5.26) and
(5.27), respectively. To determine these values, an iterative computational pro-
cedure or nomograms have to be used [72] (Fig. 5.23).

1000 0010 —000
> = /*g?fi‘;’;
_ Z ==
3 200 /A¢é§i’§§i /A 7//,%%/%2%
N 0060
§ o Ay/////// T /%/ ==
}; 50 //Z/WA/ %/ V% 7/%/ Hy,
w . _
g 4 o
50‘ 1 0,2 05 1 2 5 10 05 7 2 5 10 20 50
Characteristic factor K, =4 Vo /7[/?5? c Characteristic factor K = 6\70 JH2c L

Figure 5.23 Nomograms for the design of flat slit dies utilizing the sinh law [71]

The following procedure is recommended when using nomograms:

1. The choice of R, is based on empirical data, and Ap is determined from Fig. 5.23
(left). Repeat until Ap lies within the required range.

2. The assumption of H is based on empirical data, and y,, is determined from Fig.
5.23 (right) with Ap from Step 1. Repeat until y, lies within the desired 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 channel. However, a die can be designed by using this method for only
one material (flow properties of which can be represented by the sinh law) and for
only one specific operating condition (mass throughput and mass temperature).
Deviation from the operating conditions from the flow behavior leads to a change
in the function of the distribution channel.

The manufacture of a die with a nonlinear course of the land length (see Equation
(5.25)) is rather difficult and is only possible with the use of numerically con-
trolled milling machines.

Another procedure for the design of wide flat slit dies is based on the method of
representative data that allows the computation of the pressure loss by the funda-
mental die equations valid for Newtonian liquids [73].
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The advantage of this method is that any material law can be used for the des-
cription of the relationship between shear rate and temperature.

An additional condition for the determination of the contour of the distribution
channel required here [73] is that the representative shear rate in the distribution
channel (manifold) remains constant, which means

av. . (x)

___ 'pipe

Y reppipe = R (x) e., = const. (5.32)

O

From the relationship between the volumetric flow rate in the channel and the
path coordinate (Equation (5.8)) and from Equation (5.32) it follows that

. 4, .
Treppie (V) = R (x)eo - TR € = Vreppipe (L) (5.33)

Resolving for R(x), the following is obtained:

3
_] . (5.34)

where R(L) = R,,.
This contour is identical to that found by using the conditions of minimum resi-

dence time in the distribution channel and constant shear rate at the wall in the
distribution channel (Equation (5.24)).

The total pressure loss along the flow path consists of the pressure loss in the
distribution channel and the pressure loss across the land. It is obtained from the
following relation (similar to Equations (5.16) and (5.17)):

j‘8nrep,pipe (X) ) %X dl + 1277rep,slit (X)VO

Ap(x) = Apype (x)+ Apy (x) = | Oy (). (5.35)

The relationship between d/ and dx is not known here, so it is simplified by setting
dl =dx (5.36)

From the assumptions of a constant shear rate in the distribution channel (Equa-
tion (5.31)) and constant flow velocity at the exit from the land gap (Equation (5.7))
with a constant slit height in the land region, it follows that

Theppipe = CONSt = [ (), (5.37)

nrep,slit = const = f(X) (538)
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By the differentiation of Equation (5.35), setting the result to zero, and using Equa-
tion (5.34), the following differential equation for the course of the length of the
land results:

d}/(X) — nrep,pipe . 2H3X

. (5.39)
dx nrep,slit X %
3mRy; - ]
L
After integration of Equation (5.39), the following relationship results:
Theppipe H3 [M3 X3 Theppipe HI? (x 2/3
y(x)= - — = — = (5.40)
nrep,slit 7TR0 77rep,slit 7TR() L
With y(L) = y,, the result is
2/3
X
y(x)=y, I] (5.41)
as well as
nre ipe H3L2
Yo =y(L)=—22 — (5.42)

i
nrep,slit “R()

The maximum radius of the distribution channel R, and the maximum length of
the land y, are mutually related through Equation (5.42) and through the visco-
sities (and thus by shear rates) in the channel and the slit:

4,
Mreppive =/ (Treppine ) =/ | —5 €5 |» (5.43)
P,PIp < P,pIp ) 7TR§ O
. 6V,
nrep,slit = f(’yrep,slit> = f Feﬂ}' (544)

As quantities defining the geometry, B |4 H, and Ap can be assumed, and R,

7 "total?

and y, can be calculated. For this purpose, the following procedure can be used:

1. Calculation of the representative shear rate and viscosity in the die land:

. 6V,
’yrep,slit =

BH?EH' e (5.45)

nrep,slit = n(’yrep,slit ) (546)
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2. Calculation of the die land length y,:

12-1. 0 i V.
A = rep,slit total 5.47
psht BH3 yO ( )
X 2/3
with  y =y, [z] (5.48)

3. Iterative calculation of R, with Equation (5.49). This equation can only be solved
iteratively because 7., ... is also dependent on R,

U wor)”
R, = |—<paie 2 T2 (5.49)
nrep,slit 7T'}/0
X 1/3
with R(x):RO-[Z (5.50)

For all design formulas presented so far, it holds true that (theoretically) an
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 in land and manifold, a procedure that is independent of the operating con-
ditions results. This means that

ﬁ/rep,slit = /?rep,pipe : (5 b1 )

From this it follows that

nrep,slit = nrep,pipe‘ (552)
From Equation (5.51) it follows that

4y, 6V,

e, =—>en. (5.53)

TRy LH

Solving for R, the result is
) e 1/3
R, =|— -<2LH*| . (5.54)
3T ey

Putting R, into Equation (5.42), y, results:

3 e 4 1/3
__D] (WHLZ) . (5.55)
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As can be seen from Equations (5.53) and (5.55), after introducing the condition of
equal shear rate in the flow channel and the land gap, the operating conditions and
the material do not have any influence on the result of the design.

The design is independent of the operating conditions, as required, and therefore
it always produces a distribution channel that 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
combined with high pressure drops may lead to very high 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, such as 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 Sections
5.3.3, 9.2, and 9.3).

The pressure loss of the manifold system can be computed by using Equation
(5.35). 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
that results from the flow across the maximum land width in the middle of the die
(x = L); from that the total pressure loss for the die can be determined:

_ 12."7rep,slit VO .yO

5.56
N (5.56)

Ap
The computation of the residence time along a streamline can be calculated with
the help of Equation (5.20). If the relationship between the flow through the mani-
fold, its radius, and the current time coordinate is included in that equation, the
following is the result:

B R2[V/3 L Hy 13
t(x)= T2 fxirgey 20t e (5.57)
0 X 0

The residence time in the die can be calculated from the mean velocity at the exit
of the die and the maximum length of the land in the center of the die:
LHy,

VO .

= (5.58)

1. Definition of the maximum permissible pressure drop and of the height of the
land gap from the empirical data, determination of the maximum length of the
land in the center of the die (Equation (5.56)).
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2. Determination of the maximum radius of the distribution channel from Equa-
tion (5.54). Since this value enters into the determination of the representative
viscosity in the channel, an iterative procedure is meaningful.

3. An estimation of the dependence of the die on the processing conditions can be
done by taking R, found in Step 2 and determining the new value y, for a differ-
ent operating point or another material and then comparing it with the value
obtained in Step 1. The smaller the difference between the two values of y,, the
less pronounced is the dependence on the operating conditions.

A disadvantage of design methods discussed above is, when applied to the
coathanger manifold, that the length of the distribution channel projected onto the
slit at the outlet and not the exact length is used for the calculations. This leads to
an insufficient thickness of the extrudate at the outside regions of the die, parti-
cularly if the maximum length of the land is great.

Starting with the condition consideration of the exact length of the distribution
channel, an analytical procedure for the design of the coathanger manifold was
developed [74]. The power law is chosen to represent the flow, and an additional
condition set for the design is the requirement of an equal mean residence time on
all flow pathways. This requirement is equivalent to the condition of equal local
residence time at any location in the die:

(l): a = const. (5.59)

Upipe <l>
(For the definition of d/ see Fig. 5.24.)

The above leads to the following relationship of the radius of the distribution chan-
nel and the current time coordinate:

af,, ()= -2 —dr

slit — pipe
Uslit (X )

X 1/3
R(x)=R, Z] (5.60)
with
B (3n+1) 3(%“) H?’L 3 561
0= Z(TH) - (5.01)

The functional correlation between the radius of the flow channel of the manifold
and the current time coordinate (Equation (5.60)) corresponds to the relationships
upheld by conditions of minimum residence time in the distribution channel
(Equation (5.24)) and constant representative shear rate in the distribution chan-
nel (Equation (5.34)).
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For the slope of the land length, the following relationship applies:

2 p4 2 12
@ (w°R* (x)/ 1) 5.62)
b (R (x) /B '

After integration, the course of the length of the land along the flow coordinate is

[X1/3 /X2/3 _k

r= K

[T (5.63)
+k-In
Jk
with
4711 2
ko= | 3ELP s (5.64)
4n+2

An interesting variation of the design method described above is represented by
the layout of a manifold for a wide slit die with a slit shape distribution channel
[75].

The distribution channel is not shaped as a pipe in this case, but as a plane slit
(Fig. 5.24). This shape of the channel is advantageous from the point of view of the
rheological design and of the manufacturing technology. Dead spots in the dis-
tribution 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. 5.25).

Viota = 2% Section A-A
hix)

L ]
DN

“_’ X

B
b(x=0) L=?-b(x=0) H

Figure 5.24 Manifold for a flat slit die with a slit-shaped channel
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Figure 5.25 Flow in the slit-shaped distribution channel (schematic)

i

What is striking about the die with the constant 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 reference [75] the design of this type of die is described using a power law and
requiring an equal residence time on each flow path for constant width of the dis-
tribution channel b(x) and for a constant ratio of height/width (h(x)/b(x)) in that
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 = Jdx? + dy? (5.65)

and the correlation between the pressure loss across the land slit and the pressure
loss in the distribution channel:

dp dpdy
—_—=——. 5.66
dl  dy dl ( )
A rearrangement of Equation (5.65) yields
d 1
y____ 1 (5.67)
dx 2
[ dl
— -1
dy

When combining Equations (5.66) and (5.67), a relationship for the determination
of the course of the land length is obtained:
dy 1

= [ . (5.68)

2
dp dp)
dy di
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The volumetric flow rate in the distribution channel of this special type of die can-
not be described by Equation (5.8), rather, the following relationship is valid here:

Vy (x)= sz(erb). (5.69)

with the pressure gradient in the land slit

d_p _ lznrep,slit %

(5.70)
dy B H
2
and in the distribution channel
d_p_lZﬁrenD VO(X-H)) (5.71)
d o’ (x)2
2
This inserted into Equation (5.68) yields
d 1
Y- (5.72)
dx 3
nrep,slit h (X) b o
Thep 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:

6V, (x)
bh* (x)

Yrepp = CONSt. = e (5.73)

and refers to the end of the channel:

BV;Z(x+b) 63%21)

o 14 o= ey (5.74)
From that
h(x)=hJ1+x /b (5.75)

with the slit height at the end of the distribution channel hy;:

h(x=0)=h;. (5.76)
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Setting the above into Equation (5.72) and integrating the function for the land
length we obtain

2b X
xX)=— |k|1+—]|—-1 5.77
y(x)=" ) (5.77)
with
2
3
nre sli h
k:—&iLﬂ (5.78)
nrep,D H

For hy = H it follows that Yye,n = Vrepsic ad hence 7y, gie = Mhepp (design inde-
pendent of operating conditions), k becomes equal to one, and the following simple
relationship for the course of the slit length is gained:

y(x)=2Jx-b. (5.79)

5.2.2.4 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 distribution channel, there is a
possibility to do the design numerically.

To accomplish this, the geometry of the die is divided into segments; the volumet-
ric flow rates and pressure balances are done in each of them (Fig. 5.26) [76]. For
each segment n, the following relationship between incoming and outgoing volu-
metric flow rate in the distribution channel applies:

— - Vi Hix)

Figure 5.26 Segmentation of a flat slit die for the numerical calculation

V=V + Vi (5.80)
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The volumetric flow rate VL from the manifold is a function of the pressure in the
center of the segment and the slit geometry:

V=1 |(B o), H (%), 3 (x)]. (5.81)

The pressure in the center of the segment is calculated as the mean value from the
pressures at the segmental joints:

pn +pn+1

> (5.82)

p=
The pressure loss in the distribution channel from one segmental joint to the other
is ultimately determined from the volumetric flow rate throughout the channel and
its geometry:

Pa = Pogt T APyiges (5.83)
Appipe = f (VIUVnH)R(X))- (584)

Starting with known values for Vn and p, at the boundary of the segment, the VL
can be determined by iteration applying Equations (5.80) and (5.84). Given the
distribution of the outgoing volumetric flow rate, that is, VL for each segment and
two of the three geometric parameters R(x), y(x), and H(x), it is possible to find the
course of the third geometric parameter by iteration. The process starts with the
iterative determination of the geometry at the edge of the die, since the values for
the pressure in the distribution channel (surrounding pressure) and the volu-
metric flow rates in the distribution channel (generally equal to zero) are known as
initial values. The advantages of the numerical design of the flow channel are as

follows:

® The design of a die with any specified geometry, such as a wide flat slit die with
a slit height that is not constant, in the land region is possible.

® Any distribution of the exiting volume flow can be specified. This enables the
design of dies that purposely have a nonuniform volume flow distribution, for
example.

® Additionally, the inlet pressure losses during the overflow from the distribution
channel into the land slit can be considered. During the overflow, the melt is
subjected to a stretch (Fig. 5.27). Consequently, the leakage flow has to overcome
not only the pressure loss in the slit Apg but also the inlet pressure loss from the
channel to the slit Ap,. The magnitude of this inlet pressure loss is dependent on
the geometry and the velocity of the passing flow, that is, on the extent to which
the melt is stretched and on the extensional viscosity. The latter is the measure
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of the resistance of the melt to elongational deformation. The inlet pressure loss
can be taken into account by applying Equation (5.81) and subtracting this
pressure loss from the driving pressure p , thus:

V= £|(P-2ps = o) H (x),¥(x)]. (5.85)
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Figure 5.27 Inlet pressure drop due to the flow from the distribution channel into the land gap

The fact that the inlet pressure loss Ap,,, depends on the volumetric flow rate
through the slit and the geometric conditions has to be considered:

APy = Vi, H(x),R(x)]- (5.86)

The disadvantages of the numerical design of the flow channel are as follows: a
great deal of programming is necessary, the design requires long computing times,
and mathematical stability problems frequently occur in many applications.

5.2.2.5 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. 5.28. Figure 5.29 shows the resulting
deformation of the die plates (see also Section 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.
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Figure 5.29 Clam shelling due to
internal pressure in a flat slit die

Another 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 changing
across its width [70].

The possibilities of predicting the die widening by computation are discussed in
Section 9.3 [77].

5.2.2.6 Unconventional Manifolds

Manifold systems that 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 that are designed in such a way that each flow path is made
the same length [78]. When observing the flow paths in a wide slit die (Fig. 5.30)
that is made as a divergent slit channel with a constant slit height, it is obvious
that the flow paths in the die center are shorter than those at its edges. Under the
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assumption of a point-like melt feed, the following relationship for minimum and
maximum length of flow are valid:

L, (0)= o, (5.87)

L(L)=\y+L. (5.88)
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Figure 5.31 Streamlines in a centrally
injected circular section

A flow channel geometry with equal lengths on each flow path can be derived from
a study of a centrally injected circular sector (Fig. 5.31). In this case, all flow paths
are equally long; however, the melt discharge is not located on the desired plane.
This can be corrected by curving the circular sector in the third dimension (z direc-
tion) so that all flow paths end on the line A-B.

Such a manifold has been used successfully in injection molding as a predistri-
butor for a film sprue [79].

In Fig. 5.32, there is a simple suggestion for the solution of the design of such a
manifold. Each flow path is raised in the middle to such an extent (h(x)) that the
length of the 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
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L(x)=ys +x°, (5.89)

the length of flow at the edge of the die
L(L)=\ys+I =1(x) (5.90)
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Figure 5.32 Flat slit manifold with streamlines of equal length

and the resulting length of the flow path

1(x) = 2\/(1p (x)/2) +1(x) (5.91)

the h(x) for each flow path follows:

h(x) :%\/LZ —x" (5.92)

It is important to keep in mind that all the quantities refer to the point of exit x.
The above simple suggestion for a solution is not the 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.

The advantages are

® independence of the material being used,
® independence of operation conditions,

® yniform distribution, and

® jdentical flow history on each flow path.
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Disadvantages of these dies are as follows:

® 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 con-
suming, considerably more so than that for conventional wide slit dies with a
manifold.

5.2.2.7 Operating Performance of Wide Slit Dies

As explained earlier, it is possible to design extrusion dies with wide slit openings
that are independent of the operating conditions. When the width of the die is
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 be held back
only by extremely thick die plates. Because of this limitation, the wide slit dies are
in most cases 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, that is, the 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 the process conditions is
to do the design for a spectrum of operating conditions and then compare the
resulting geometries (Fig. 5.33) [80].

The larger the change in the resulting geometry at various operating conditions,
the more process-dependent the die is.

The procedure described above provides a reference point for the design, but 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 of
operating conditions [80] and die flow simulation [76,81-84].

For the above computation, the distribution channel is divided into segments, in-
cluding the corresponding slit segments (Fig. 5.26). A flow and pressure balance is
carried out successively for each segment. The procedure here is similar to the
numerical design of the flow channel, the only difference being that in this case
the geometry is fully specified and the exiting flow is calculated.
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Figure 5.33 Effect of operating conditions on the geometry of a coathanger manifold
designed to be independent of the operating conditions [80]

The check of the distribution is started at the entry point in the middle of the die,
because here the incoming flow rate in the distribution channel (equal to half of
the total flow rate) is known.

In addition to that, the value of the unknown inlet pressure has to be specified, and
then the more accurate value is determined by a series of iterations.

The calculated distributions for a wide slit die for one design point, for a different
mass flow rate, for a different mass temperature, and after a change of material are
shown in Figs. 5.34 and 5.35.
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Figure 5.34 Results of computations for volumetric flow rate distributions, |

It can be seen that the increase in the flow rate has practically no effect on the
distribution, and a decrease leads to a slight melt excess at the edge. The raised
temperature has a similar effect. A considerable worsening of the distribution
effect is shown by a die designed for PS and then recalculated for PE-LD.

By means of such a flow simulation, as shown, it is possible to estimate the size of
an operating window of a sheet die.
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Figure 5.35 Results of computations for the volumetric flow rate distributions, |l

B 5.3 Dies with Annular Exit Cross Section

Dies for the extrusion of melt strands with an annular cross section are used for
the extrusion of pipes, hoses, tubular film, and tubular parisons, for extrusion blow
molding as well as for cable and pipe jacketing.

Extrusion of pipes and nonreinforced hoses is done mainly with straight dies. For
the extrusion of tubular films, reinforced hoses, and parisons as well as for jacket-
ing, the extruder is at an angle—most often 90°—to the direction of the extrudate.
To produce the above-mentioned annular products, mainly the die types shown in
Fig. 5.36 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 energy imposed on it during the
process. This zone is not present in blow-molding dies with an adjustable width of
the exit gap.
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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, that is, centered rela-
tive to the inner mandrel, thus modifying the circumferential flow 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 man-
drel support zone into several separate melt streams and flows around the spider
legs. The connecting, converging mandrel region, in which pipe dies become nar-
rower at an angle of 10-15° [85] and in which the separate streams come together
once again, is followed by a die ring with parallel channel walls. The ratio of the
length of the parallel land region to the height of the exit gap for the pipe dies varies
between 10:1 and 30:1 [36,45,85]. 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,
these values also depend on the diameter of the die [85]. The essential parts of the
die, such as mandrel housing and outer die ring, are generally exchangeable, so one
center-fed mandrel die can be used for several extrudate geometries. These parts are

213




214

5 Monoextrusion Dies for Thermoplastics

not hatched in Fig. 5.37. In order to achieve a uniform melt flow through the annulus,
the outer die ring can be displaced radially by the centering screws mounted around
the circumference. A clamping ring pretensioned with disk springs is often used in
this design [86]. The disk 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. 5.36 the center-fed mandrel dies were the ones
most widely used in the past because, being fed into the center, they generally
provide a good melt distribution and distribute the melt independently of the oper-
ating conditions. Because of these advantages, this design is used in particular for
technical and residence-time-sensitive materials, especially PVC [87].

However, they have a disadvantage in that spider legs cause flow marks or weld
lines. These are not always visible as local thin sections and streaks, but they are
always present structurally and can lead to mechanically and optically poor
sections [88].

The high degree of melt orientation in the vicinity of the spider legs is among other
things the reason for the flow marks. The orientation is produced by the high
velocity gradients in this zone when the melt adheres to the walls and particularly
due to the large extension of the melt particles near the end of the spider legs, as
shown in [88]. Differences in density due to differences in temperatures of the melt
and the spider legs can also play a role [89].

T b
s
(44

Figure 5.37 Mandrel support die (principle): 1: mandrel tip; 2: mandrel support;
3: spider leg; 4: centering screw; 5: die ring; 6: relaxation zone

In order to reduce the flow marks, which are unavoidable with the use of center-fed
mandrel support dies, there are essentially three possibilities [88,90]:

® An increase in the mass temperature or the residence time in the die
® Uniform distribution along the circumference using a smearing device, for example
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® Producing a uniform structure over the entire circumference by orienting the
molecules longitudinally, and between the spider legs

To accomplish that, the following concepts were proposed in [88]:

® The use of elements, rotating about the die axis, in order to eliminate the flow
marks [91]. 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 nonwetting material, such as PTFE. The disadvan-
tage here is that such a coating wears off rapidly in practical use [92].

® 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. 5.38).

® Heating the spider legs. This often is difficult because of the relative small size of
the legs, but gradual improvements are achievable [89] (Fig. 5.38).

® Forcing the stream to follow a strongly convergent flow after the spider legs. This
is almost always done in practice as shown in Fig. 5.37.

® Attaching restrictor beads or breaker plates. Both are used in practice for
polyolefins [15,85].

® Using smear devices (Fig. 5.38). Multiple helical flutes are cut in the mandrel
and the housing with opposite pitch. This induces melt flow components in the
tangential direction and, thus, leads to blurring, which 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.

I With swelling pot IT With heating of III With a smear

(Elongation of the spider legs device
flow paths)

Figure 5.38 Center-fed mandrel support dies and different methods to reduce weld lines [88]

Some of the mandrel support systems that are designed so as to reduce the formation
of weld lines are shown in Fig. 5.39. It should be noted here that a perforated plate
(screen plate) should not be used as the mandrel support element because it has
unsatisfactory strength [85]. Moreover, for exactly the same reason as the tangential
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mandrel supports, it does not meet the requirements for the spreading of the defects
over a larger area of the circumference completely [93]. The mandrel supports with
a supporting ring and offset spider legs used especially in parison dies of the extru-
sion 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 extru-
date, which is advantageous. However, the flow resistances of the passage areas
must be matched accurately in order to achieve equal mean passage velocities [94].

Offset spider legs Tangential spider legs

7
Z

/

Support ring Figure 5.39 Mandrel support system

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 [85] and should run out with a
sharp angle of approximately 8°. 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 [85].

The corners at the root of the spider legs should be designed so 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
[85], so 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 [48].
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5.3.1.2 Screen Pack Dies

This type of die is mainly used for the extrusion of large-diameter pipes from poly-
olefins [85,95]. After the melt enters such a die, it comes up against a cone-shaped
mandrel (torpedo) by which it is diverted from the main axial flow to the radial
(outside) direction (Fig. 5.40). The melt then passes through a tubular body with
numerous boreholes (diameter 1 to 2.5 mm), the so-called screen pack. To this
screen pack the adjacent mandrel is attached. After the melt is diverted once again
into the axial direction, it flows through a parallel die land with an adjustable 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.

30 circles of holes, each with 110 holes of 1mm diameter;
holes on qap, distance between circles of
holes is 1.8 mm

0 =110mm

S

Screen pack —7

N </ — 652
%,
) ]

N
L]

Figure 5.40 Screen pack extruder head (for pipes with diameters 32 to 110 mm) [Hoechst]

Torpedo

In a way, the screen pack die can be regarded as a special form of the center-fed
mandrel support die, in which there are only very small total pressure losses
(approx 70 to 120 bar) due to the large passage area of the screen pack [85]. This
has a direct effect 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. For safety reasons, especially during the startup, the screen
pack dies today are designed for pressures up to approximately 300 bar [85].

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 [85]. Since a lot of weld lines are created after
the flow is recombined, screen pack dies are only suitable for melts characterized
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by a very good welding behavior, but not for optical products. These dies are there-
fore in particular used for polyolefin pipes due to robustness, easy handling, and
versatile usability [87].

5.3.1.3 Side-Fed Mandrel Dies

In a side-fed mandrel die, the melt is brought in at an angle, typically 90°. This is
necessary especially if something must be passed through the mandrel, such as
supporting or cooling air or a semifinished 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 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. 5.41.

Figure 5.41 Mandrel of a side-fed die with a
coathanger manifold (principle)

The development of the flow geometry in this die can be visualized by imagining the
wide slit manifold shown in Fig. 5.16 to be wrapped around a truncated cone. The
difficulty with these dies lies in designing the manifold in such a way that the mate-
rial exits uniformly through the annular opening around the entire circumference.

When using side-fed mandrel dies, a similar problem occurs as described previ-
ously, namely weld lines; the methods to deal with them are also the same. An-
other design form of the mandrel, a so-called heart-shaped curve, is shown in Fig.
5.42. In this system, the melt stream is divided into two separate melt streams;
each of them is guided on flow paths around one-half of the mandrel (the lengths
of the pathways should 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.
5.41. 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 man-
drel support discussed previously (Fig. 5.41) is that here the melt stream flows
around the torpedo and not over it, as it does in the flat slit manifold (over a die
land) or in a mandrel with a manifold. This heart-shaped form is used frequently,
particularly when attempting long and equal flow pathways for all melt particles.
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Figure 5.42 Mandrel of a side-fed die
with a heart-shaped manifold (principle)

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 that can be centered.

5.3.1.4 Spiral Mandrel Dies

In the classic axial spiral mandrel die (Fig. 5.43), the melt stream supplied by the
extruder is initially divided into several separate streams. Star-shaped and ring-
shaped melt-distributing systems can be used for this purpose, the latter type
being preferred when large bores or many film layers are required in the mandrels
[96]. These primary distributors discharge into spiraling channels that are ma-
chined into the mandrel in the form of multiple threads. In recent years, this
approach to supply each spiral channel individually has sometimes been replaced
by coathanger distributors extending around the circumference, followed by spiral
channels in the form of a smear thread [97,98]. The advantage of this design is the
smaller primary distribution system, above all when working with a large number
of spiral channels and melt layers.
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Figure 5.43 Spiral mandrel dies for blown film extrusion [Reifenhduser]
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In the spiral section, the channel depth decreases steadily, and the gap between
the mandrel and the outer part of the die (die housing) usually increases steadily
in the direction of extrusion. In this way, the melt stream flowing through one
spiral divides itself into two streams. The first stream flows axially over a land
formed between two spirals; the other continues to follow the course of the spiral.
As aresult, every point around the annular discharge gap receives melt formed by
the superposition of the tangential melt streams from all channels of the spiral
distribution system. Since there are no weld lines with this arrangement, good
thermal homogeneity (i.e., a uniform melt temperature) is achieved in addition to
the desired physical homogeneity. The complete elimination of weld lines and flow
marks is one of the greatest benefits of this melt distribution system [99].

In contrast, in radial spiral distributors (Fig. 5.44), the channels do not wind
around the mandrel axially in the conventional way, but rather lie in a plane in a
radial arrangement resembling the grooves in a phonograph record (Fig. 5.45).
Now the melt can be introduced from the outside instead of centrally from below.
The channel depth decreases toward the center so that the melt, which initially
flows only in the channel, is gradually forced over the land. The melt is finally redi-
rected toward the die outlet and, if desired, can be combined with additional melt
layers.

Specific advantages of the radial arrangement over the axial arrangement include
greater flexibility as a result of the modular design, good thermal separation of the
individual modules, smaller differences in residence times, smaller amounts of
melt volume within flow channels when there are many layers, and the ability to
retrofit easily to existing systems. The long common flow paths can result in melt
instabilities and thus create problems when there are many melt layers. In addition,
radial distributors are more susceptible to deformation of die plates as a result of
the melt pressure and have more sealing surfaces [100].
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Figure 5.44 Radial spiral distribution module [IKV, Kuhne]
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Figure 5.45 Spiral arrangement

A combination of an axial and a radial spiral mandrel die is represented by the
conical spiral mandrel die (Fig. 5.46). The spirals are positioned along truncated
cones instead of within a flat plane. This variation offers advantages of both sys-
tems in a multilayer setup (Section 6.1.3): as always, two layers are within one
plate, and the conical spiral mandrel die is more compact than the classical stack
die. Furthermore, adding further layers does not imply a layerwise increasing
diameter like for cylindrical spiral mandrel dies [101].

The outlet section of spiral distribution systems is also usually interchangeable,
can be centered, and has a die land, and its temperature can be controlled sepa-
rately.

Figure 5.46 Conical mandrel die
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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 [16,36,45,85],
but in coextrusion they are sometimes applied to add an outer layer. The usual
diameters of extruded pipes range between several millimeters up to 2.5 meters
[87] with wall gauges up to 60 mm [95].

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 dia-
meters being approximately 630 mm [85,95]. Large polyolefin pipes are predomi-
nantly produced by screen pack dies as well as by spiral mandrel dies [87,95,
96,99,102,103]. The latter usually works with higher pressure losses than the for-
mer, 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 [85].
In [104] a die is shown that allows the extrusion of pipes with different wall thick-
nesses by using a slightly conical (approx. 2°) outer ring region and a mandrel that
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 and 1.6 to 1. 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 pressures of approxi-
mately 250 to 600 bar [85]. 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 [36,85]. 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, for example breaker plates
(perforated disks) are inserted behind the spider legs to homogenize the melt.

In pipe dies with diameters greater than 140 mm, the mandrel has a separate tem-
perature control in addition to the usual temperature control of the die ring [85].

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 [96,99,105]. Therefore, the temperature of the melt should be kept
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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 section due to its large exit gap and not in the die land region. This is in
contrast to blown film dies [96,99].

To improve handling, the dies for large pipes are mounted on a mobile carriage.
This is not surprising considering that, for example, the weight of a 630 mm
center-fed pipe die is approximately 2.8 metric tons [85,95].

Smaller, thin-walled pipes can be produced using multiexit dies, by means of which
high extruder outputs can be utilized better and with less stress on the material
due to the lower melt velocities in the individual sections of the die, which can
manifest itself in lower shrinkage. Furthermore, the surface appearance is better
at lower flow velocities, and it is simpler to maintain the required tolerances
[104,106].

Figure 5.47 shows a multiple-pipe die with an individual flow regulation with the
purpose of attaining equal mean velocities of the outflowing melt.

A summary of patent literature pertaining to extrusion dies for the production of
pipes and hoses is given in [107].

Figure 5.47 Triple die for pipe extrusion with flow
control [104]: 1: sliding sleeve; 2: threaded sleeve
with a bevel gear; 3: drive shaft with a bevel gear;
4: mandrel

5.3.2.2 Blown Film Dies

In the extrusion of blown film today, spiral mandrel dies are most frequently used.
The almost always necessary change in the direction of melt flow from horizontal
to vertical is accomplished by the use of an elbow placed in front of the die
[16,48,96,108,109]. Center-fed dies with spiders and flow resistance zones or
similar designs used in the past have not been overly successful [86,110].

The width of the gap at the outlet of the blown film dies is usually between 0.6 mm
(thin film) and 1.6 mm (construction film); the outside diameter at that location
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can be several centimeters up to 2.5 m [48]. If the level of longitudinal orientation
in the film needs to be raised by a higher take-up speed, the width of the gap can
be increased to 2.8 mm, which also leads to more relaxation in the orifice area. The
parallel walls in the land region affect the dimensional tolerances as well as the
quality of the film; defects in the flow channel surface have a particularly negative
effect in this region [111]. The longer this region, the better the optical properties
of the film. The actual length (as ultimately manufactured) of the parallel die land
is usually a compromise between the length required for a satisfactory melt relax-
ation and the length still having an acceptable pressure drop.

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 take-off
conditions after it emerges from the die. The effect of the design of the flow chan-
nel of the die on the melt shrinkage was proven for the first time in [110]. Another
factor to be considered in this context, the subsequent blow-up of the film (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.

Figure 5.48 illustrates the percentage pressure consumption in blown film dies
with a spiral mandrel with star-shaped and ring-type distributors. The high pres-
sure consumption in the die land and 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 and 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 [48]. Nowadays, the dies are designed for
pressures up to 600 bar, while processing is usually done up to 500 bar due to
more viscous materials and cooler operating temperatures.

When compared to pipe dies and extrusion blow molding dies, blown film dies are
provided with special turning devices. Their 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
[16,112]. A extrusion die-based solution can be used with center-fed as well as
side-fed dies. Much effort is required to ensure a good seal, to devise ways of
cleaning, and for support of the revolving parts by suitable bearings [48]. DC
motors are used for this purpose, and the rotating parts of the dies move slowly,
usually at 5 to 20 minutes per revolution. An example of such an arrangement is
given in Fig. 5.49 [48]. This concept is still in the market and in that case mostly
used for monolayer blown films. However, reversing take-up units are predominant
and state of the art to homogenize the distribution of potential thick and thin
places along the circumference, resulting in cylindrical wind-up rolls [101].
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Figure 5.48 Pressure loss in a blown film die [96]: 1A: inlet (star-shaped distributor);
1B: inlet (ring-type distributor); 2: rotational part; 3: spiral mandrel distributor; 4: transition;
5: parallel die land
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Figure 5.49 Distribution channel of a rotating blown film die [110]:
1: rotating part; 2: sealing sleeve; 3: butting ring; 4: stationary part

5.3.2.3 Dies for the Extrusion of Parisons for Blow Molding

In extrusion blow molding, the tubular parison is always ejected perpendicularly
downward from the die. Since the extruder is usually arranged horizontally in this
process, the term “crosshead die” is often used for a parison die.

Parison dies are divided into those in which the melt is shaped continuously and
those with melt accumulators, in which the extrudate, called a parison, is pushed
out rapidly after the necessary volume is plasticized and accumulated in the
storage chamber.
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In center-fed parison dies, elbows (bent pipes) are usually used between the
extruder and the die that 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 the internal radius to the channel radius of the elbow to achieve
favorable hydrodynamic properties; this ratio should be, according to [113], be-
tween 6 and 8 in order to prevent secondary flows (see also Section 4.4.5). More-
over, when designing the channel, it is recommended in [113,114] to design
convergent, circular channels with taper angles no larger than 30° and convergent
annular channels with taper angles less than 25° and differences between outer
and inner angle up to 15°. In-line mandrel dies and side-fed dies are used as
melt-distributing systems in parison extrusion. For coextrusion blow-molding
equipment, spiral mandrels are also often selected for that purpose [115].

When considering side-fed mandrel dies as existing systems producing either
single or multiple streams, which subsequently overlap [75], it can be concluded
that variations frequently used in the past with a circumferential ring-shaped
groove of a large diameter followed by a flow channel with a high flow resistance
(principle of overflowing dam) do not meet today’s quality requirements [75].

The situation is different when one looks at the side-fed mandrel dies with heart-
shaped manifolds. In this case, the melt is divided into two or four partial streams,
which are then lead by means of an empirically determined distribution curve
around the mandrel and then partially overlap (offset heart-shaped manifold)
[93,116,117]. The overlapping has the effect that the flow marks, which are formed
automatically in this system, do not penetrate through the entire thickness of the
wall. This weak spot can be further reduced when two manifolds shifted 180° apart
produce an asymmetrical wall thickness that is thinnest at the point where the
bonding seams form. The overlapping of both melt streams must be arranged in
such a way that the resulting wall thickness is uniform along the entire circum-
ference.

Classical parison dies include mandrels with coathanger manifolds and a land
(Fig. 5.41), allowing the formation of a parison that exits the die with a uniform
wall thickness and velocity around the circumference. The negative effect of the
flow marks resulting in this process can be offset by the method described above,
namely by the use of a concentric arrangement of two manifold systems [75].
Modern parison dies have spiral mandrels to avoid weld lines.

Figure 5.50 depicts an interesting variation, namely a parison head that has two
coathanger manifolds attached to a mandrel (Fig. 5.51). 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
[75].
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Figure 5.50 Blow-molding head, BKSV model [Bekum]
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Figure 5.51 Melt distributor system: double coathanger with attached guiding lands [Bekum]

Mandrel support dies for blow molding are most commonly set up with a support
ring and offset spider legs (Fig. 5.52). These eliminate defects extending through-
out the wall, and, being center-fed, they present no problems with the melt
distribution [94,116]. When designing the above dies, it is important to 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 [94].
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Figure 5.52 Parison die with a support
ring with offset spider and offset spider legs
[Battenfeld-Fischer]: 1: stroke limiter;

2: motion pickup; 3: supporting air;

4: extruder connection; 5: die dividing
plane; 6: spider leg; 7: mandrel support
(spider); 8: nozzle centering; 9: maximum
nozzle diameter; 10: minimum nozzle dia-
meter

The advantages and disadvantages of these mandrel support dies with offset spi-
der legs are discussed in [116]; disadvantages are the high pressure drop and the
related high shear deformation. When processing thermally sensitive materials
like PVC, it is recommended to use parison dies with a mandrel support having
two spider legs (torpedo), as shown in Fig. 5.53 [118]. 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 noticeable in the finished
product [118].

The pressure losses occurring in the mandrel support dies are examined in [119].
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Figure 5.53 Parison die with two spider leg
mandrel support [Battenfeld-Fischer]:

1: supporting air; 2: connection extruder;

3: spider legs; 4: mandrel support (spider);
5: die dividing plane; 6: nozzle centering;

7 7: maximum nozzle diameter

Parison dies for the continuous forming of preforms

Both previously described side-fed mandrel dies and in-line mandrel dies in widely
varying geometries are used in this application. When blow-molding articles with
a volume of 5 to 10 liters, multiple heads are used [120] that produce up to eight
parisons simultaneously fed by a single extruder. 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 [121], which result in different
exit velocities of the individual parisons. In addition, cycle times are increased by
wide forming dies and, hence, longer traverse paths. In multiple heads, side-fed
dies are frequently used as melt distributors; because of their compact design,
they allow for smaller axial distances than in-line mandrel dies [75].

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 [75]; 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 differ-
ent designs in use [113,116,117,122]. The ram accumulator heads are considered
to be state of the art [75]. They contain a ram serving the purpose of ejecting the
melt (Fig. 5.54).
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Figure 5.54 Blow-molding head with an annular ram
accumulator: 1: annular groove; 2: sleeve; 3: melt
feed; 4: annular ram; 5: accumulator; 6: adjustable
mandrel

Moreover, all modern designs guarantee the FIFO principle (first in, first out),
which means that the melt entering the accumulator first is also ejected first. This
way the residence time is kept to a minimum. The ejector piston is moved upward
by the pressure of the melt during the filling phase.

The differences between the various designs are in the melt injection and distri-
bution, located above the accumulator.

Thus, Fig. 5.55 (left) shows a parison die with a mandrel fed from two sides as well
as a sleeve pulled down far guiding the ram [120]. On the right side of Fig. 5.55
there is a manifold system with two offset heart-shaped curves that 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.

Figure 5.56 shows the so-called two-tier heart-shaped curve system [123], which
represents the further development of the bolt-type mandrel support described in
[116]. Here two melt tubes are formed in two separately fed planes with heart-
shaped distributors and subsequent ring channels. These two tubular melt streams
combine downstream, while the flow marks caused by the heart-shaped curves are
opposite one another. Sections through the two distributor planes with the heart-
shaped inner torpedo are shown in [123].

In all types of parison dies, the flow channel can have widely varying geometries:
cylindrical, divergent, or convergent. In convergent and divergent orifices, the
widths of the exit gap can be altered by a relative movement of the mandrel and
the die in the axial direction while the parison is emerging. In crosshead parison
dies, the last mandrel section is moved, while in in-line parison dies, the last die
section is moved.
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Figure 5.55 Parison dies with tubular ram accumulator and different melt distribution systems
[119]: (a) with an annular groove distributor, (b) with a double offset heart-shaped curve:

1: melt feed; 2: distributing channels; 3: ring channel (annular groove); 4: annular ram; 5: accu-
mulator; 6: gap; 7: sleeve; 8: torpedo; 9: mandrel (adjustable); 10: aperture; 11: external melt
stream; 12: internal melt stream; 13: end point of the forked section

Figure 5.56 Two-level heart-shaped
Y distributor [Battenfeld-Fischer]

Figure 5.57 Two-level heart-shaped distributor (schematic sectional view) [Battenfeld-Fischer]
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As a rule, the adjustment is made hydraulically, while programming instrumen-
tation is employed to predetermine the desired profiles of parison wall thickness
[124]. For the production of hollow 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
[125,126]. If the use of this type of gauge control is not possible, the outside die
rings are adjusted in their geometry, such as shaped radially [113,127].

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 [121,128]. 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 [113,129].

5.3.2.4 Coating Dies

Coating dies belong to the group of extrusion dies with an annular exit cross sec-
tion. Their characteristic is that they apply a layer of melt to a semifinished prod-
uct that is led 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 the coating is electrical insu-
lation, surface improvement, an improvement in protection against corrosion, and
so on [121]. The extruder in coating lines is usually positioned at an angle of 30°
to 90° to the direction of the movement of the semifinished product, the perpendic-
ular direction being predominant.

The following statements relate to the wire-coating dies because they represent the
most natural application for the process. Figure 5.58 shows an example of the gen-
eral features of a wire-coating die. In principle there are two distinct die designs
for this coating process [16,130]: the pressure coating die and the tube coating die.
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Figure 5.58 Basic design of a wire-coating die: 1: 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
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Pressure Coating Die

For pressure coating, the conductor is enveloped by the melt under pressure within
the die (Fig. 5.59, 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, a vacuum may be applied.

Pressure coating has an additional benefit, namely an improved adhesion of the
melt to the conductor [16].

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. 5.59, bottom).
This method is often used for coating already-insulated cores, that is, for applying
additional coatings (secondary coatings), and for coating metal pipes with poly-
ethylene.

The advantage of this method is that the individual layers are truly coaxial [130].

Figure 5.59 Wire-coating dies: (a) for pressure coating (top), (b) for tube coating (bottom):
1: wire; 2: torpedo; 3: die body; 4: vacuum (if necessary)
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With the 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 appro-
priate melt-distribution system.

To accomplish this, side-fed mandrel dies with heart-shaped curves and coathanger
manifolds are predominantly used [131,132], where the latter, because of their
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 is described in the literature [92,114,133].

After the manifold system, the mandrel and the die housing taper toward the
conductor (Fig. 5.58) 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 a
minimum. For the pressure coating, the clearance can be approximately 0.05 mm;
for the tube coating between 0.2 and 0.3 mm [16].

Because of this small clearance and the high wire speeds, the guide tip is subjected
to substantial wear. Therefore, it is often made with inserts made of diamond, alu-
minum silicate, or hard metal alloys [36,130]. The centering of the die ring is done
by bolts. Only 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.

Figure 5.60 shows a precentered die, for which, as the name indicates, no addi-
tional centering is required [130]. 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 maximum
coating speeds as well as the surface quality of the extrudate. The latter is posi-
tively affected by less taper and longer die lands [134]. According to [114], die
lands of 0.2 to 2 D are suitable for plasticized PVC (PVC-P) and 2 to 5 D for polyeth-
ylene. The product quality is influenced by the size of the die relative to the dimen-
sions 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.
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Figure 5.60 Precentered pressure coating die [130]: 1: wire guide; 2: internal wire;
3: wear-resistant insert; 4: restrictor ring; 5: die ring

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 circumfer-
ence is good as a result of the basic geometry. Important here are 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; melt fracture,
shear, and temperature history for the evaluation of the load on the melt; and,
finally, the configuration of the mandrel support zone for the elimination of stagna-
tion zones and flow instabilities.

The design of the mixing grooves is very similar to the design of spiral mandrel
distributors and therefore will be discussed in Section 5.3.3.3.

The foremost objective in the rheological design of side-fed mandrel dies, of heart-
shaped curve manifold dies, and of spiral mandrel dies is a good melt distribution
at the die outlet, 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.
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In mandrel support dies, four different zones have to be considered (Fig. 5.37)

[135]:

® The diverting zone, in which the melt stream emerging from the extruder is
diverted 90° 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 flow 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 (diam-
eter and wall thickness).

When designing the diverting zone, it is important to keep in mind that the length
of the 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 [135,136] in order to eliminate stagnation zones. For the de-
sign of the mandrel support, both rheological and mechanical factors are impor-
tant. 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 on the mandrel and
that they have minimum effect on the flow. Therefore, the rheological and mechan-
ical design factors are closely intertwined in this zone. The mechanical design of a
mandrel die will be discussed in more detail in Section 9.2.

The process of the rheological design depends on the mandrel support system
used. Examples of some usual types are shown in Fig. 5.39. The rules derived in
Section 5.1.2 can be readily applied to the computation of flow in the area of the
breaker plate mandrel support.

The computation of the flow in the spider-leg zone can be done by applying the
principles for the computation of an annular gap or a flat slit. However, it is neces-
sary to take 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 multiplying the volumetric flow rate with the quotient from the
cross section without the spider legs and the remaining area of the cross section
(Fig. 5.61).
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The pressure drop in the mandrel support zone is

Ap =1 V'R, R, m(3)), (5.93)

K= (K _Riz) (5.94)
w (R —Rf)—Nleg ‘B-(R,~R)’

Vs=V-K. (5.95)

The flow situation is somewhat more complicated in the mandrel support zone.
The inside and outside annular gaps have to be considered as two connected pa-
rallel flow resistances; it is not known beforehand how the volume stream will be
divided 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. (5.96)
Also the following is true:

I}I = VII = Vtotal'

(5.97)

By combining Equations (5.94), (5.95), and (5.97) with (5.96), 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 - 877repl ’ VI ’ KI . 8771‘8911 ’ (V;Ota] _VI) KH (5 98)
L “(Rozl_Rizl)'Elz “(lel_Rizn)'Eé ‘
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with
1
_ _ K22 R
R:Ro-l+k2+1liJ and k:R—‘ (5.99)
n 0
and with
Trep K

m = a (5.100)
It follows:

V= Vg (5.101)

a +ay

Equation (5.101) can only be solved by iteration since the volumetric flow rates
enter into a; and a;; through the shear-rate-dependent viscosity.

This allows the computation of pressure losses, shear stresses at the wall, volumet-
ric flow rates, and representative shear rates in the mandrel support 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 (5.96) and (5.98). After solution of the
problem, the following relationship is obtained:

— \2
_ p2 n - K; ) & (p2 _ p2
Rol—\/Rm—WKH [E] (R, —R?) (5.102)

Since R, ; and R, ; are related through the height of the support ring and, further,
since 7,1, K;, and Ry depend on R, ; and R;;, Equation (5.102), too, can be solved
only by iteration.

For the length of the spider legs, a value equal to 0.5 to 0.7 D, (based on strength
studies) is recommended [135].

The melt deformations occurring in the mandrel support zone can be relaxed in
the following relaxation zone. In this zone of continuous compression, with re-
duced flow cross sections, the flow disturbances caused by the walls of the spider
legs can also relax. The usual ratios of channel cross-sectional area (immediately
after the mandrel support) to the area of the die exit cross section are 5 to 7 [88]
with the length of the relaxation zone of 2.5 D, [135].
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From a design point of view, it is possible to attain the ratio of the maximum dia-
meter of the outer ring orifice D, to its nominal diameter D, at 1.25 [88]; for screen
pack dies the maximum value of Dy/D,, is 1.4 [95].

In blow-molding dies, the melt elasticity often has a negative effect when the D,/D,,
ratios are high. The melt tube shrinks considerably in dimension when emerging
from the die.

The maximum values for Dy/D,, depend on the type of the polymer used and its
molecular weight (1 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 ensured and that no instabilities, such as those due to the loss
of wall adhesion, occur. This is particularly critical for PE-HD; in this case the
representative shear rate must not be higher than 30 s [88].

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°. 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 that runs around the mandrel and to attach a zone with an annular
slit to it. This subsequent zone has to have a high resistance to flow (Fig. 5.62). This
type of die can be seen as a T-manifold wrapped around a cylinder [137,138]. How-
ever, it provides a very poor melt distribution with a wide spectrum of residence
times and is therefore not used in industrial applications.

A} Melt entry Section A-A
S
3600 Figure 5.62 Development of a flow splitter
with an annular groove and a parallel die
A land

Another simple solution is to insert an annular torpedo around where the melt has
to flow (Fig. 5.63). This ensures 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.
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Melt enfry

%orpedo
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Section A-A Figure 5.63 Development of a flow

/144/ rLK splitter with a spreading body (heart-
shaped manifold)

The distribution in this type of die with a 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 [139]. Another disadvantage of this die is that two
characteristic weld lines are formed because of the splitting of the flow.

The design of side-fed mandrel dies with a theoretically fully uniform melt distri-
bution is possible if the design principles developed for fishtail and coathanger
manifolds are applied. This is permissible as long as the mandrel diameter is sub-
stantially greater than the height of the gap in the land zone and the diameter of
the distributor channel (Fig. 5.64).
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Figure 5.64 Development of a (a) fishtail manifold and of a (b) coathanger manifold:
1: die land; 2: distribution channel; 3: housing; 4: mandrel; 5: parallel die land
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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 that takes 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, which has the distribution channel
wrapped around a truncated cone and not around a cylinder (Fig. 5.65).

Figure 5.65 Tapered mandrel with a coathanger manifold: 1: melt inlet; 2: distribution
channel; 3: die land region; 4: slit

Since the mandrel is tapered, the distribution channel cannot be made with a con-
stant slit height in the land region [140]. 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

6-V,

’yre slit — "€ (5103)
M wr(y) Rt ()
it follows with r(y) and r,,;, that
r
hy)= ="« (5.104)

r(y)

r(y)=ry, +y-sin a. (5.105)
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For the design independent of the operating conditions, the maximum radius of
the distribution channel R, at the point is

Ry =0.889-(r,,,, -h? )1/3 (5.106)

ITllIl max

The maximum land length y, = y(¢ = w) on the surface line is

r/3.(6.29-h -sin a+5.016-r"/3

ax mln ( max min )

(5.107)

The maximum radius of the mandrel r’ . can be calculated from the above, thus:

max

' h
Tnax = Thin <2R0 +Y0> sin o +—%. cos . (5108)
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(&)=Ry,- [—] : (5.109)

For the course of the land length, the following relationship results:

y(g)zy [§]2/3 ‘ ﬂ1/3 £2/3 hr3nax mm Slna+4R§ (5 110)
O mhe T esin a+4RY

The pressure loss in the manifold and the mean residence time ¢ can be computed
from the following equations:

8'V0'77rep slit . 3/2 3/2
AP = 7 [(rmin +7,-sin ) —rm{n] (5.111)
Sln Q- h‘max min
and
_ 2x-r/’.n 32
O me| (e oy, sina)” 2] (5112
0

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 a specified flow distribution at the
exit. This is further complicated by the fact that in a spiral mandrel die the
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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 [81].

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 man-
drel 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.
5.60):

A pslit =A pspiral

With pressure gradients along the annular slit (land) and along the spiral, respec-
tively, the following relationship results:

d 1
A — (5.113)

P =2
dz slit di spiral Sil’l¢

A good description of the geometry of the spiral distributor is crucial for the
accuracy of the computation. A reasonable way to do that is the description of the
geometry through the base points for the slope of the spiral, through the dimen-
sions of the spiral channel and the height of the annular gap.

Housing

b(8)
§ hiz)

Figure 5.66 Development geometry of a spiral distributor
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In order to facilitate the establishment of the relationship between individual
segments, it is recommended to express the position (H(#)), the width (b(6)), and
the depth (d(#)) of the spiral in terms of the circumferential angle and for the
height of the annular gap in terms of the mandrel height (h(z)). During the compu-
tation, a volumetric flow rate balance for each segment is taken (see Fig. 5.67):

V.

spiral

(n)+vslit (n):Vspiral (n+1)+vslit (n+N0) (5.114)

Vairl n+No)

Vepirat(n+1)

Vspirnt( n)

/ Figure 5.67 Volumetric flow rate balance at
a segment of a spiral distributor

_360°

1
—. 5.115
7 (5.115)

spiral

The leakage volumetric flow rate VL leaving the spiral corresponds to the differ-
ence between the outgoing and incoming volumetric flow rates through the slit:

V=V,

slit

(R4 Ny )=V (n). (5.116)

In the next step, the pressure loss in the spiral channel is calculated:

d . .
d_ll)lspiral: f[‘/spiralib!dfn<7)] (5.117)

with

v . Vspiral (n) + VSpiral <n + 1) ' (5.118)

spiral — 2
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From this and Equation (5.113), the pressure loss across the slit area is obtained.
From this pressure loss, the volumetric flow rate through the slit can be determined:

d .
Vit (N+No) = f[£|smrh77]<'7>]~ (5.119)

Because Equation (5.117) as well as Equation (5.119) cannot be solved analytically,
the iterative procedure must be applied.

a)
o1}
E
2 0
e
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g8
[w]
3
0 180 360 540 () 720
Angle on the circumference
ol 200
£ %
© o=
z X 1550 |-
=2
@
£ 100 Figure 5.68 Results from the com-
3 putation of the flow simulation for a
50 | spiral distributor: (a) leakage volume
0 180 £ 360 flow rate, (b) volume flow rate at the
Angle on the circumference exit (four spirals)

The computation starts at the beginning of the spiral, where the flow rate through
the spiral (volume flow coming in from the extruder divided by the selected number
of spiral turns) and the incoming flow rate through the slit are known. The latter is
equal to zero up to the first overlap, that is, up to the beginning of the next spiral
turn:

Vi (n)=0 for 1<n<N,. (5.120)
With this, the flow rate leaving the slit up to the first overlap Vsm (n) for Ny,y <n<
(Ny 4+ N,) can be calculated.

These computed leakage flow rates exiting from the slit are used in the next step of
the computation, the incoming slit flow.

This procedure is repeated up to the last overlap; here the exiting leakage flow
equals the flow from the die. The typical results from the computation of the leak-
age flow and of the outgoing flow for a spiral distributor designed with four spirals
are shown in Fig. 5.68.
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The distribution of the volume flow at the die exit is very uniform; nevertheless
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
-4.2%. Significant amounts of material in the mandrels at the end of the mandrel
zone lead to pulsation marks and an inhomogeneous film thickness along the
circumference.

For the design not only a uniform exit flow is important. Another factor of im-
portance is the requirement that the leakage flow, as shown in Fig. 5.68 (top),
increases steadily from one-half of the steady leakage flow (steady leakage flow
equals the flow entering the spiral divided by the length of the spiral) until it
reaches a maximum value of three to four times the steady leakage volume flow at
approximately one-third of the spiral length; it then decreases steadily until it
becomes zero at approximately two-thirds of the length of the spiral and then stays
at this value until the end of the spiral [141]. The highest value of leakage flow is
equivalent to maximum mixing.

In spite of the possibilities offered by the flow simulations for the design of spiral
distributors, the experience of the designer is of considerable importance because
of the many geometric variables (number of turns, spiral slope, spiral depth, slit
height).

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 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.

/— Twire
/—“ Tualt

. h
Ro 4 Ir, R——J[ﬁ#
{ _Ri 20 ° { _ Vuire
i

Figure 5.69 Longitudinal section
through a pressure coating die [142]




5.3 Dies with Annular Exit Cross Section

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 longitu-
dinal section through a pressure coating die for a high-speed coating is shown in
Fig. 5.69, for which the die was subjected to computations of flow and temperature
fields using a finite difference program [142]. The computed velocity and tempera-
ture profiles at different points in the die for a PE-LD are shown in Fig. 5.70.
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Figure 5.70 Results from flow and
temperature computations for a
pressure coating die: (a) velocity
profile, (b) temperature profile
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The strong influence of the drag flow is clearly seen in the region where the melt
meets the wire (z* = 0). Toward 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.

The strong increase in temperature at the die wall is caused by the high shear rate
at the wall.
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An FDM computation of the flow conditions for very high speeds of the wire showed
that the drag flow caused by the wire can have repercussions on the velocity pro-
file before the point where the melt meets the wire [143]. The geometry of the die
under study is shown in Fig. 5.71.

Die area
10
0.8 — o
E 0.6 — a4
S 04 | 1
0.2 v \
0 =77 Mandrel region > 4
02 | (
T 000D o6 @ z

2/R

Figure 5.71 The geometry of the wire-coating die under study [183]

The investigation was done on a melt with constant viscosity. It was assumed that
the takeoff speed of the wire is 15 times greater than the mean velocity of the melt
at the entrance to the die, v,.

The computed velocity profiles for different sections along the coating die are
depicted in Fig. 5.72.

Wire Die
1 housing
v x
z b3 Vz
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Figure 5.72 Velocity profiles in the
0.2 0.4 0.6 0.8 1.0

wire-coating die (section cuts 1 to 5,
r/R see Fig. 5.71)
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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.

\ (z/R=097)
(8 1055)
%.31)
. @(0,00)
><‘ Figure 5.73 Velocity profiles in the
0.2 0.4 0.6 0.8 1.0 wire-coating die (section cuts 6 to 9,
r/R see Fig. 5.71) [183]

This yields the shape of the streamlines in the die shown in Fig. 5.74. The counter-
flow 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. 5.75). 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 v, .
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wire

Figure 5.74 Streamlines in a wire-coating die
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S Vyire Figure 5.75 Dimensionless pressure profile
A in a wire-coating die as a function of the drag
V; = Mean melt velocity at the die inlet number S

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 the 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.

B 5.4 Formulas for the Computation of the
Pressure Loss in 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 constant cross-sectional area 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 semicircular side, teardrop shape, and half teardrop
(Fig. 5.76).
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Figure 5.76 Shapes of flow channels
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There are 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):

44

hyd. = T (5.121)

3. Formulas dividing nonideal cross sections into ideal cross sections that can be
subjected to computation.

This method can be used for the computation of pressure loss of slit channels
with an edge effect or rectangular channels with one semicircular side. The
method of dividing a nonideal cross section is demonstrated in Fig. 5.77. The
foundation of this procedure is in the study of isovels (lines of equal velocity). In
order to take the edge effect into account, the flow channel borders are replaced
with 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:

d_p _ 8nrep,pipe : Vpipe _ lznrep,slit 'V;lit

5.122
dX T R4 B/ . H3 ( )
Furthermore, the following is true:
I}iJipe +V;,lit = I};Otal‘ (5123)

Now the relationship between the total volumetric flow rate V. and the pres-
sure drop is required. After combining Equations (5.122) and (5.123), and then

rearranging, the following equation results:

dp _ Viotal _ (5.124)
dx - R* B'-R®

1 277rep,slit

877repypipe

There are several ways to determine the viscosities 7,;,, and 7).
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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 (5.122) can be obtained by iteration.

. Computation of the pressure losses of the nonideal flow channel geometry by
means of the finite difference method (FDM) or finite element method (FEM).
These procedures are very accurate.

. The use of correction factors, called flow coefficients, for the computation of the
pressure loss. These coefficients are useful for the correction of results per
methods 1 or 2 and must be first determined as functions of the flow geometry,
the melt properties (flow exponent), and the process conditions, for example 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 f; results:

b,
_ dx slit
Towe =3 : (5.125)

dx |substitute geometry

When setting
77 = nrep,slit = nrep,pipe (5126)

and combining Equations (5.124) and (5.126), the result is

H (3w
. =14—+——1| for H/B<I1 5.127
fi)lpe B [32 ] / — ( )
and
B (3=«
=14—+——=1| for H/B>1. 5.128
f;)lpe H [32 ] / ( )

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 unity. In such cases the edge effect may be neglected
(Fig. 5.78).
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Figure 5.78 Flow coefficient function for the computation of pressure loss
in slits with the consideration of the edge effect (width/height < 10)

A flow coefficient function determined by the application of FEM is depicted in Fig.
5.79 [144]. Here the pressure loss in a rectangular channel with one semicircular
side was set into a relationship with a pressure loss of a pipe with an equal hydrau-
lic diameter.

The studies involving computations with FEM show that the flow coefficients are
independent of the material, the operating conditions, and the absolute value of
the rectangular cross section with one semicircular side. Considering the above, it
appears that determination of the flow coefficient by means of FEM computations
is the most reasonable way.

Performing the computations requires a great deal of work at first; however, the
actual computation of pressure losses from the thus-determined flow coefficient
function is fast and accurate.
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Figure 5.79 Flow coefficient function for the computation of pressure loss
for rectangular flow channels with one semicircular side
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B 5.5 Dies with Irregular Outlet Geometry
(Profile Dies)

The term “profiles” has become well established in the rubber and plastics
processing industry for extruded semifinished products with an irregular cross
section, although generally this term also includes simple extrudates, such as
pipes, slabs, and solid bars. 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 and shapes and a
relatively low cost, is the most difficult task in extrusion technology [20,145-147].
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.

5.5.1 Designs and Applications

In view of the large number of profile geometries, a rough division can be made
between open 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
[20,145,148].

An additional, more detailed classification is given in Fig. 5.80 [149,150]:

® Tubular profiles with relatively uniform wall thickness and rounded corners

= Hollow profiles with an outer wall that encloses hollow chambers, while the
walls can have different gauges, and also sharp corners and fins can be present.

® Profiles with hollow chambers and legs that can point to the outside; different
wall thicknesses are possible

® Solid profiles without chambers; arbitrarily shaped cross sections are possible

® Composite 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.

m Core profiles as hollow profiles with a core of a different material (e.g., steel,
wood).
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Almost all profile dies are fed axially, and the profile, still in the molten stage, exits
with an approximate contour of the semifinished 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 [143,145,151,152].

Generally, profile dies can be divided into three groups [20,145,148,153]:
= Plate dies

® Stepped dies

® Profile dies with a gradual change in cross section

Plate Dies

Plate dies (Fig. 5.81) 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 [20,148] 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 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 [20,148]. 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 im-
portant to make sure that the plate is thick enough (approx. 5 to 20 mm [154]) in
order to allow local flow adjustments to be made, done by changing the land length
(Iength of the flow resistance zone) [20,148].
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Figure 5.81 Plate die (profile die) [145]

To avoid deformation by the pressure of the melt, the die plate is sometimes rein-
forced by welding on bridges (Fig. 5.82) [154].

=25
Melt flow
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Figure 5.82 Reinforcing bridges on a die plate [154]

Die plate

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 [154].

The insert dies, described in [154] and depicted in Fig. 5.83, are derived from plate
dies. Exchangeable inserts, which are rheologically considerably more advanta-
geous, are used in the insert die.
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Figure 5.83 Modular die with die inserts
for profile extrusion [155]

Stepped Dies

Stepped dies (Fig. 5.84) show a stepwise change in the flow channel. They are
formed by connecting several die plates of a plate die in series. The contour is
worked out in each disk; only at the inlet of each disk 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 the
use of multistage dies as well. Therefore, these dies are used for simple profiles
only [20,148].

Dies with a Gradual Change in Cross Section

These dies are always required whenever profiles with a high dimensional accu-
racy are produced at high extrusion speeds (Fig. 5.85). Therefore, the following
have to be taken into consideration in the determination of the flow channel geo-
metry [145]:

® 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, just
before the exit. Decelerations, or 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. 5.86) if required.
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Figure 5.85 Profile die with a continuous change of the flow channel cross section [148]
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Figure 5.86 Profile die [149]: (a) heating plate, (b) heater band, (c) parallel die land, (d) tran-
sition part (mounting plate), (e) entrance part

From this it follows that profile dies with channels of gradually changing cross
section consist of three essential sections [20]:

® Feed section (connecting part)

® Transition part (serving partly as a supporting plate)

® Parallel die land (orifice)

These can be seen in Figs. 5.86 and 5.87. However, this separation is not always so
obvious, and the individual sections often merge into one another (Figs. 5.88 and
5.89). The contour of the parallel die land corresponds approximately to that of the
profile.
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Figures 5.85 and 5.88, as well as Fig. 5.90, 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 sup-
port tip in pipe extrusion (Fig. 5.37), the core in the profile extrusion is usually
made from one piece together with the support plate on which it is mounted. Such
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a part, although extremely complicated, is entirely appropriate, since it would be
very difficult to reassemble the individual core segments after the necessary cor-
rections have been made in starting up the die [143,145]. As in the case of center-
fed dies, the spider legs are streamlined so they do not interfere with the flow, and
all edges between spider legs and housing or core are rounded off to avoid stag-
nation zones.
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Figure 5.89 Transitions in profile dies
[156]

Figure 5.90 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 a
sufficient amount of melt [143].

In addition, Fig. 5.90 shows that air is supplied to the hollow chambers of the pro-
file to prevent collapse of the profile at the orifice. This is particularly important
when starting up the profile extrusion line [143]. The air supply should always be
available for the hollow profiles.
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Figure 5.90 Profile die [143]

As already mentioned, mass accumulations should be avoided in profiles. If, how-
ever, two different melt streams must flow next to each other in the die, they can be
kept separate by a thin dividing fin (Fig. 5.91). The two melt streams do remain
connected, however; the fin does not go through all the way, so a continuous weld
line (and therefore a defect) is avoided in the extruded product [143,155]. The
dividing fin should end a short distance (approx. 3 mm [157]) before the die exit, at
which point the two separate melt streams can once again merge completely.

Section A-B
|

Figure 5.91 Profile die with a dividing fin [155]
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The necessary flow restriction zones of different length in the wide and narrow
regions of the channels are clearly shown in Fig. 5.91. The flow restriction zone is
shorter near the walls, which restrict the channel at the sides, so that the addi-
tional frictional effect of the walls can be taken into consideration in the distribu-
tion of the flow.

The temperature of the torpedo in 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 that affect the quality of an extruded profile [149]:
® Accuracy of dimensions

® Shape accuracy in cross section as well as along the length

® Accuracy in function

® Surface appearance

® Special features

In 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 fol-
lowing design rules should be observed [20,143,145,148,155,158]:

® 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. 5.92).

® The wall thickness of the internal walls should be 20 to 30% smaller than the
thickness of the external wall. The edges should be rounded (their radius should
be 0.25 to 0.50 times the wall thickness) [158].

® 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.

® Mass accumulations and sudden changes in the wall thickness have to be avoided
since they cause difficulties in the melt distribution in the die, problems in cool-
ing (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.

® 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 coin-
cide with the axis of the screw in order to reduce the differences in the flow paths.
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After the cross section of the profile is established, the layout of the flow channel
follows.

The goal of the layout 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 eliminating stagnation zones and ensuring 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 drawdown, that is, the 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 exten-
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sions and compressions in the emerging extrudate and, therefore, leads to distor-
tion of its cross section. On the other hand, the reversible deformations stored in
the material will relax (viscoelasticity, see Section 2.1.3) (Fig. 5.93). These stored
deformations are caused by the stretching in the transitions of the flow channel
cross section as well as shear actions.
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Figure 5.93 Extrudate
Trax ¢ Characteristic relaxation time of the melt swelling and its causes

A study of the effect of geometry and operating conditions on the swelling behavior
of an extrudate of a rectangular cross section [159] could not yield any generally
valid rules for the prediction of swelling by calculation, but still a number of corre-
lations 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 and the shear rate increased (Fig. 5.94). From that
a function has been derived of the following form:

S=a+b-e ™ (5.129)
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Figure 5.94 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
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Equation (5.129) represents the relationship of the swelling potential based on
shearing and rearrangement of the velocity profile (a) with the deformations occur-
ring 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
plotted against the ratio for the length of the relaxation zone and apparent shear
rate (which is proportional to the residence time) in Fig. 5.95. It can be seen that
the values of swelling for longer residence times follow Equation (5.129); the swell-
ing potential 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 during the entry. The result of this is that b (state of deformation of
the melt at the entry into the relaxation zone) depends on the operating condi-
tions. This cannot be represented by a simple equation such as Equation (5.128).
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Figure 5.95 Relationship between the swelling ratio and the residence time in the die land

Another important point is the difference between swelling in the thickness and
the width. It is well known that the swelling is the most pronounced in the direc-
tion of the greatest velocity gradient, that is, in the smallest dimension (Fig. 5.96).
A direct relationship between the ratio of height to width and the distribution of
swelling cannot be given because the direction and the amount of deformation
imposed in the inlet are also important factors.

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 that considers its elasticity. 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.



268

5 Monoextrusion Dies for Thermoplastics

L/H
o L/H: 16— —16
ST £~16 15 1—
19 L
Hoo - B, b I— o 32
- (o3 3.
M, 17 | /// 13 / .8
o e kB /A -64
s f——b—b 12 _,e,éﬁo/
13 | | | | | L - 11 6 e L ’
S0 4 8 12 16 20 26 (s') 0 L 8 12 % 20 2% 157
al f o b) ¥op

Figure 5.96 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

The difficulties in the computation of swelling have led to the situation that in prac-
tice the values resulting from experience are used for the corrections of the cross
section of the die orifice. These values are, of course, dependent on material, geom-
etry, 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 Accommodate Swelling

Rigid PVC: 10% (wall thickness 1-2 mm) [145,154]
3-6% (wall thickness 3-4 mm)  [154]
HI-PVC: 10-20% [145,154]
Shrinkage

When cooling an extruded profile from the melt temperature to ambient tempera-
ture, a volume contraction occurs that is referred to as shrinkage. The amount of
shrinkage can be determined from the p-v-T diagram of the polymer. The longitudi-
nal 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 stretch-
ing in order to put it 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.
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Table 5.3 Increase in Orifice Cross Section to Accommodate Drawdown

Material Increase in orifice cross sec- | References
tion

Rigid PVC 8-10% (small profiles) [145,155]
5-10% [16,157]
3-5% (large profiles) [145,155]

Plasticized PVC 12-15% [16,157]

PE 15-20% [16,157]

PS 8-10% [16]

PA 20% [16]

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
section can be made 10-15 % smaller than the cross section of the profile. This way
a correction is possible later, if necessary.

After the design of the orifice cross section, the flow distribution in the die must be
considered. A uniform exit velocity is achieved by matching the pressure losses in
all regions of the die. To do this, the orifice cross section is first divided into cross
sections that can be subject to simple computations.

Since these partial cross sections generally have different flow resistances, pro-
vided the flow velocity of the melt is uniform, the lengths of the flow channel
sections (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 explained briefly using the profile depicted in Fig. 5.97 (compare to
Section 7.4.1). The ratio of the lengths of the flow resistance zones is Lo/ Lq-

Lpipe s

Figure 5.97 Profile die with adjusted lengths
of the flow resistance zones
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The exit cross section is divided into a pipe and a flat slit. With the condition of
equal mean flow rate, the expressions for the volumetric flow rates are obtained:

Ve =0 TR, (5.130)
Vy =0-B-H. (5.131)

The condition of equal pressure loss on each flow pathway leads to

8 - R? 12 v-B-H
Ap _ nrep,plpe R4 L, = nreP;'tHs . leit' (5132)
- )
The ratio of the lengths of the flow resistance zones is then
2
Lpipe _ § Threpstit [5] . (5133)
leit 2 nrep,pipe H

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 (5.130) and (5.131)
and

. 40

rYl‘ep,pipe = ?60 (5134)
. 6v

Vrep,slit = EeD (5135)

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 pro-
files have a constant wall thickness that is smaller than the width of the fins (see
Fig. 5.98).

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 computer-time-intensive, complex three-dimensional flow computa-
tion [e.g., 160].
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Figure 5.98 Profiles of cross sec-
tions that can be calculated easily

Figure 5.99 shows the result of a 3D-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 toward the core and where the profile is
formed; the individual pathways are drawn in.

Figure 5.99 Streamlines for a flow through a
profile die (3D-FEM computation)
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When designing flow channels, the following general rules should be taken into
account [145]:

® The cross section should be reduced steadily in the direction of the flow starting
at the extruder exit at an angle of approximately 12° until it reaches the exit
cross section. The flow resistance of the parallel die lands should be about 10 to
12 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 [154,155].

® The edges at the spider legs are rounded off (R = 0.2H) and run out at an angle
of about 8°.

After the die is finished, it is tested with the material to be used at the required
throughput. If the flow at the exit is not uniform, the die lands are shortened in
steps.

Frequently, the die is hardened before the last correction in order to allow changes
that may be necessary if the die is distorted during the hardening 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 [20].

B 5.6 Dies for Foamed Semifinished Products

After the previous sections dealt thoroughly with dies for the production of extru-
dates from solid plastic materials, the following section will describe dies as they
are 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 pro-
duced.

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 [161]. One can distinguish
between chemical and physical foaming. In chemical foaming, a blowing agent is
added to the hopper. At high temperatures, the blowing agent decomposes and a
gas is released that initiates the foaming. In physical foaming, a blowing agent
(e.g., a supercritical gas) is directly injected via special dosing technology into the
melt, and foaming is initiated behind the die. Depending on the desired density
reduction, the kind of blowing agent is selected: for densities below 400 kg/dm?,
physical blowing agents are used.
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There are essentially two methods to extrude foamed semifinished 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 sub-
sequently the extrudate moves through the calibration and cooling line, or the
expansion occurs in 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” [162] after being
extruded, mainly from an annular die, and expanded freely.

In addition to the above, there are methods where two parts of one melt with and
without blowing agent are fed into a coextrusion die, producing, for example, a
profile consisting of a foamed core and a solid inner and outer skin [163].

The second method mentioned is used mainly for processing polyethylene, which
contains not only a foaming agent but also a crosslinking agent. The convention-
ally extruded, not yet crosslinked and not yet expanded (mostly) flat extrudate, also
called the matrix, is subsequently first crosslinked and then expanded in an oven
[164]. To produce the melt extrudate, the usual wide slit dies are used.

The process of direct expansion after the exit from the die orifice requires special
design considerations that will be discussed below.

It is necessary to ensure that the gas, for example splitting off from the blowing
agent, remains dissolved in the melt in the extruder and in the die: 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-loaded 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. This is done by cooling the melt using melt coolers and by cooling the
extruder and die. By doing so, the viscosity is increased and the pressure level
stays high. A high pressure gradient at the die outlet is recommended to keep the
blowing agent dissolved and to improve the foam nucleation right after the die exit.
For example, for the extrusion of rigid foam from PVC, pressures of 100 to 300 bar
are considered sufficient [161]. Rheological studies dealing with foam extrusion
are reported in [165].
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5.6.1 Dies for Foamed Films

In order to build up the necessary counterpressure, the annular exit gap is nar-
rowed toward the orifice. If the film is relatively thick, the die lips may be cooled in
order to increase the flow resistance [166]. 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.

Spider legs are quite a problem here because the flow marks are even more pro-
nounced in the foamed sheet than they are in the solid one [167]. 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 (flow marks) lie in the cutting plane [166].

The methods of minimizing the effect of flow marks are discussed in [156] and
Section 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.

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 [161].

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. 5.100). 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.
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Plate Dies with Torpedos

These dies are similar to those generally used in profile extrusion, the torpedo
ensuring adequate buildup of pressure in the extruder (Fig. 5.81). The construc-
tion 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) Torpedos

Thin-walled restrictor grids [168] 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. 5.101). 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.

Torpedos 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 [169].

Figure 5.101 Dies with restrictor grid [168] or restrictor grid and torpedo body [169]
for foam profiles

Dies for Hollow Profiles

These correspond in their configuration to those of dies for melts without a blow-
ing agent. In detail, however, the following should be realized: a flow restriction
zone and a short parallel die land (Ilength approx. 5 to 10 times the channel height)
should be installed in the die exit region; and the compression ratio between the
core/mandrel support zone and the die orifice should be 10:1 to 15:1.
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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 ve-
locity profile [161]. Since the expansion process also depends on various factors,
such as type of blowing agent, formulation, temperature, and mixing, it is pru-
dent—in the absence of practical experience—to be guided by the values for the
dimensions of the die orifice given in Table 5.4 [161].

Table 5.4 Dimensions of Die Orifice for the Required Profile Dimensions for PVC-U

Final size of profile (calibrated) Dimensions of the die orifice

Profile width 10 to 30 6to 18 60
30 to 60 21to 42 70
60 to 100 48 to 80 80
100 to 150 90 to 135 90
over 150 150 100

Profile thickness upto 3 up to 1.5 50
3to8 1.35t0 3.6
81to 12 4to6 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 [161] are valid
for ratios of 3 to 15. Above this ratio, the width is no longer corrected; below it, the
width is adjusted in the same way as the thickness [161]. The design of a die for
foamed profiles should take into account that the flow channel must become more
narrow continuously toward the die orifice. Enlargements in the flow channel are
to be avoided, as are potential areas of stagnation [161,170].

B 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 [20]. The profile
moves through a (hollow) mandrel, the same way as in the standard coating proce-
dure; 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 a vacuum.
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Figure 5.102 shows, as an example, a die for the coating of aluminum foils of a
thickness of approximately 50-200 pm with CAB for edgings. The strips of alumi-
num run flat into the die, are coated in it, and are subsequently shaped and cooled
in the calibrator [171].

Die for coating the foil strips Calibration device (block)
TTc
| Edging
[L: Section A-A
UiA Inlet opening
Folded
upwards %
Material iniet Section B-8
AT YA
! | Bl [ \]]48
Die plate Section A-B ol %
: : ‘ L J4c Section C-C
- et Foil inlet Outtet

. et

Figure 5.102 Die and calibration device for the extrusion of edging (CAB-coated aluminum
foil) [171]

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 c¢m in this case so that pro-
file is not torn off by the increasing friction in the calibration and cooling sections
[171].

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 [172] there is a detailed treatment of
this subject. According to that review, there are basically three possibilities for
producing reinforced semifinished products:

® Supply of an insert, prefabricated independent of the extrusion process, into the
jacketing die

® First extrusion of the inside layer, which is subsequently reinforced, then appli-
cation of the outside coat
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® Simultaneous production of the reinforcing insert with the extrusion of the pro-
file. This method is used, for example, to coat a wire that is spirally wound in the
die and simultaneously coated with the melt.

An example for the second method is given in [173]. 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 [173].

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. 5.103 [36,174,175]. The outer die ring can be
turned continuously or in steps. In a side-fed die, the mandrel can also 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 structures can be produced by varying the programmed
motion of the rotary parts [174,175].

Mandrel fixed or revolving in the opposite Detail_Z

direction to the rotation of the die ring
Position for making
the knots of the net

Position for making
the yarns of the net

Die ring (revolving) Melt outlet

Figure 5.103 Exit gap of a die producing extruded nets
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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. 5.104). The melt can con-
tinuously 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) [176].

Figure 5.104 Screw die for sheet extrusion [177]: 1: 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
[177]. A theoretical analysis of the flow of the melt in the screw and in the con-
nected flow resistance zone and lip region is given in [178].

Symbols and Abbreviations

A Constant (sinh law of Prandtl and Eyring)

Aq A of a cross section

Ay Wall surface

a Swell potential due to shearing and rearrangement of velocity profiles
B Share of the channel width of the substitute cross section

B Width

b Width of the slit-shaped manifold

b Deformations at the inlet

C Constant (sinh law of Prandtl and Eyring)
c Characteristic relaxation time of the melt
D Diameter

D, Nozzle diameter
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Nominal die diameter

Hydraulic diameter

Ratio of representative radius to outer radius of a circular channel
Ratio of representative height to total height of a slit channel
Flow correction coefficient

Height

Height

Height of the slit at the end of the distribution channel
Length

Inlet length

Coordinate in direction of the manifold

Mass flow rate

Number of slits

Number of wrap angle increments up to the first overlap of spirals
Number of spirals

Flow exponent (power law)

Index number

Pressure

Average pressure in the center of a calculation segment
Ambient pressure

Pressure loss

Inlet pressure loss

Pressure loss in a circular pipe

Pressure loss in a slit channel

Total pressure loss

Radius

Outer radius

Inner radius

Radius

Swell

Temperature

Mass temperature

Melting temperature

Reference temperature

Residence time in the die land

Mean residence time

Mean residence time of the whole channel width
Circumference



S N o = <. g < =

(6%

’Yrep
“rep, pipe
’yrep,slit
nrep
nrep,pipe

nrep,slit

0

Velocity

Mean velocity

Mean melt velocity in extrusion direction
Volume flow rate

Leakage flow rate of the manifold
Coordinate in width direction

Coordinate in extrusion direction
Maximum length of die land

Angle

Representative shear rate

Representative shear rate in a circular pipe
Representative shear rate in a slit channel
Angle (cylinder coordinates)
Representative viscosity

Representative viscosity in a circular pipe
Representative viscosity in a slit channel
Circumferential angle (cylinder coordinates)
Density

Shear stress at the wall

Auxliary function, see Equation (5.28)
Auxiliary function, see Equation (5.30)

Abbreviations

CAB
FDM
FEM
PA
PE-HD
PE-LD
PTFE

Cellulose acetobutyrate
Finite difference method
Finite element method
Polyamide

High-density polyethylene
Low-density polyethylene
Polytetrafluoroethylene

5.7 Special Dies
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Coextrusion Dies for
Thermoplastics

Many products made from plastics cannot meet the requirements imposed on them
when produced from a single material. In such cases, the solution may be to com-
bine 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.

Some 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 semifinished product, the application of the second or several additional
layers, as the case may be, would follow (compare also Sections 5.3.2.4 and 5.7.1).
In most cases, however, the coextrusion 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
® Together
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B 6.1 Designs

6.1.1 Externally Combining Coextrusion Dies

These dies are most frequently made with only two exit slits (dual-slot dies) be-
cause 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 com-
bining of the layers is simpler in the tubular film die shown in Fig. 6.1 (right).

a Al 18 b)

Figure 6.1 Dual-slot coextrusion dies: (a) flat slit die: 1: heat separation, 2: pressure roll;
(b) blown film die

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 move-
ment of the die lip.

With dual-slot dies, it is usually very simple to thermally insulate the flow chan-

nels from each other, such as by using an air gap. This arrangement allows the
processing of melts with very different viscosities and at different temperatures.
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The disadvantages are that two orifices must be adjusted, the difference in neck-in
of both layers must be minimal, and the formation of fumes between layers can
lead to organoleptic problems. Moreover, thin layers often cool down too rapidly,
causing adhesion problems [13].

6.1.2 Adapter (Feedblock) Dies

A multilayer extrudate can be produced by conventional wide slit dies in flat film
extrusion when an adapter is implemented prior to the wide slit die. The adapter
gathers the individual melt streams and feeds them to the die inlet. The multiple
layers then stream 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 feedblock 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].

(%]
<=

4 5 51}

Figure 6.2 Feedblock (Dow system) for bringing melt streams together before the flat slit die:
1: flex lip, 2: pressure bolt, 3: cover layer material, 4: melt channel with a flow restrictor,
5: adapter, 6: base layer material, 7: main layer material

Slide Adapter (Reifenhduser 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
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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 the need to take apart the connection between the extruder and the die
[14].

Figure 6.3 Sliding adapter
(Reifenhaduser system)

Another version of a nine-layer slider adapter is shown in Fig. 6.4. The system
consists of nine distribution areas with individually exchangeable inserts to control
layer thicknesses and local melt velocities.

Figure 6.4 Nine-layer sliding adapter
(Reifenhauser system)
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Vane Adapter (Cloeren System)

The vane adapter (Fig. 6.5) differs from the slide adapter in that the elements of the
system that can control the process of joining 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 vanes can have profiles in order to control the distribution
of the flow over the width of the channel [16]. Because of these advantages, this
system is often used.

Beyond that, adapters can also be classified as internal and external devices that
can be connected in series and combined so as to attain the required configuration
of layers [3].

8 7

Figure 6.5 Flat slit die with a vane adapter (Cloeren system): 1: flex up, 2: pressure screw,
3: cover layer material, 4: possible entry for other materials (adhesive, barrier material),

5: main layer material, 6: vane adapter, 7: base layer material, 8: vane adapter for cover and
base layers, 9: flow restriction zone

In an inner layer adapter (Fig. 6.6, left), one melt is extruded into the other. This is
a suitable method if a thin layer is embedded 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 layers (Fig. 6.6, left).

In order to be able to change the order of the layers simply and rapidly, an ex-
changeable distributor (feed) block that defines the sequence of the layers can be
used [16]. When the arrangement of the layers is being changed by an extruder
being stopped, 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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Figure 6.6 Adapter dies for inside and outside layers: (a) flat slit die (three layers), 1: outside
layer adapter; (b) blown film die (for two layers with a mandrel support, 2: inside layer adapter

6.1.3 Multimanifold 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 (). Each
melt stream flows through a separate and optimized distribution unit (e.g.,
coathanger die for flat films, spiral mandrel die for blown films) and can be ad-
justed individually, provided that appropriate adjustment is available. An adjust-
ment of the lips or die orifice allows for control of the overall gauge of the coextru-
date. The method of combining the melts inside the die under pressure also
improves the mutual adhesion of the layers.

Another advantage is that, with multimanifold 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 be-
cause a large building space is required and for each melt a distribution system
needs to be manufactured.

6.1.4 Layer Multiplication Dies

With this new development layer, compositions with nearly unlimited numbers of
layers can be created. Two variants can be distinguished: an interfacial surface
generator (a Dow system) and a nanolayer feedblock system (a Cloeren system).

With the interfacial surface generator (ISG) system, an initial mono- or multilayer
flow is duplicated once or several times. The layer multiplication is created by split-
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ting up the melt flow into two or more streams. Afterward, each stream is widened
and recombined in the die. Figure 6.7 shows the general principle of the flow chan-
nels in an ISG: a two-layer melt enters the ISG and is split up into two streams that
flow parallel at first. The streams are widened separately and afterwards put onto
each other. In such a splitting of the volume flow, the number of layers is always
doubled. Several options of parallel or sequential splitting of the melt are imagina-
ble, and by this the number of layers can be increased with no limit in theory.

< Figure 6.7
One stage of an interfacial
surface generator [Dow]

In practical use, the number of layers is restricted, however, especially by the die
length and the resulting thermal decomposition of material due to very long
residence times in the die as well as the very high pressure loss.

The nanolayer feedblock system uses a sequential layer composition. In a feed-
block adapter the melt is split sequentially multiple times, and then the streams
are put onto each other. Additionally, top layers are conventionally added in the
feedblock. The whole composition is delivered afterwards to a wide slit die and
formed into a film. Figure 6.8 shows a feedblock with nanolayer technology.

Figure 6.8 Sequential layer creation in a feed-
block with nanolayer technology [Cloeren]
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A comparison of the two technologies is given in Table 6.2.

Table 6.2 Comparison of Two-Layer Multiplication Technologies

Interfacial Surface Generator Nanolayer Technology

Many thin layers (>100) Fewer thin layers (10-30)

Modular and flexible die design with expansion No modular design and no expansion possible
possible

Fixed splitting up of the film, which is defined by ~ Each layer thickness can be controlled

the die design individually and flexibly

Long joint flow paths Short joint flow paths

Danger of layer instabilities Less danger of layer instabilities

With these layer compositions of up to several hundred layers, for example, unique
mechanical and optical properties can be created. For example, the reflection and
transmission properties of films can be customized by the multilayer composition.

M 6.2 Applications

Coextruded composite structures are today state of the art in many areas of poly-
mer processing. In such cases, 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 fre-
quent and significant applications, either enveloping (such as for cable insulation
or blown film) or an arrangement of layers on top of each other is 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, multimanifold dies are
employed. The melt distribution across the width is accomplished by the use of the
melt distributors (manifolds) discussed in detail in Section 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 (melt encapsu-
lation). This is done, for example, so the trim is made from one material only, which
can be reground and then reused for extrusion [17], or to avoid wasting an expen-
sive barrier material by trimming, or if the inside layer has to be protected from
the environment.
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For the packaging of food and beverages, coextrudates with seven or even more
layers are common now. For secondary packaging, such as stretch films, up to five
layers of different polyolefin types are standard in the industry.

Melt Encapsulation

In flat film extrusion, the width of a film is reduced after the die exit because of the
neck-in effect. This means thick sections are generated at the edges of the film that
need to be trimmed in most cases in order to stay within the thickness tolerances
of the film. Another problem in coextrusion is that a low-viscosity melt envelopes a
higher viscosity melt at the edges of a film (see Section 6.4). This flow behavior
leads to an irregular distribution of single-layer thicknesses. For multilayer films,
this edge trim is waste because the multimaterial trim cannot be led back into the
production process directly. A mechanical decomposition of the several layers
would cause an enormous effort. With a melt encapsulation, the average amount of
waste due to edge trim can be reduced from 15 to 20% (depending on the film
width) to less than half that.

Zufuhrung des
Materials fur die
Randeinkapselung

Breitschlitzverteiler
fur die

. . . Randeinkapselung

Breitschlitzverteiler der
Hauptfolie

Figure 6.9 Flow channel with melt encapsulation in a die [Verbruggen N.V.]

With a melt encapsulation, a less costly and virgin material is added in the bound-
ary area of a flat film die. The virgin material of a first edge trim can be led back
completely as pellets into the production process. With a second edge trim, the
multimaterial film is reduced to a much smaller strip, resulting in a smaller frac-
tion of expensive barrier material in the trimmed strip.

Another reason for melt encapsulation of a flat film with gas barrier functionality
is connected to the characteristic of such barrier materials. Typically, EVOH is
used as barrier material in coextrusion. In a layer-wise setup, each layer has direct
contact with the flow channel surfaces. However, EVOH tends to stick at metallic
surfaces. By enveloping EVOH using melt encapsulation, a sticking of the barrier
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layer is prevented. In addition, an encapsulation helps to avoid a migration of other
media into the barrier layer, as the barrier functionality of EVOH against oxygen
would greatly decrease with increasing moisture content [18].

For high extrusion speeds, melt encapsulation has a stabilizing effect at the film
edges.

In an extrusion die, the encapsulation material can be added either in the adapter
system or in the flat film die close to the die exit. In Fig. 6.9 a direct feed-in of the
encapsulation material is depicted for the edge layer via additional melt inlets at
the die back side. Only shortly before exiting the die does the encapsulating mate-
rial come in contact with the core materials.

When using melt encapsulation, it is observed that highly viscous materials as
encapsulating material are more beneficial for a homogeneous average layer thick-
ness in the transition area than low-viscosity materials. Hence, for low-viscosity
encapsulating materials, their processing temperature should be set rather low in
order to increase their viscosity.

One drawback of melt encapsulation is higher die manufacturing costs, due to the
additional flow channels for the encapsulating material.

6.2.2 Blown Film Dies

Multimanifold dies have been used for years for the coextrusion of blown film. The
distribution of the melt along the circumference in these dies is accomplished by a
spiral mandrel [19-21]. Figure 6.10 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 blown film equipment. The most common method of bringing the melts together
for general multilayer structures is shown on the left half of the die. The right half
of the die in Fig. 6.10 shows the case where the core is a thin tie layer or a barrier
[20].

Blown film made with a minimum of five up to 11 layers for use in food packaging
is state of the art today [21,22,43,47]; technical feasibility has already been shown
for 13 layers.
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FAInITE20074)

Figure 6.10 Three-layer coextrusion die for blown film;
left half: conventional layer composition, right half: addition of
a tie or barrier layer [Battenfeld]

6.2.3 Dies for the Extrusion of Parisons for Blow Molding

Coextrusion has also become commonplace in the continuous extrusion of pari-
sons for blow molding in many areas of application. Parisons with up to seven lay-
ers 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.
Figure 6.11 shows such a head with seven heart-shaped curves for the extrusion of
a six-layer parison (layer 1 is distributed with two heart-shaped curves) [24,25].
Nowadays, parison dies with axial spiral distributors are also available on the
market [26,44]. In contrast to side-fed dies, no weld lines occur. In addition, the
more compact buildup of spiral mandrel dies offers advantages for multilayer pari-
sons because potentially more parisons can be extruded in parallel or the distance
between parisons can be reduced, which corresponds with easier flow balancing.
Recently, a radial spiral mandrel die was examined in blow-molding [45].

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 ejected by individual annular rams [27,28] or as described in [29] of a single
accumulator chamber in which the individual materials are arranged in a laminar
form and are forced out by an outside piston and an inside piston. Design and
technological problems have prevented this type of head from seeing wider use up
to now.
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__ Figure 6.11 Coextrusion die for one to six
T layers [KruppKautex]

B 6.3 Computations of Flow and Design

When designing coextrusion dies, a distinction must be made between adapter and
multimanifold dies.

The distribution channels for the individual melts in a multimanifold die correspond
to the distributors for single-layer extrusion. One extrusion stream, 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
multilayer flow, but also the position of the boundary (or boundaries) of the layers,
the velocity, the temperature, and the shear stress profiles have to be taken into
account for the purpose of design.
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When computing flow of multilayer 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 excep-
tion of a symmetrical multilayer flow. The procedure of the computation of the flow
for a flat multilayer 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 the coordinate sys-
tem see Fig. 6.12):

= Wall adhesion of the melts

® Adhesion at the boundaries of the melt layers

® Laminar, incompressible flow

= Volume forces negligible when compared to friction forces

® Jsothermal flow

® Neglecting the elastic behavior of the materials

X
h Wall
a Vs N5, Ks
4,5 .
\ Vi, N4, Ky
34
\./3’ n3, Kz
c . —
a3 .
/ Va, 2, Kz
a2
Vi, ny, Ky
ao,1 y . Wall > Figl{re 6.12 Velocity profile in a
Velocity Vo(x) multilayer flow

Starting with a simplified momentum balance,

or _op

ox Oz ©.1)
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the relationship between the shear stress and the pressure loss is obtained by inte-
gration:

T(x)=7-(x—0), (6.2)

where the boundary condition 7 = 0 at the velocity maximum x = ¢ was used. Intro-
ducing the relationship between shear stress and shear rate into Equation (6.2), we
obtain

13 (0)5 (0= Lx—c). (6.3)

and with the relationship between the flow velocity and shear rate:

ox ox 0z

dv, (X)]. ouy)_op. (6.4)

The boundary conditions for the solution of Equation (6.4) are

® the adhesion to the wall

v,(x=0)=0 (6.5)
and
v,(x=h)=0 (6.6)

® the adhesion at the boundary layers
Uz,m (am,n> = Uz,n (am,n> (67)

with

1, m, n Indices of different layers

vn,U,  Flow velocity in layers m and n

a Position of boundary between layers m and n

m,n

and the relationship between the flow velocity and the volumetric flow rate:

Vo= v, (x)dx. (6.8)

A closed solution of Equation (6.4) is usually not possible because the relationship
between the viscosity and shear rate is different in the individual layers.
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Depending on which material law is chosen for the description of the relationship
between viscosity and shear rate, different numerical procedures must be applied:

® The solution under the assumption of 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. 6.13).

y A

\
< vy )=

-
= y / Z

=) \;2 \ z
AR N
= . Figure 6.13 Simple multilayer flows:
Vi (a) symmetrical three-layer flow,
(b) two-layer flow

® Also when applying the power law by Ostwald and de Waele, an analytical
integration of Equation (6.4) is possible. In principle, any multilayer 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 Multilayer Flow with Constant Viscosity

When neglecting the dependence of viscosity on the shear rate, Equation (6.4) can
be integrated:
X2

——cx+k
2

_op1

v, (X) a.

“ 7 (6.9)
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with
k = constantof integration

Symmetrical Three-Layer Flow

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 sur-
face layers that have an equal volumetric flow rate (Fig. 6.13(a)).

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

Y, <_hA1 ) =0
h? hB] ‘ (6.10)

The velocity profile of the core melt follows from the condition of the adhesion at
the boundary:

Y (O) =U (0)

hg]- (6.11)

To determine the still-unknown layer thicknesses hAl and hyand the pressure
gradient @, the relationship between the flow velocity and the volumetric flow

)z
rate can be utilized:

0
V,=B-[v (x)dx, with B =width of the slit (6.12)
,hAl
hB
_ 2
V,=B-2 [ v,(x)dx. (6.13)

. h,* h
I{:B-@-L[—z— B ]’ (6.14)
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2
. op h: 1 2h 2h
V2:B-a—p e B LA Y B hAl (6.15)
z 81, 3 T B B

The ratio of the layer thicknesses can be determined from the ratio of the volu-
metric flow rates:

3
) hi +67772h73 hi+1
v, h,, My My, M, (6.16)
h 3 Y

Y hy,

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:

2hAl +hy =h. (6.17)
The pressure loss is then obtained, for example, by rearrangement of Equation
(6.14):

9 V,

P ' . (6.18)

0z 2 h

B-h, R P
! 3 4h,
1

Two-Layer Flow

When studying a two-layer flow (Fig. 6.13(b)), 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 that

vl(—d]):0,
{ £ (6.19)
vl(y)—?—l y——cy— 71+ch
vz(dz)—O,
IR (6:20)
2<y>_82 | 2 2 o,
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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.

4

oo hom A (6.21)
2 m 4
T dlz

The still unknown quantities ratio of layer thickness and pressure drop can also be
determined here from the relationship between the flow velocity and the volumet-
ric flow rate:

0

V,=B- [ v (y)dy, (6.22)

. hb

v, :B-{Uz (v)d, (6.23)

: d

gL 4 | (6.24)
0z n, 3 2

: d

p—p L %, C (6.25)
0z n, 3 2

By combining Equations (6.21) with (6.24) and (6.25), the following results are
obtained:

V=B L , (6.26)

(6.27)
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The relationship between the flow rate ratio, the viscosity ratio, and the layer
thickness ratio is as follows:

4 3 2
Y, _\4 TN m \ 4

VZ = —. (6.28)
1 3772[dzj+4772+dz+(ﬂzj
UIRANCH n 4 A
The ratio of the layer gauges can be determined by iteration from Equation (6.28).

The location of the boundary layer follows from the layer thickness ratio using the
geometric relationship

d+d,=h (6.29)

The pressure drop is obtained, for example, by rearranging Equation (6.26):

op _ . (6.30)

The procedure demonstrated above allows the computation of the velocity profiles,
the location of the interface, and pressure losses in a symmetrical three-layer flow
as 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 representative
viscosity 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:

: 6'Vttl

oy =g (6.31)
T =g

Thop =1 (Frep ) (6.32)

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:

® Determination of the initial values of viscosity from the representative data
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= Computation of the velocity profile, computation of the shear rate profile:

dv, (X)
y(x)= —2~2 (6.33)
(%) =—4,
® Determination of the shear rate at the wall 7, (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 ez
Vrep = Vo "€ (6.34)

® Determination of the corrected representative viscosities using the represen-
tative 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 multilayer flow with more than two different

melts or volumetric flow rates (e.g., if V1 = V3 in Fig. 6.13(a)) or when temperature

profiles are also to be determined, the solution can only be obtained by elaborate

numerical procedures.

6.3.2 Computation of Coextrusion Flow by the Explicit Finite
Difference Method

When describing a coextrusion flow, the continuity, momentum, and energy equa-
tions 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 decoupling of both fields is possible.

| B

4y

h<<B

/ Z= Figure 6.14 Discretization of a flow
y channel for computations with the finite

4z difference method
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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].

Because of that, the computations of velocity and temperature will be done sepa-
rately in the following sections.

The differential equation for the one-dimensional flow from a flat die was devel-
oped in Section 6.3.1:

n(7)-5="L(x~c). (6.35)

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 course of such an iterative process is shown in Fig. 6.15.

When applying the finite difference method, the flow channel is divided into indi-
vidual discrete layers (Fig. 6.14). Across each of these discrete layers, both the
shear rate and the viscosity are taken as being constant locally. This way, Equation
(6.35), which is the same as 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 (6.35). This way all the discrete layers of the flow
channel are gradually subjected to the computation process. This procedure saves
the otherwise necessary determination of the location of the boundary layers [30].

As a boundary condition for the determination of the location of the maximum
velocity, the last computed velocity and the specified velocity at the wall are com-
pared. The pressure loss is determined from the comparison of the computed and
the specified total flow rate. In symmetrical coextrusion flows, the maximum flow
velocity lies in the middle of the flow channel; moreover, it is sufficient to compute
one-half of the flow 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 Section 6.3.1). The
computation of temperature, which follows the above, is performed by using the
simplified energy equation:
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Figure 6.15 Flow chart of a finite difference program for the computation of the distributions
of velocities and temperatures in multilayer flows
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Term I describes the convective energy transport in the flow direction, Term II the
heat conduction in the direction of shear, and Term III the dissipative heating.

For the computation of flow in the normal direction, half a step size is used, and in
the direction of flow a full step size is used; the step size results from a criterion of
stability in difference calculations [35].

The flow chart of the described finite difference program is shown in Fig. 6.15.

6.3.3 Computation of Velocity and Temperature Fields by the Finite
Difference Method

Velocity and temperature fields [34] are computed by the method outlined in Sec-
tion 6.3.2. In the following sections some of the results will be shown (see also the
example in Section 4.4.4).

Figure 6.16 shows how the viscosity ratio of both melts flowing together in the
channel affect the velocity and shear rate profiles of a symmetrical three-layer flow
through a slit. The dashed line represents the typical velocity profile of a pseudo-
plastic melt, whereas in the case of multilayer 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 rate at the wall increases. The boundary layer shifts only a little with the
change in viscosity. It is primarily defined by the flow rate ratio (here, the ratio of
mass flow rates). The velocity profiles in the nonsymmetrical two-layer flow have a
completely different appearance (Fig. 6.17). Depending on the flow rate ratio—at a
constant total mass flow—the flow velocity maximum is located in the more viscous
melt (i.e., if m,/m; = 0.25 and 0.11, respectively). If m,/m; = 1, then the maxi-
mum is in the less viscous one. The mean velocities in the layers differ more with
a greater difference in viscosities and with a greater proportion of the material
with a lower viscosity. The position of the maximum flow velocity depends on the
viscosity ratio.

Besides the velocity profile, the thermodynamic material data and the thermal
boundary conditions at the wall of the die affect the temperature profiles in the
flow channel. Figure 6.18 shows the development of the temperature profile along
the flow channel (wall temperature 7,, = 200 °C) for two velocity profiles selected
from Fig. 6.17. For Melt 1 thermodynamical material data of PE-HD and for Melt 2
those of PS were used. If the maximum velocity lies in the more viscous melt, pro-
nounced temperature maxima appear near the wall. In the case of a velocity maxi-
mum in the low-viscosity layer, a pronounced maximum appears at the interface
due to a shear heating (high shear rate) magnified by a low heat transfer to the
neighboring melt layers.
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Figure 6.19 shows the development of the velocity and temperature profiles in a
convergent slit-shaped flow channel for two similar cases. Here the shape of the
velocity profile is preserved, but the temperature profile exhibits its maximum
values near the wall at the interface.

6.3.4 Computation of Velocity Fields in Coextrusion Flows by FEM

The FEM computation of flows opens the possibility of two- to three-dimensional
simulation of multilayer flows (see also Section 4.4.5). This computation differs
from the one for a single layer, in that one additional algorithm is necessary. This
shifts the FE network in such a manner that the boundary between two melts lies
always on the boundary of an element. The special problems involved in compu-
tations of multilayer flow by FEM will not be discussed here (it is recommended
to consult [37] on this matter). Rather, to demonstrate the possibilities offered
by 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 multilayer flow merge were per-
formed in an experimental modeling station that allows visual observation of the
experiment [38]. Within the scope of the experiments, the formation of the inter-
face 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 differ-
ent volume flow conditions are in Fig. 6.20. It is noteworthy that not only the shape
and the position of the interface are well described, but also that the FEM compu-
tation 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 where the layers merge. This pressure field causes a reverse flow or a
stagnation zone. (This effect is comparable to the one occurring in wire coating;
see Section 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.
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B 6.4 Instabilities in Multilayer Flow

In addition to the common flow instabilities typical for single layers, such as un-
stable inlet angle, stick-slip, melt fracture, and wall slip, in multilayer 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 differ-
ence is clear from the comparison of Figs. 6.21 and 6.22. 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. 6.21) that the
melt with lower viscosity always tries to encapsulate the one with the higher vis-
cosity.

As the results from measurements show, the tendency to encapsulate can reverse,
depending on extruding conditions, when extruding two melts with viscosity
curves that cross each other.

From that it can be deduced that encapsulation is a phenomenon resulting from
the flow behavior of the materials.
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o
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2
>
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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 at a 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.

This provides the explanation of the phenomenon of encapsulation, but a predic-
tion (by computation) of how the interface forms in a multilayer flow in depend-
ence on the original location at the point where the melts merge, on the flow dis-
tance, 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 vis-
cosity conditions after a length of flow that is triple the height are shown in Fig.
6.23. The definition of the boundary layer is very good; however, a quantitative
experimental verification of the results is still forthcoming.

When extruding two different grades of PE (Fig. 6.22), 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. 6.24.
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Figure 6.23 Results from an FEM computation for the prediction of the rearrangement of the
interface: (a) two-layer coextrusion die, (b) position and shape of the interface in the cross
section of the channel for three viscosity ratios

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.
® [nterfacial instabilities occur even in the coextrusion of identical materials.

® [nterfacial 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.

1. Utilizing the mathematical stability analysis of the multilayer 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. 6.25). This has
been confirmed in experiments, and also first FEM simulations have been per-
formed in order to predict whether a certain material and layer setup potentially
leads to interfacial instabilities [46].

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 coextru-
sion of identical materials cannot be explained by this model.



6.4 Instabilities in Multilayer Flow

Direction of extrusion

<~

No instabitity

Beginning instability

Figure 6.24 Buildup of instabilities in
Pronounced instability  the interface of the coextruded films

10
o stable
———__ e unstable
e
o 03,
o 9@ " :. I
10’ s Se—s 5
— * % T%°
< © - )
g s
Q ° o® 00 8l °
§ o 9c°
- o:o ° o ° ©
21 S8
;@’ o9 o°<g ooo 8% o
10110'1 10° 0 g : ; :
Figure 6.25 Viscosity ratio at the
Ratio of the layer thicknesses hA/hB interface as a critical factor

2. The alternative to the stability analysis is a model that explains the appearance
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 be
explained by Fig. 6.26, which shows schematically the molecular events during
the merging of two polymeric melts [40]. In the region of single flows, the macro-
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molecules are, on one hand, attached to the walls of the flow channel due to the
microroughness of its walls (Stokean condition for adhesion) and, on the other
hand, entangled with molecules in the middle of the flow channel. Hence, the
macromolecules become oriented at the walls of the flow channel parallel to the
flow direction. In the direction of the flow channel walls, no entanglements can
be formed. When both polymeric melts merge (II), the oriented and unattached
regions meet and form the interface. The orientation remains preserved over
the duration of the orientation relaxation; considerably longer times are neces-
sary for the formation of the entanglements, as shown by statistical studies of
segmental motions [41].

This last region shown (III), in which the orientation disappears completely and
in which the entanglements exist across the entire boundary layer, is not
reached during the usual residence times in a die.

Because of the weak spot in the interface, both melts can slide past each other
much more easily than the individual layers within the material.

b

Figure 6.26 Model for the description of of the adhesion at the interface: I: orientation of the
layers near the wall; Il: no entanglements, orientation exists in the interface; lll: entanglements
across the interface and beyond, no orientation in the interface
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This hypothesis was confirmed by experimental studies, and it explains the occur-
rence 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 resulting
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 the
interface with the stresses acting on it.

In a one-dimensional flow the interface is subjected to shear. From this it follows
that it must be possible to find a critical shear stress in the interface for each
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 eval-
uation of shear stress in the interface is possible only when the instability occurs
in the one-dimensional flow region. Critical shear stress values for one-dimen-
sional isothermal two-layer flow were determined (Table 6.3).

Table 6.3 Values of Critical Shear Stress for a Two-Layer Extrusion

Combination of Materials 7.t (Pa)
Cri

PE-LD 1810 H and PE-LD 1810 H 30,000
PE-LD 1810 H and PP 1060 F 20,000
PE-HD 6021 D and 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 chan-
nels) is not possible. This is because, in addition to the shear stress resulting from
a shear flow, there are normal stresses acting on the interface resulting from elon-
gational flows. This can have either a 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 failure 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.
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Symbols and Abbreviations

a Boundary layer between layers m and n

m, n
B Channel width
c Location of the maximum flow velocity

C

) Specific heat capacity

9]
O

Correction factor for a rectangular cross section
Channel height

Channel height of individual layers i
Consistency factor

> =

.

Integration constant
Mass

Viscosity exponent
Pressure

Temperature
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Extrusion Dies for
Elastomers

B 7.1 Design of Dies for the Extrusion of
Elastomers

Because of the diversity of products made from this class of polymers, many of the
dies common in the processing of thermoplastics are found again in the extrusion
of materials based on elastomers (rubber). The dies for thermoplastics were dis-
cussed in principle in the previous chapters. A major difference in the processing
of elastomeric materials is that the mass flow supplied by the extruder must be
within the temperature range that allows for safe processing, that is, where no
premature onset of vulcanization (so-called scorch) occurs on the extruder or in
the die assembly [1].

For the extrusion of profiles from rubber compounds, mostly very simple dies have
been used until recent years. They usually consisted of a steel disk with the desired
profile shape cut into it. Nowadays, die designs are becoming more complex as
design rules are adapted from thermoplastic extrusion dies. This is enabled by a
more frequent use of numerical flow simulation techniques in order to analyze the
flow behavior in a die. For hollow chambers, the necessary cores are supported by
bridges. For the multiple extrusion of complicated shapes, duplex and triplex dies
are employed (Fig. 7.1) [2-6]. The individual mass flows in the die are combined
through a profiled disk, the shape of which is determined by the profile contour,
and subsequently vulcanized (crosslinked). These dies have been used success-
fully in the production of tire treads.

The simple dies with a discontinuous transition lose their process dependability
when extrusion speeds are increased. To increase the performance of these dies,
they must be made with continuous transitions in the flow channel (Fig. 7.2). An
example is the so-called roller head die. The flow channel here is very similar to
that of a wide slit die. The addition of choker bars to the channel allows an effective
flow adjustment, such as when compounds with altered flow properties have to be
extruded. When the required gauge of the extrudate changes considerably in, for
instance, roller dies, the lips of the roller head die have to be exchanged.
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4 Figure 7.1 Duplex crosshead [2]

Figure 7.2 Extrusion die for elastomers with a continuously changing flow channel [2,7]:
1: extrudate width changed by die adapters, 2: replaceable lip, 3: extruder convection,
4: hydraulic opening and shutting of the die

Dies with hydraulic opening and automatic ejector systems, which, for example,
eject the contents of a wide slit die, are also widely used in the extrusion of elas-
tomeric (rubber) compounds, such as for semifinished products for tire treads [2].
When the cleaning and the exchange of the lips and inserts are completed, the die
can be closed hydraulically and clamped [2,7]. The extrusion of profiles with one
smooth side and width greater than height is sometimes done by single roller die
systems, so-called roller-lip systems [8]. 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



7.2 Fundamentals of Design of Extrusion Dies for Elastomers

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 is only estimated based on experience.

B 7.2 Fundamentals of Design of Extrusion
Dies for Elastomers

When considering the first chapters of this book, the question arises: What possi-
bilities are offered here for the design of dies for elastomers, and what can be used
from 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 the 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 are added to the com-
pounds 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) [9].

Table 7.1 Range of Values of Thermodynamic Material Data for Thermoplastics and Elastomers
[9] (Data Can Vary with Temperature and Pressure)

Group of Density p [g/cm®] Thermal conductivity | Specific heat capacity c,
materials A [W/(m-K)] [k)/(kg-K)]

Thermoplastics 0.7 to 1.4 0.15 t0 0.45 1 to 3 (in the temperature
PE-LD/PP: 0.7 to 0.9 PE-LD/PP: 0.25 to range for crystallization a
PVC: 1.3to 1.4 0.45 mostly considerable increase
PS: 0.95 to 1.05 PVC: 0.19 with a subsequent reduction
PS: 0.16 to the level shown)
Elastomers 1.1to 1.7 (depending Unfilled: 0.1 to 0.2 1 to 2 (change in data in the
on the type and range of typical curing

amount of filler) Highly filled: 0.2 to 0.4  temperatures)
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Since the processing temperatures of elastomers are well above their glass tran-
sition temperature (7,), 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 [10]. 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 pub-
lished in a limited number of cases as each manufacturer uses individual com-
pound recipes. Furthermore, data acquisition often requires complicated and ex-
pensive measuring techniques and, therefore, represents a fertile field for research.

7.2.2 Rheological Material Data

When comparing elastomers to thermoplastics in their viscosity function, it is
found that both clearly exhibit a shear-dependent viscosity (Fig. 7.3).

10*

\ SBR
Pas
80°C

120°C

Viscosity

=
=3
]

Polypropylene 210°C
250°C
102
Figure 7.3 Viscosity functions of a
1ot 02 s 10®  thermoplastic material (polypropylene)
Shear rate and of an elastomer (SBR)

The effect of temperature on the flow behavior of both materials can be expressed
quite commonly by the Arrhenius equation or the WLF equation [11] (see also Sec-
tion 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 law equation. The only difference is that the level of viscosity of elastomers
is mostly shifted toward higher values [9]. Nevertheless, the following material-
specific peculiarities must be considered:
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(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 [12] has been developed for thermoplastics and
has been confirmed valid by several investigations [13,14]. It has been applied to
elastomers in [15]. In this model, a differentiation is made between the flowable
and solid phases. 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
portion, that is, between the filler particles. When measuring with a rheometer, an
integral value of viscosity 7,;;,, and the corresponding value of the integral shear
rate 7, ;,, are determined, meaning that no fillers (nf) are included (case (a) in Fig.
7.4). 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 shown in [10], the total dissipated energy in the polymeric phase
resulting from the above consideration is

;2
Pdiss, total — (1 7¢)'Y/total 'nnf,int K- ’ynf,int' (71)

b Considering fillers

|
a Result
without

filllers

*g = K‘inf, int

Yot int

Shear rate profile
{Example: Newtonian behavior) Figure 7.4 Dissipation model [10]

This value of dissipated energy is, when compared to the integral parameters
(atine Vut,int)> INCreased by the factor

Eliss :<1_¢>K (72)
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From this formula, it can be seen that in high-viscosity rubber compounds the rise
in temperature due to shear is not only by the high viscosity alone, but also by the
presence of fillers. When measurements are done by capillary rheometer, it is
observed that the experiments at higher throughput are no longer isothermal.
Therefore, the results must be corrected. Then, a viscosity function, independent of
the geometry, can be found by considering the increase in the shear rate [15]. An
iterative procedure for the determination of the occurring peak temperatures is
proposed in [15]. In [10,16] a formula for the computation of the factor K (related
to the excessive shear rate increase) from the volume filler contents ¢ is given,
based on a two-dimensional relationship, in which fillers are assumed to be cut
spheres of a circular area 7-d?/4:

E—l

K= 1—6'—“0+1-(4'—¢J2 . (7.3)

T 2 T

(b) Yield Stress: Besides the rise in the local shear rate, interaction between
individual filler particles can lead to the so-called yield stress [17]: below a certain
shear stress value 7, (yield stress), the material will not flow and it behaves as a
solid body. This can be observed at times in natural rubber [10]. 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 stress at the wall is low, that is, at small volumetric flow
rates or large cross sections of flow. The corresponding law of flow is

T=To+¢-" (7.4)

a) Low wall shear stress
|

vy !

|

|

Tk Tl W
[

b) High wall shear stress

Figure 7.5 Block/shear flow model [10]: (a) low shear stress
I at the wall, (b) high shear stress at the wall
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This is the so-called Herschel-Bulkley material model (see also Section 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 [10].

(c) Wall Slip The problem of wall adhesion (where the velocity of the layer at the
wall is zero) for elastomers has been scientifically researched only selectively [20],
because it is rather difficult to prove and hence to investigate and detect resulting
effects. Studies conducted on NR, SBR, and CR compounds [10] as well as with
injection molding of elastomers [9] suggest the conclusion that wall slip in the die
can be neglected for many compounds. This, however, is only then allowable when
there are no instabilities in the viscosity function, or if no changes in flow func-
tions 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 that 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 [10].

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 spread-
ing 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 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 compu-
tation methods developed in the plastics area are transferable to the area of elasto-
mers was done on basic shapes, such as circle, slit, and annular gap, and is re-
ported in [10]. In that work, both isothermal and nonisothermal computations and
experiments were performed.

7.2.3.1 Formulas for Isothermal

The assumption in all isothermal computations is a constant mass temperature
throughout the entire flow channel. In contrast to nonisothermal computations,
this assumption minimizes the amount of computing. As pointed out in the pre-
vious chapter, elastomers exhibit wall slip only as an exception. Therefore, for the
isothermal computation of pressure losses, the formulas for the materials with
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wall adhesion behaving according to the power law 7 =k-4""'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 vis-
cous pressure losses can be found in [21-23]. They were experimentally verified
with rubber compounds in [10].

Flows in a pipe and slit are relatively simple to describe [24,25]; there are many
analytical formulas for the isothermal computation available (see Tables 3.1-3.6
and 7.2).

Table 7.2 Equations for the Calculation of Pipe and Slit Channels
(Herschel-Bulkley Material Law) [10]

Pipe channel Slit channel

Furthermore, it is possible to describe such flow by the method of representative
viscosity [22-24] (see also Section 2.1.2). Here, advantage can be taken of the fol-
lowing circumstance: in the flow channel, there is always at least one streamline
where the same shear rate will result whether the flow is Newtonian (i.e., n = f (7))
or pseudoplastic.

The location 7, normalized to the radius of the flow channel (i.e., e, = r/R) for va-
rious constitutive equations, is obtained from the comparison of the equation
y=f (r) for Newtonian and pseudoplastic fluids [23]. 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
material 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
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representative shear rate 7., =€, Vyewon and the representative viscosity
Thep = 1 ("yrep) are introduced into the corresponding equations. The value is taken
from the true flow curve, which can be represented by the usual viscosity func-
tions (Carreau, power law, Vinogradov, and so on). As shown in Figs. 7.6 and 7.7,
the values for e, and e lie in narrow limits over a wide range of flow exponents so
that, for example, the mean value of e, = 0.815 can be taken for the computation
with the maximum error of 5% (for 0.2 < n < 0.6). This independence of flow
exponents over a wide range can be found in practical applications and also for
Herschel-Bulkley fluids. The following mean values can be obtained from Figs. 7.6
and 7.7:

Power law:

e, =0.815(0.2< n<0.6)

(7.7)
e5=0.772(02< n<0.6)
Herschel-Bulkley law:
e. =0.815(0.2<n<0.6
. < |7 <0.33 (7.8)

€5 =0772(02<n<0.6)| T\
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In contrast to the above-mentioned types of flow, the shear stress in an annular
channel does not have a linear profile (see Chapter 3). The equations used for cal-
culation of annular flow are, as a rule, more complicated. Therefore, it is recom-
mended 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 Nonisothermal Computations

A nonisothermal flow in the forms of flow discussed so far can be computed with
relatively simple means (difference procedure). In this case, the velocity and tem-
perature 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 [10], the increased dissipation due to the increase in the shear rate in
the case of nonisothermal flow can be taken into consideration, mainly to make the
peak temperatures realistically visible in the mass flow. In the case of small differ-
ences 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 and de Waele should be
used, since the yield stress in practice is important only in special cases. If the
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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 whether the shear stress at the
wall is greater than the yield stress [10]. 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

A high pressure drop in the die and the correlating shear load on the melt always
lead to an increased melt temperature dissipation. In order to estimate the chance
of scorch in many practical applications, not only the pressure drop but also the
peak temperatures in the die are of interest.

Figure 7.8 shows as an example the temperature and velocity profiles in an annu-
lar channel resulting from a nonisothermal computation. A pronounced local peak
temperature can be seen that, in practice, could lead to scorch of the material.

Mean entry
temperature 3,=122°C
| 3
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100~ ——— — — — ————]
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| Ro ‘ Figure 7.8 Temperature and velocity distributions
Velocity profile in an extrusion die (die entry) [10]
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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 computa-
tional methods. In conclusion, it should be mentioned that these computational
methods for the computation of nonisothermal flow are also suitable for the study
of crosslinking and vulcanization reactions. This is shown in [26] for the crosslink-
ing 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 [27].
The change of the viscosity with time was obtained from vulcameter curves.

7.2.5 Consideration of the Elastic Behavior of the Material

The viscoelastic properties of melts described in Section 2.1.2 can be observed
very clearly in elastomeric compounds. The swelling of the material due to elastic
effects, that is, 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 pro-
file in the region to a plug profile outside the die can lead to local elongations and
compressions in the emerging extrudate and, thus, to a 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 [28,29].

The physical cause for the extrudate swelling and the mathematical formulation
pertaining to it have been interpreted in different ways because of the variety of
phenomena observed [1,30-35]. Further relevant details can be found in Sections
2.1.3 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 [36,37]. The application of such methods is very demanding and
time consuming, and it is often limited because of material data that are difficult to
measure or because of the complex material laws. An alternative method, which
requires easily obtainable material data and can be accomplished by the application

of a 21—dimensional FEA, will be introduced in Section 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 occur, which
cause energy transformation and therefore an 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 a viscous or elas-
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tic material. The factors are, for example, type and amount of filler, the elastomer
content and type (chemical nature), and the melt temperature. By replacing the
viscoelastic polymer with inorganic fillers, the elastic properties of the compound
can be changed markedly.

B 7.3 Design of Distributor Dies
for Elastomers

The extrusion of flat 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 rubber
processing plants experience a great deal of batch-to-batch variability in the prop-
erties 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 com-
pounds were described in [10]. The design is done according to the relationships
described in [25,38] 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 [24]. This die also confirmed the inde-
pendence of its melt distribution from 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 [10,39]. If a
design independent of the operating conditions is not possible, as is the case for a
fishtail manifold, for example, it should be made at least insensitive to operating
conditions. Dies insensitive to operating conditions are those that have the flow
exponent constant over a large viscosity range in the channel and die land zones
[40]. This means the flow channel has to be designed in such a way that the occur-
ring representative shear rates are considerably smaller, or in contrast considera-
bly larger, than the shear rate at the transition of the viscosity curve. In this case,
the slope of the logarithmic viscosity curve is nearly constant, and by this the
relative change of viscosity is also nearly constant in all flow channels.
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The computations on which the above examples are based are model formulas for
the computational design of such mass distribution systems, assuming that there
is a 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 that can be described completely only by numerical tools like
FEM [41].

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 lower limits of the operating field.

As shown in Chapter 5, the design of a wide slit die, in addition to the specified
height of the land and the die width, includes two free parameters R, 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:

: 4.V

Y vep, pipe — €y- (79)
P, PIp O T Rg

: 6-V

PYrep, slit — €0 BHZ (710)

Changes in the flow rate affect the linear change of both shear rates. The invari-
ance is guaranteed as long as a shift in the shear rates causes a 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 independ-
ent of the operating conditions. The disadvantages here may be a large-size die
land, which may cause a space problem, high pressure consumption, and high
clam-shelling forces [42].

Considering the correct length of the channel and its shape (e.g., simple rectan-
gular cross sections or rectangular cross sections with one semicircular side) [43]
improves the computation of dies for rubber compounds considerably [44].
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B 7.4 Design of Slotted Disks for Extrusion
Dies for Elastomers

7.4.1 Computation of Pressure Losses

A detailed study of the complex flow in slotted disks is possible only with extremely
elaborate means [37,45]. Therefore, simpler, but effective, means that allow an
integral analysis of the flow process are desirable. The inlet pressure losses are of
central importance in this analysis. The total pressure loss of a profile die for rub-
ber consists of the elastic component, which is used up in the inlet zone of the
orifice, and the viscous component, which is used up in the orifice alone:

ptotal = pentry + poriﬁce (71 1 )

When one knows the losses, it is possible to use them in the die design and to
make the local flow distances so that there is a constant velocity at the exit of the
die. Different methods for estimation of the inlet losses have been evaluated
[46,47]. A practical test has shown [10] that the method outlined in [46] is the
most suitable for the estimation of the inlet pressure losses. The minimum inlet
pressure loss for a circular cross-sectional transition (e.g., the capillary of a capil-
lary rheometer) is obtained from the following relationship:

4~\/§ 05
_TNT 5 . . .1
3.(’1 1) Yo (77 M) (7.12)

entry —

The quantity pu is called the elongational viscosity by Cogswell. This elongational
viscosity, similar to shear viscosity, has an exponential correlation with the elonga-
tion rate ¢ according to studies performed on several rubber compounds:

=g, €". (7.13)

The relationship between elongational stress and the inlet pressure loss is as
follows:

| w

(1) Apgy, (7.14)

O'E:

and the relationship between elongational stress and elongational rate is

Op = €. (7.15)
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After rearrangement, the equation for the inlet pressure loss is obtained:

X

b

R o) [3 b
Pentry = [0 W{I)& u([) z) {nt) " (7.16)
with
—1
x=[1-—2 (7.17)
2-(b+1)] ‘

The constants of the elongational viscosity (1, b) can be determined from measure-
ments by a capillary rheometer. Therefore, the inlet pressure losses were deter-
mined 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 con-
stant 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 extrapolated line,
connecting the points, intersects with the abscissa. This value can be inserted into
Equation (7.14) so that with the known shear rate function 7 = () the values of
wand ¢ are obtained directly by applying Equations (7.10), (7.12), and (7.15).
Plotting the values of p against elongation rates ¢ finally leads to the function
w= f(é) , and from it y, and b can be determined.

The above procedure has been tried in [10] on different slotted disks (rectangular
and circular openings). It turned out that Equations (7.12) and (7.17) 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 measure-
ments are compared.

Table 7.3 Measured and Calculated Values from Experiments with Slotted Disks [10]

Mass through- Inlet pressure, Inlet pressure, Error % Disk orifice
put, g/min measured bar calculated bar
410 9.3

46.9 42.9

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 3.7 5 mm diameter
670 49.5 51 3.1
520 51.7 52 0.5 Circ|e’

655 58.3 55.7 4.6 5 mm diameter
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In another set of experiments involving more complex geometry, the formula pro-
posed in [47] 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 deter-
mination 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 [45,48] that 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).

90 5 x/A°
x Die B
815 Die & n= 45 mid’
758 Bie A
A
< i g
a2 ,l/ |, n=30min’
g /
3 o
£
b ]
= s Ay
£ /)
A yavd
30 / 5/"1
/%\:‘ll.min'1
A% O
15 7

0
_/]/ 4 S 60 70 bar 90 Figure 7.9 Inlet pressure losses of slotted
Pressure in the die p disks with equal cross-sectional areas [10]

——30———]

o

~

Figure 7.10 Velocity distribution in the
parallel die land zone in example beading
strip die [45]
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It consists of two subsections, a 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).

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 calcu-
lated 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 corre-
sponds to the desired velocity (Fig. 7.11).

Mean velocity v
2
|

50—

a

7

0 1
0 10 20 bar/mm 30 33 40 Figure 7.11 Characteristic lines for
Pressure gradient dp/dz the two sections of the die [45,48]

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
[1,30-32]. 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.
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The theoretical grasp and modeling of viscoelastic behavior is still a subject of
current research [e.g., 36,37,45]. A method applicable to practical die design is
presented below. It allows one to consider the die swell in the design of relaxation
zones in the die with the tools available today. This method starts with the experi-
mental 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 die swell is calculated from the ratio of the cross
sections of the round strand and the capillary:

2

2
D R, +a
St = | = =|2— (7.18)
swe DO RO
? 8}
Die
4 T, 2 (9)
AN
oD,
[2]]

Figure 7.12 Die swell

Figure 7.13 depicts the evaluation of the results from the experiments in the
capillary rheometer. The dependence of the die swell S, ;; on the shear stress at
the wall is shown. In many materials this correlation is almost linear [29,49]. The
ratio between the length of the orifice L and its diameter D, was chosen as a
parameter.
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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
deformation (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
Sewen 18 described by two formulas: one of them takes into account the flow history

S

of the polymer and the other the exit of the melt from the orifice:

S

swell, I =

f (residence time) (7.19)

Sswern = f (shear stressat the wall). (7.20)

In [29,51] an exponential equation is given that expresses the time dependence of
the magnitude of S, (Fig. 7.14). Test results from capillaries with noncircular
cross sections using a laboratory extruder (screw diameter 60 mm) can be taken
from Fig. 7.14 [51]. The change in swelling of the material with time is shown by a
solid line.

The correlation between die swell and shear stress at the wall is connected in [50]
to the so-called criterion of swell at the outlet, which is shown here for the linear
dependence.

AA=K T (7.21)
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Figure 7.14 Swell factor versus residence time [51]

In the case of a circular cross section, there is an equal shear stress at the wall
along the entire circumference. The increase of area AA can be expressed by the
distance a from the circular strand to the diameter of the orifice (from Fig. 7.12):

AA=f(7,Dy,a). (7.22)
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Thus, a condition of proportionality is defined:

==K (7.23)

This condition represents a relationship for the swelling behavior of the cross-sec-
tional areas. For the practical die design computations, the problem is reversed
and the 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 of the definition from Equation (7.23) allows the computation of any
desired cross-sectional shape:

a
Ky w === (84,,L,7). (7.24)
Ky’ K3’ Ko’ Required profile
geometry
AAE[emenf
Vi; Vi
DE— Die geometfry
Kq %
X 2
- |
o Corner nodes
o Nodes in the center
) of the sides

Figure 7.15 Criterion for swelling [50]

As in the computations of pressure for arbitrary die cross sections, the cross sec-
tion of the orifice is divided into finite elements [50]. Figure 7.15 shows a section
of an FE mesh. The border line 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 geometry.
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 problem solving [45,52,53] allows an automatic
optimization of flow channels. It is based on the combination of an optimization
procedure (the so-called evolution strategy [54-58]) and an FE program [50].
Examples of the capabilities of this method will be given in the next chapter.
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7.4.3 Simplified Estimations for the Design of a Slotted Disk

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 visco-
metric flow. This velocity component is always perpendicular to the cross section
under consideration. Therefore, each cross-sectional area corresponds to an iso-
baric plane, and all pathways are straight lines. The computed distributions there-
fore are, strictly speaking, valid only for a fully developed flow in an “infinitely”
long land region. Nevertheless, the calculated values can approximate actual val-
ues quite well even for relatively short land regions, provided that the land length
is the same at any point [45].

Figure 7.16 shows a profile from EPDM and the velocity distribution existing at the
die exit as a 3D surface plot. A height is assigned to each node of the plane FE
network, and the 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 takeoff. Here, the cross sec-
tion upstream has to be widened in order to increase the velocity (see also Section
4.4.5).

It is known from experience that the velocity distribution depends on the flow be-
havior of the melt, so 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 [59]. For arbitrary cross sections, the dependence of the velo-
city distribution on the flow behavior of the material and the extrusion pressure
can be quantified by numerical tools like FEM.

Figure 7.16 Velocity distribution in the
parallel die land of a die for EPDM [45]
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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 [59] on
an example of a profile divided into simple subsections.

In [45,48] a concept is suggested for arbitrary profiles that 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=2.11s,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 every-
where, the following relationship is true:

p= pi' L (7.25)
with
pi' = % Pressure gradient in the subsection of the profile i
L Length of the subsection being sought
i 1, 2, ... number of subsections

Note: There is no summation by i in Equation (7.25).

Denoting the round part of the profile with the index “1” and the strip with “2”, the
relationship for the case above is

L=p/p,  L=p/p,. (7.26)

From Fig. 7.11:

’

p{ =1bar / mm, p, =3.3bar /mm.
With a given pressure loss p in the parallel zone of 50 bar, the result is

L =50mm, L, =15mm.
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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
Section 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 per-
formed. Experimental verification of this procedure on slotted disks for the extru-
sion of rubber profiles has shown that the procedure above provides a good estima-
tion 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) [50]:

® Zones of material stagnation

® Surface quality

® Extrudate swelling

T<To
. /"\
| 7 4 "\ Problem:
- Stagnation of
_ the material
Probiem:

\ Stick-slip effect

: I
Die wall

i Part of a channel
cross section

Figure 7.17 Problem areas
A in the die design [50]

Problem Area: Material Stagnation

Figure 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, 7,), which is the line drawn into the diagram. The
yield stress is strongly temperature dependent for many materials. Outside cor-
ners 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
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the corners. The level of the shear stress is raised to exactly the level of the yield
stress by rounding the edge region uniformly. In this way, the goal of the optimiza-
tion is reached (Fig. 7.19).

z z
% y Shear sfress % y 3 Shear stress
74
4
)

:
i

s X II'

2, i

N —

Figure 7.18 Shear stress at the wall in a die land [50]: 1: shear stress at the wall,
2: part of the die cross section, 3: permissible processing range

z g Shear stress z k' y Shear stress
1

X 4

Figure 7.19 Improvement to reach the critical yield stress [50]: 1: shear stress at the wall,
2: yield stress 7,, 3: part of a die cross section

With a larger radius in the corner, the level of the shear stress at the wall is raised
even more and the overall stresses are more even, but the disadvantage would be
that the finished profile is different from the required one. The advantage is that
the geometry of the die is changed only as much as is absolutely necessary.

Problem Area: Surface Quality

Inside corners with sharp edges produce peaks in the shear stress. Figure 7.18
shows a section of a die having an inside corner susceptible to a stick-slip flow
situation. The FE mesh is made finer in this location in order to increase the accu-
racy 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
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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 exam-
ple, 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 con-
tour 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.

Shear stress

Part of the die Figure 7.20 Failure to exceed the critical shear
cross section stress [50]: 1: initial die wall, 2: optimized shape
/ of the die wall, 3: shear stress at the wall

The resulting shear stress profile is symmetrical to the inside corner just as in
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.

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 die swell takes place. As an example a rectangular pro-
file is chosen. A quarter segment is sufficient because of symmetry. The specified
contour of this profile is shown in Fig. 7.21. The ratio of the height H to width B
is 1/2.

] 5 Quarter of a
1 2 rectangle
/
3 Ry Figure 7.21 Compensation for die swell [50]:
1: required profile geometry, 2: corrected die

— cross section, 3: FE mesh
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The computed contour for the cross section of the die confirms the empirical val-
ues 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 left 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 re-
sulting isovels is shown on the right in Fig. 7.22 (equal pressure gradient and
equal area).

Quarter of a Quarter of a
Optimized die geomelry rectangle Geometry of a quarter of rectangle
Velocity a rectfangle with an equal Velocity
Isovel _Scale _mm/s cross-sectional area _Scale _mm/s _
(curves of 1 0967 1 0967
equal velocity)  Die wall 5 igg | g i’gg
‘ 4L 677 L 677
e ———. 5 871 5 871
———————— & 6 106 6 106
E— 7 126 7 126
\96\\\ 8 145 \79{\\ 8 145
I 9 164 9 164
SH TN 0 172 10 184

Figure 7.22 Velocity field in a quarter of a rectangular cross section [50]

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.
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Symbols and Abbreviations
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p
P

Area

Cross section at the die outlet

Change of area

Change of area at the die

Difference of round strand radius and die outlet radius
Exponent of extensional viscosity function

Width

Specific heat capacity

Diameter

Diameter at die outlet

Diameter

Representative relative distance in a round channel
Representative relative distance in a slit channel
Magnification factor

Height

Factor related to the excessive shear rate increase
Proportional factor

Proportional factor

Coefficient of expansion of the cross-sectional area
Coefficient of expansion of the cross-sectional area
Coefficient of expansion of the cross-sectional area at the die
Consistency factor of the power law

Length

Mass throughput

Flow exponent of the power law

Total dissipated power

Pressure

Pressure gradient of profile subsection i

Pressure loss

Radius

Outer radius

Inner radius

Radius of the inlet of a distributor pipe

Radius

Swelling factor

Temperature
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T, Melt temperature

t Residence time

1% Volume

14 Volume flow

14 Velocity

v Average velocity

Yo Length of the die land in the center of a distributor channel
Ve Excessive shear velocity between two filler particles
Vrep Representative shear velocity

7rep,pipe Representative shear velocity in a round channel
y'rewm Representative shear velocity in a slit channel

Vot int Integral shear velocity for a system without fillers

Yw Shear velocity at the wall

Y. Newton OD€QT Velocity at the wall for a Newtonian fluid
Yo Reference shear velocity

€ Extension rate

n Viscosity

Tt int Integral viscosity of a nonfilled compound

Threp Representative viscosity

A Thermal conductivity

m Viscosity in elongation

o Constant of the viscosity in elongation

p Density

o Elongation stress at inlet area

T Shear stress

Terit Critical wall shear stress, at which wall slip begins
Ty Wall shear stress

To Yield stress

%) Volumetric filler content
1) Fluidity
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The temperature distribution in an extrusion die critically affects the viscous and
elastic properties of the streaming melt, and thereby the flow pattern, the pressure
loss inside the die, and 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
toward 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 nonuniformities across the thickness of the extrudate
at the die exit even if the temperature of the walls of the flow channel is homogene-
ous. The objective of temperature control of the extrusion dies is, therefore, to pro-
vide a temperature distribution as uniform as possible across the thickness of the
extrudate at the die exit, thus ensuring 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 nonlinearity of the melt properties, the coupled description of
these processes can be done only numerically [1-9]. The currently available solu-
tion 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 dies will be
discussed as an uncoupled problem.

Heating of Extrusion Dies
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B 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 that distinguishes heating with fluids from electrical resist-
ance heating is the ability to remove heat from the die independently of the sur-
rounding 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 in-
tensity of the convective cooling of the die surface than with the higher tempera-
tures used for the processing of thermoplastics. However, the dies can be heated
more homogeneously with fluids than with electrical heating elements.

In rubber processing, particularly, the considerable cost of additional equipment,
such as recirculating pumps and heat exchangers, 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, par-
ticularly 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 electrical heating with corre-
sponding 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, such
as from the exit zone of the mandrel of blown film dies, in order to obtain a re-
quired 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 electrical heating because of the emptying and refill-
ing of the die and the piping with the heating fluid.

A more serious disadvantage of fluid heating is the technical complexity and cost
in cases where there are different die zones that have to be maintained at different
temperatures (such as in large dies for thermoplastics for the correction of the
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melt flow [11-14]), particularly in film and sheet extrusion. According to current
technology, for each temperature zone a separate heating unit (tank, pump, heat-
ing, cooling) is required. In this context, with the development of a control valve
that is not affected by temperature and with a linear control characteristic, the
concept of the regulation of the flow rate becomes interesting [15,16].

In this concept, several heating zones with different temperature levels are sup-
plied 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 elec-
trical resistance heaters. Less frequently electroinductive 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 or cover the surface as flat heating plates.

An essential condition for the homogeneous heating of a die, besides the uniform
distribution of the heat source in the heating band, is a good physical contact be-
tween the heater and the surface of the die body [17]. In order to satisfy this re-
quirement, the heaters are made enclosed in aluminum shells that can be fitted
accurately to the contour of the die by machining them to the required shape and
then fastened with screws [18]. With a satisfactorily uniform heat delivery, the
attainable power densities (heating power per unit of the area of contact) for
mica-insulated heaters range from 2 to 3.5 W/cm? and for ceramic and aluminum
heaters from 5 to 8 W/cm? [18-20].

The significant advantages of the heating of the die surface are

m relatively uniform 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) and

® easy dismantling of the heating elements (when it is necessary to take the die
apart, such as 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 large dies (coupling of the control
circuits, which can lead to their unstable periodic oscillation).
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An additional disadvantage of the heating of the surface of the die is its relatively
low energy efficiency [19]. The reason is large heat loss to the surroundings, mainly
due to the much higher surface temperature when compared to that of the die. Ther-
mal insulation of the surface could possibly reduce this energy loss, but it would
adversely affect the control because the cooling rate of an “overheated” die is con-
siderably reduced. Another consequence is, in spite of a relatively high installed
heating power, the heating of the die during a startup 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 Section 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 connecting
socket located at the die, which allow a quick change of the die or its parts.

8.1.3 Temperature Control of Extrusion Dies

For the temperature control, both on/off and continuous controls are used. For dies
heated with fluid, the controls frequently have three modes (heat, off, cooling),
while direct electrical heating controls have two modes (heat and off, the latter
representing a natural cooling of the die surface by natural convection).

The controllers sometimes exhibit a PID (proportional integral differential) char-
acteristic, which allows elimination of the offset error but tends to oscillate when
reacting to upsets.

The regulators with PD (proportional differential) characteristics, used in the past,
do not show this overshoot, but they have a lasting deviation when the operating
conditions are changed.

A combination of the advantages 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
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measurement of temperature for the process control and the determination of
actual values as a feedback for the temperature controls are generally done by
Fe-Co thermocouples or by a platinum resistance thermometer (Pt 100) installed in
the die. When heating by fluids, the temperature sensors are placed also in the
circulation 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 in the relevant temper-
ature range between 50 and 400 °C (£0.5 °C to £2.3 °C) than the Fe-Co thermo-
couple (£3 °C) [22] and they do not age. Thermocouples, on the other hand, have
more favorable dynamic characteristics in the measurement (smaller mass and
hence faster response), are more sturdy mechanically, and are less expensive [24].
The sensors are generally located in a borehole and fastened to the die by a quick-
release bayonet (quarter-turn) lock that is attached to a cable.

A spring is used to ensure adequate thermal contact. This attachment system re-
quires unplugging the sensors when the die is being changed, but it has the advan-
tage 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 easily get dirty and are subjected to corro-
sion 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 symmetric to the center.

The width of the heating zones depends on the distance between the heating ele-
ment and the flow channel. Consequently, the zones for surface heating are wider
than those for 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 be-
cause the measured temperatures 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
channel 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 de-
pending on the local pressure in the flow channel) [25].
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B 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 in thermal die design. Many theoretical possibilities
are often restricted by outside realities, such as limitations in design and manu-
facturing.

8.2.1 Criteria and Degrees of Freedom for Thermal Design

The designer has the following degrees of freedom available for the optimum ther-
mal design of an extrusion die:

® The geometrical form of the die does have a decisive effect on its thermal be-
havior. 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).

® 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 concen-
trated locally.

® The location of the temperature sensors and the choice of control characteristics
affect the 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 toward specific properties of the die or the extrudate required for
the given application. Therefore, the following shows general criteria as they apply
to the thermal design of dies:

® The thermal homogeneity of the surface of the flow channel in production is in
most cases the crucial criterion that results in a uniform exit speed of the extru-
date from dies with a correct rheological design.

® The steadiness of the temperature, that is, its constancy with time, is the crite-
rion against which the performance of the control system of the die is measured.
The speed at which outside disturbances (changed surrounding conditions, air
draft), variation in temperature of the incoming melt,or change in operating
conditions (such as throughput) are controlled, or the natural temperature oscil-
lation of the control system affect the quality of the extrudate and its fluctuation.
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® The mechanical strength of the die, particularly in the case of wide slit dies, in-
fluences 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 flow channel, such as chrome plating or polishing. The
requirement of easy dismantling often has to be reconciled with the require-
ments 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], and so on) 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 it still is a consideration in the optimization of the thermal
design (external or internal heating, insulation).

® The startup behavior of a die is important for cost-effective operation of the entire
line when frequent die changes are required (for example, for custom profiles).
Thick-walled dies, although advantageous from the point of view of temperature
regulation, require a long time to bring up the temperature to the required level
during the startup when working with heating elements of low-rated power.
Therefore, often special auxiliary heaters for the startup or continuously work-
ing 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 that is thermally decoupled from the
remaining body of the die [11].

® 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

that are far from thermally optimal. Nevertheless, these dies designed with the

conflicting boundary conditions operate successfully.
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8.2.2 Heat Balance of the Extrusion Die

The estimation of the amount of required heat energy results from a heat balance
of the die. This value is then used as a 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 outgoing heat flows
over the entire surface of the die.

The surface of the area that is attached to the last heating zone of the extruder
through the connecting flange has the peculiar feature that the amount and direc-
tion of the heat flow going through it depend 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 practical applications, 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, such as 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):

QM,In = heat flux entering the die with the melt

QM,Out = heat flux leaving the die with the melt

OCONV = heat flux removed by convection on the outer die walls

QRAD = heat flux removed from the die by radiation exchange

Qmss = energy dissipated in the die per unit of time

QH = heat flux supplied to the die by the heating system (heating elemnts)

The general form of the heat balance is then

Heat fluxes Heat fluxes Heat generated Heatstored
entering — leavingthe + inthesystem = inthesystem (8.1)
thesystem system per time unit per time unit

With reference to the entire die shown in Fig. 8.1, this means

(QM,In + QH ) - (QM,Out + QCONV + QRAD + ODISS) = %(md “Cpa~ 1901 ) (8.2)
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In the steady state of operation of the die, the right-hand side of Equation 8.2 be-
comes zero, which means that J,, the die temperature, does not change any more.

Qrap  / Ja Qca Oy
a € 3
o ECa /md da /3d
Oy P Melt stream 25 dnis K0P,
Balance boundary _ _ lzzzad |

Heating element

Figure 8.1 Heat balance of an extrusion die

As explained at the beginning of this chapter,it is not generally possible to change
the melt temperature drastically between the inlet and outlet of the die by varying
the temperatures in the die and meet the requirement for a largely uniform tem-
perature of the emerging extrudate.

The dissipation heat liberated in the inside of the melt channel
Opiss = (pin _pout)'v (8.3)

leads to a temperature distribution shown qualitatively in Fig. 8.2, case (b) for the
case of a heated wall of the channel (heated to the melt temperature). The dissipa-
tion heat is conducted to the channel wall, where it is removed from the melt
stream. The maximum temperature is close to the channel wall. Because of a pro-
nounced 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 of the wall, when compared to the isothermal
flow, assuming a constant throughput. This redistribution of the shear rates has an
effect on the velocity profile in the way shown, namely that the region of the lower
flow velocities near the wall becomes greater.
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a) —— lIsothermal flow {no dissipation)
b) —-—- Channel wall heated to 9,
¢} -—~— Adiabatic channel wall
Y hy
-\. \‘ o /.’
\\ /. e
.\ /,A
I i
i |
Lo
; ]
| i
| |
1 ! i !
0 T 9 30 g 0 Vabe V L
Shear stress Temperature  Shear rate Velocity Residence time v

Figure 8.2 Flow through a slit at different thermal boundary conditions and an equal
throughput (V, =V, =V,)

Case (c) describes the conditions at an adiabatic channel wall. Here, the tempera-
ture maximum lies directly on the wall, where the highest shear rate occurs, which
is higher than that in the isothermal case (a).

Consequently, the zone of the lower flow rates near the wall is smaller in case (c)
than in case (a) [29]. The way the three different thermal boundary conditions
affect the residence time spectrum is also evident from Fig. 8.2.

The residence time is determined from the ratio of the length of the channel sec-
tion under consideration, L, and the flow velocity v (compare Chapter 3). Especially
in processing sensitive polymers, which tend to degrade or cross-link when
subjected to pressure, elevated temperature, or shear for extended periods of time,
the wide residence time spectrum of case (b) is disadvantageous.

Accordingly, the design of a die should not proceed under the assumption of an iso-
thermal wall of the flow channel, which leads away a part of the dissipative heat (b),
but rather under the assumption of an adiabatic wall (c) so that the generated dissi-
pation heat causes the increase in the melt temperature, and thus the above-men-
tioned stagnation effects in the region near the channel wall are eliminated.

Consequently, the following is true:
Opiss = QM,Out - QM,Inr (8.4)

The calculated increase in temperature of the melt is

Ovou — O
AﬁM:M (8.5)
m'Cp

m = mass flow, c,: specific heat capacity of the melt
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From Equation (8.3) it follows:

V Pin = Pou
By = (P =P ) = (8.0)
p p

pmeltdensity

Accordingly, the increase of the melt temperature is dependent only on the pres-
sure drop across the die (and of course the material properties of the melt). For the
typical material properties, for example, p - ¢, = 2 x 106 J/m3 K, the temperature
increase will be 0.05 K per bar. In order to eliminate the stagnation effects de-
scribed in Fig. 8.2 resulting from too-low wall temperatures, the die temperature
should be higher by Ad, than the temperature of the incoming mass, J;. Com-
bining Equations (8.4) and (8.2) and solving for QH, the condition of the thermal
steady state (constant die temperature), the following results:

QH = QCONV + QRAD’ (8.7)

which is equivalent to the statement that the heating power must be exactly equal
to the sum of the radiation and convection losses to the surroundings. The con-
vective heat flow to the surrounding air is

Qea :Ada'aCA'(ﬁda _79a>- (8.8)

where A, is the surface area of the die that is exchanging heat with the surround-
ing air with temperature J,,, J, is the room temperature, and gy is the heat
transfer coefficient for natural convection, assumed to be approximately 8 W/m? K
[30].

The radiative heat flux to the surroundings Qg,p, is given by
4 4
I, T
dal | e || (8.9)
100 100
Here € is the emission coefficient: for smooth steel surfaces € = 0.25 [31] and for

oxidated steel surfaces ¢ = 0.75 [32]; C; is the blackbody radiation number:
Cr = 5.77 x 108 W/m? K*.

Equation (8.9) can be written in a form similar to Equation (8.8):

Opap = A € Gy

Ora :Ada'aRAD(ﬁda_ﬁa>‘ (8.10)

Here oy, is defined as the heat transfer coefficient for radiation.
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In dies with a high tendency to dissipate heat (high pressure losses and melts with
low p - ¢,), 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):

Qo = Ay~ e (ﬁdi_lgM) (8.11)

The heat transfer coefficient oy according to [34] can be determined from Nusselt
laws by a complex procedure.

Here, A is the area of the inside surface of the die with the temperature J;, and 9y
is the melt temperature.

Equation (8.7) for this case becomes
Oy = Qca + Qpap — Qeour- (8.12)

The heating power is reduced by the amount of the heat taken away from the melt
(or is increased by that amount, depending on if (Jy - J;) is positive or negative).
The heating power determined from the above is the minimum required for heat-
ing the die. In order to ensure a reserve that allows the control unit to operate in a
favorable range, the actual nominal load should be about double that of the calcu-
lated minimum heating power. This means that the control unit operates at approx-
imately 50% of its control range with the ratio of switch-on times of 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 a factor of four, for
example, the resulting operating point is 25% in which the control can operate
symmetrically. The advantage of oversizing the nominal heating capability is a
reduced heat-up time during the startup.

The heat-up time ¢ can be calculated from the above formula [19]:

m,-c..-AU
t,=——20 — ¢ (8.13)
n.QHmax

where m, is the mass of the die, ¢, the specific heat capacity of the die material,
AJ, the targeted temperature increase during the heat-up, and Qy,,,, the installed
nominal heating load.

It is clear that with the increasing nominal heating capacity, the heat-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
heat-up periods. The efficiency depends on the type of heating (it is small for
external and large for internal heating) and on the oversizing of the heating power
(which generally increases with increased oversizing).
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8.2.3 Restrictive Assumptions in the Modeling

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 inner surfaces
that are in contact with the heating cartridges) through which heat flows and also
surfaces that permit 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 tempera-
ture distribution before starting the actual design. Rather, a method has to be
applied that allows the simulation of the processes and considers the most impor-
tant dimensions and thermal boundary conditions.

In the following section, 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 Thermal Design

Electrical Analogy Model

Starting with a steady operation of the die, the established temperature distribu-
tion can be considered constant with time (steady state). (The dynamic behavior of
the control system is neglected.)

The heat flow 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 pipes, solid rods, and blown film extrusion).
Then, the heat transfer process can be approximated by a two-dimensional proce-
dure (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:

2 2
9 9 _,,

(8.14)
ox* oy’

The two-dimensional electrical transmission in a flat conductor with resistance is
described with a similar equation:

oU 9
_—t =

0. 8.15
ox*  ay? (8.15)
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From both these equations the analogy between the temperature J and voltage U is
obvious. The heat flux Q, which is proportional to the temperature gradient, corre-

sponds to the electrical current I [35].

Because of this analogy with a flat electrical conductor, a steady-state temperature
field in the 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 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 ele-
ments to scale with an electrically conductive paint (“conductive silver”) [12,30,36].

2 3
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Figure 8.3 Section through a flat slit die with the thermal boundary conditions shown:
1: cartridge heater (heating power P,); 2: convective heat transfer v = 16 W/m?2K, ¥, = 20°C;
3: band heater (heating power Pg); 4: die width (7= 1 m); 5: body of the die; 6: melt

(% = 220°C); 7: heat transfer coefficient (v = 75 W/m?K)
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Figure 8.4 Electrical analogy model to a flat slit die
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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 £ at lower temperatures,
and the inside segments of the channel surface to the plus terminal £ at 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. Assum-
ing the temperature difference between the melt and the surroundings is 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 the square resistance
of the paper R = 2 kf) [38] and the thermal conductivity of the steel from which
the die is made, A = 40 W/mK (A - R = k = 80 W k€)/mK) for the die width T, of
1 m and the heating power P, (for equations see Fig. 8.5):

Analogous relationships

Model Die
Voltage {difference) 4U=n- 49 Temperature {difference)
Current o= L.y Heat flow (based on the
k die width T)
Voltage dropping resistance 1 -
{on a surface segment i RiB= kem —~ Heat transfer coefficient
with a width B;)
Model parameters
Voltage/ Temperature . 4y v
ratio . 43 [ K ]
- . o [-W_SB
Conductivity ratio k= XR mK
Model scate m= ol ]
Loie

R®: Sqguare resistance of the resistive conductor (resistance paper) used

Figure 8.5 Definitions for the electrical analogy model

1mV
P K
I, = “°m-%épm-12.5%. (8.16)
Tiie 80 ¢ kW
m-K
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The series resistance at one outside segment (e.g., i = 1 in Fig. 8.4) is calculated
below for the model scale 1:1 (m = 1), a segment width B; = 2 ¢m, and the local
heat transfer coefficient of 16 W/m?2 K:

R, :ﬁkQ:ZSORQ (8.17)
16-0.02

The voltage on each desired point of the model can be measured by an appropri-
ately connected voltmeter using a metal stylus. The measured voltage (in milli-
volts) 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, lines of equal temperature, which represent a good
description of the temperature distribution (Fig. 8.6).

Pfoful =2086W

Pe= 1222W

216 2218 Figure 8.6 Results from the
Temperature on the flow channel surface [°C) electrical analogy model

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.

It is noticeable that the isotherms lie much closer together on the side toward 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 sur-
face. This indicates that the distance between the heating cartridges and the sur-
face of the channel can be reduced without causing a wavy temperature profile,
this being an important guide for setting the minimum distance between the heat-
ing cartridge and the flow channel.
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Figure 8.7 Results in a section perpendicular to the main flow direction: 1: heating cartridges
(240 °C), 2: convective heat transfer to the air (o« = 8 W/m?K), 3: flow channel (melt tempera-
ture 220 °C), 4: convective heat transfer to the melt (v = 75 W/m?K)

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 in-
stalled, 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.

Numerical Model

With the rapid developments in microelectronics during the last several decades,
modern high-performance computers are available at relatively affordable costs.
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 ele-
ments whereby the geometrical details can be considered very accurately.

Equation (8.14) is then solved for the entire region, completely considering all
thermal boundary conditions and interactions [40].

Figure 8.8 depicts the steady-state temperature distribution in the die that was
studied under identical boundary conditions as the electrical simulation shown in
Fig. 8.4. Here, the values of the heating power are computed by an automatic itera-
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tive 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).

Pfotul =1498W

Py = 6LOW ( 43%
Pp = B58W (57% ) H 3%

a =8wW/m’K € =025

I T T
2175 220,2 2181 221 2206

Temperature on the flow channel surface [°C]

Figure 8.8 Result of an FEM simulation (temperatures in °C)

The control of the heat delivered by the heater is here included in the simulation
by a simple P-type controller. The points marked with an asterisk are the positions
of the temperature sensors.

The heating loads determined in the above procedure are placed in the illustration;
they pertain to a die of 1 meter width (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 tempera-
ture 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 temper-
ature 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 %.

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, prac-
tically 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.
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Protal = 24:90W

Py=800W (33%)

Pp=1690W (67% )

a =8w/m?K e =075

2152 2197 216,5 221 2206

Temperature on the flow channel surface [°Cl]

Figure 8.9 Temperature distribution in a die with corroded surface (FEM) (temperatures in °C)

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 (with 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 com-
parison to Fig. 8.8 makes clear that the sum of the heating loads remains prac-
tically 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 as an inhomogeneous temperature distribution on the
surface of the flow channel.

These examples illustrate clearly that the temperature distribution along the sur-
face of the channel, starting with a melt temperature of 220 °C at the entrance
(right), increases slightly, reaches a minimum in the middle region of the die, and
finally (under the cartridge heater) reaches the maximum. Then, toward 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 (Section 8.2.2). A steadily increasing channel wall tempera-
ture 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. Figure 8.11 shows 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.

375




376 8 Heating of Extrusion Dies

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 temperature is caused by an unfavorable position of the left temperature sensor,
which obviously is located too far from the exit-region band heater.

Ptotal = 1546W

=1034W ( 67%} Py=512W(33%)

o= 8W/mZK €=0,25

pooxzz
~—_|

4 w 221\/
219

2171 222.8 2203

Temperature on the flow channel surface [°C]

Protal = 1859W

Pp=660W (355% }

Figure 8.10 Temperature
distribution with changed
position of the cartridge
heaters (FEM) (temperatures
in °C)

Pgy=54bW (29,5% )

o= 8W/mK €= 0,25

PBZ = 655W ( 35% ) A

22
227 221*)2 2
I T I I I

2278 21977 2201 2194 °C 220,36

Temperature on the flow channel surface [°Cl

227
224

221
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Figure 8.11 Temperature distribution with three heating element groups (FEM) (temperatures
in °C)

With the numerical simulation procedures discussed earlier, three-dimensional
computations are possible. However, a considerably increased time is required to
set up the model (generating the FE mesh, personnel time) and to perform the
computations, making 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.
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Symbols and Abbreviations

Area of the outer die surface that exchanges heat with the ambient air
Area of the inner die surface that exchanges heat with the melt
Die width

Specific heat capacity of the melt

Specific heat capacity of the die

Radiation coefficient of the blackbody

Die height

Electrical current

Conductivity ratio (thermal conductivity/electrical conductivity)
Length of the partial region i to be found

Length

Model scale

Die mass

Mass flow rate of the melt

Proportionality factor

Pressure

Inlet pressure

Outlet pressure

Heating power

Total heating power

Heating power of a heating tape

Nominal heating power of the die

Heating power of a heating cartridge

Heat flux

Heat flux removed from the die by convection (index A = air, M = melt)
Dissipated energy per unit time

Heat flux supplied to the die by the heating system (heating element)
Installed nominal heating power of the die

Heat flux entering the die with the melt

Heat flux leaving the die with the melt

Heat flux removed from the die by radiation

Electrical resistance

Series resistance

Time

Heat-up time of the die

Voltage

Source voltage of the model

377




378 8 Heating of Extrusion Dies

14 Volume flow rate of the melt

1% Velocity

o Heat transfer coefficient

N Heat transfer coefficient for the convective heat exchange between die
and ambient air

Qem Heat transfer coefficient for the convective heat exchange between die
and a melt

QRAD Heat transfer coefficient for radiation

y Shear rate

€ Emission coefficient

i Ratio of stress/temperature

i Degree of efficiency

J Temperature

I, Temperature of the ambient air

A Die temperature

Ay Increase of the die temperature during heat-up

da Temperature of the outer die surface in contact with the air

Jgi Temperature of the inner die surface in contact with the melt

I Temperature of the heating system

I Melt temperature

p Melt density

T Sher stress
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Mechanical Design
of Extrusion Dies

The mechanical design of extrusion dies, which involves calculation of the forces
and deformations arising during the operation of the die, is important for two
reasons: first, to ensure that the die will not be damaged during operation; second,
to see that the distribution channel, particularly in distributor (manifold) dies,
retains the geometry established by the rheological design during its operation.

The important applications of the mechanical design are

® the design of screw joints and sealing surfaces with respect to the internal pres-
sure,

® the design of wall thicknesses for a permissible deformation by the internal
pressure,

® and the design of systems for the 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 high-
est viscosity, at the lowest mass temperature 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-sized and large dies.

A universally valid method for the mechanical design of extrusion dies does not
exist. Different ways to proceed in the mechanical design of extrusion dies will be
demonstrated here on three different examples.
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B 9.1 Mechanical Design of a Breaker Plate

In the mechanical design, the pressure losses and the deformations resulting from
them have to be considered not only for the screen packs (Fig. 9.1(b)), but also for
the supporting breaker plate (Fig. 9.1(a)). The deflection of the screens f; results
from the pressure loss across the screen pack, and it must not exceed the mini-
mum 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 pres-
sure losses across the breaker plate itself must be taken into account.

Strength Calculations for the Breaker Plate

According to the 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
Ap-R*
fmax = p :
64N

(9.1)

For loads and fixing conditions different from the ones shown in Fig. 9.1, [2] pro-
vides additional formulas.

The stiffness of the plate is characterized by the following relationship:

ER®
N=—212% (9.2)
12(1-v?)
a) screen pack
// .
R
/ A
- NHHNiN IS HEHH N
AL N
D'=2R
/
breaker plate
bl Detail A

screen pack

/
S Figure 9.1 Symmetrically stressed
/ breaker plate circular plate with a perforated area [1]:
¢ / (a) f, = deflection of the breaker plate,
s 7 (b) f; = deflection of the screen pack




9.1 Mechanical Design of a Breaker Plate

In the above two relationships, Ap is the pressure difference across the breaker
plate and the screen pack, E is the modulus of elasticity, v is Poisson’s ratio, and «
is 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- TL with theholeradius R, =D, /2 (9.3)

The hole spacing t is equal to the distance between the holes in the plate. 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 a is 0.12; lower values are meaningless.

Figure 9.2 shows the comparison of experimental data from [2] and the ratio N/N,
as a function of « (the attenuation coefficient). A detailed analysis by structural
mechanics, published in [13], concluded that this formula does not provide repro-
ducible 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

07<<3 (9.4)

t

For the calculation of the thickness of the plate, the corresponding clamping condi-
tions 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 for-

mula:
0.5
-S
h=B,-D-| -2 ] . (9.5)
Q-0
p
1,0
0.8 /
0.6 o)
z| =2 o
5 04
0.2 o Test data according to /2/ —
0 0,2 0.4 0.6 08 1.0

0,
[

Figure 9.2 Flexural strength of plates with perforated area [2]
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In this relationship, the calculation coefficient B, represents different 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 in-
creased by 10%. Figure 9.3 gives suggestions for the choice of the calculation co-
efficient. Equation (9.5) also contains the attenuation coefficient o and the plate
diameter, which for the purpose of the calculation should be set to the mean dia-
meter of the seal (2R). The safety factor S usually lies between 1.5 and 1.8, and o,
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:

1. Pressure spikes Ap,,, which occur suddenly during the startup and which can
be double or triple that of the pressure difference during the steady-state opera-
tion (S, = 2 to 3).

2. The increase in pressure in front of the breaker plate due to plugging or obstruc-
tion of the supported screen pack. As recommended by [3], an additional pres-
sure loss Apg, = 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 usu-
ally changed. For safety reasons, this value should be multiplied by a factor of
1.2 to 2 before it is used for the calculation.

%
R R
R
R
R 7 INY
S ]
B, = 0,454 B,=0,40 B,=0,35 B,=0321

Figure 9.3 Coefficient B for circular plates with different types of clamping [1]

The pressure loss Ap to be used in Equation (9.4) is the maximum value from the
addition of all pressure drops across the screen pack and the breaker plate:

p=(S,Ap, +(Ap,, +Ap,)-S) with S, =2—3 and S=1.2—2.  (9.6)
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Determination of the Bending of the Screen

Screens or screen packs are supported mechanically against the differential pres-
sure 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 is 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 maxi-
mum permissible tension stress of the wire used in the screen. The geometrical
data required for further study are presented in Fig. 9.4.

=
_ E

Il N
e

Fill wire

Square mesh screen: w=w,=wg

Braided wire fabric: w= ——

Warp wire d = dg= d

Figure 9.4 Structure of screen and braid webs and designations [1]

The same procedure for calculating the breaker plate is applicable for the de-
flection of the screen part. 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 Ap; is obtained as follows:

PR 5+v
64Ny 1+v

Jnax = (9.7)

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

__Ehja
N = 12(1—;2) 9)
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with the attenuation coefficient for screens o, and the screen thickness hg; the
latter takes into consideration the crimping of the screen wire, corresponding to

B = dy |1+ (9.9)
S w . .
100 ;
TTE Ag= —%— (2w-dy)
02 A=1mm?
A0S
s 107 ’
. O Measured 0,02sw<20
> poinfs 0.01=dg=10
1072
107 1073 1072 107 109 10"

As

Figure 9.5 Attenuation coefficient o for the computations of screens [1]

The attenuation coefficient describes the ratio N/N,, of a plain flat plate of thickness
h, to the steel screen used. Figure 9.5 shows the dependence of the attenuation
coefficient o on the standardized proportion of the area of the wires in the screen:

As:dZS(ZW—dS) A=1mm’, (9.10)

where Ag 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 (see
dashed curve in Fig. 9.5):

o = 1072
ST 4075

A
Single screens are in practice not used; packs made up of three to five screens of
different mesh apertures are common. For the calculation of the deflection of these

screen packs, the sum of all stiffness values for single screens and the total
pressure drop Ap, ., are used in Equation (9.7).

(9.11)
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The stiffness of the pack, mentioned above, is calculated as follows:

n E n
NSI:;NSi:m;(h;.aSi) (9.12)

In order to avoid a blowout of the screens in the area of the borehole, the per-
missible stress has to be checked. After [4] the tensile stress for the wire used in
the screen is obtained from the following relationship:

o, 71

2
=7 fm—] . (9.13)
S

R,

This tensile stress has to meet the conditions o , > o\. The values of o, , are availa-
ble from individual tables. As an additional precaution against the wire break, the
safety factor S, can be increased, thus 1.2 <§, < 1.5.

The design of a breaker plate requires alternating mechanical and rheological con-
siderations because the number of boreholes and their diameter and the thickness
of the plate affect the pressure loss and thus the forces acting on it as well as the
mechanical strength.

B 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 m).

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
1, 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 chan-
nel. 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.)
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Spider legs Pressure in fthe die p

p = Const

/ /Sp/de/‘ leg (number n)

Figure 9.7 Forces acting in the flow channel of a center-fed die
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First of all, when determining the dimensions of large dies, it is necessary to check
if the gravitational force F, (own weight) has to be considered. (When there are no
guide pins or registered centerings in addition to the bolts, its own weight has to be
considered even for medium-sized dies when determining the size of the bolts.)
The 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.

Segment |
(a) Forces at the flow channel wall due to viscosity.

The shear stress 7, acts at the wall of the flow channel. For the pipe flow existing
here, it follows from Table 3.1 that

_App o _An

T, = w=—"R. (9.14)
2L g
with
E =71, A (A=2rRL) (9.15)

the following relationship holds:

F, =ApmR;. (9.16)

For Case 1: Ap,=0—F, =0.
(b) Opening up under internal pressure p;.

Segment I represents a circular, thick-walled hollow cylinder that is opened up by
the internal pressure by the amount f; given by the following general formula [7]:

R+ R
R’ — R’

PR,
=00 +ul. 9.17
== I (9.17)

where 1 is Poisson's number (Poisson’s ratio m = %) for steel: ;= 0.33 [6,8].

The maximum stresses occur at the interior wall, that is, at the flow channel. The
following equation holds for the biaxial state of stress to be set up there
(c 2 circumference, r £ radial ):

€ :l( C—Wr):i (9.18)

C E ]zl
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According to [7]:

R’ +R}
Cnar piRz—Rlz’ (9.19)
o, =D (9.20)

max

When selecting die dimensions, every effort should be made to keep f; below
0.05 mm.

In Case 1, p; is constant and can therefore be used directly for the determination
of the dimensions. If the pressure in the segment drops, as it does in Case 2, the
dimensions of the die should be selected so as to accommodate the maximum pres-
sure 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 (9.8)
(a) Viscous forces at the flow channel wall.

If the channel height Hy, is small when compared to R;y, the following equation can
be used according to Table 3.1:

—gH—M' —ApVH

EarY) woar, (9.21)
with Ay = ©t(R,y + Riy)Ly, it follows that F,y, and F,y; are given by
TAp
F‘ZVH ~ F‘ZVi = TWVAV = 2 = HV (Rav +Riv )' (9.22)

If, however, Hy is large in comparison to the radius of the annular slit, the following
equation has to be chosen according to Table 3.1:

R —K2(R
_ R Apjr|_1 k1 _a] (9.23)
2 L|(R) L 107
K
with k = R/R..

For myy; and Ty, ris set to equal R; and R,, respectively. Then F,y; and F,y, result.

(b) The opening up under internal pressure is calculated in a similar fashion as for
Segment I.
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Segment I : Flow through a pipe

|
' Ro RII.—]‘ | Pressure p
l Ik ! 1 i
| e |
i f ‘ - { Case
} e } Lol

! (ase
! *{' L l | [se@]

f; . Expansion

Segment X : Flow through an annular gap

Pressure p
| il L !
A | T |o/e
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] | : | l :
i il il I
i 1l [iE ]

Figure 9.8 Forces acting in a flow through a pipe and in a flow through an annular gap

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]:

oL R
a 2
_ r
Ce= P (9.24)
a 2
_ r
e (9.25)
R2
o = —p, (9.26)
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For the deformation, the following equations hold:
1

€ :E<O’c_'u(o'r+o-a))’ (9.27)
€, :%<Ur—,u(00+0'a)), (9.28)
£, :%(Ua—u(ac—i—ar)). (9.29)

If the mandrel has no inner borehole, then R; equals zero and consequently follows
o, = 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 deforma-
tion, p; max (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 Il (Fig. 9.10)
(a) 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
is proposed to replace this region by channel sections with parallel walls (tubular
or annular sections) and to calculate the shear stresses at the walls in these sec-
tions. 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 gives the respective total force due to the melt
viscosity at the inner and outer walls of the flow channel (Fzm =X F

m )’
Since pressure p is approximately constant for Case 1, finite forces are obtained
only for Case 2.

(b) Axial compressive forces.

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 1.

For Case 1, where p;; = constant, these forces can be determined easily by means
of the projected stress area.

For Area 1:

2 2
F =pym (R~ R). (9.30)

ay

For Area 2:

E, =R . (9.31)
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Segment I : Flow in a diverging annular gap
Approximation of
the geometry by
| means of pipe/ring
Ry shaped segments Pressure p
' Projected

channel

FPaa Fpm ; 2 ) surface

i ¥H

Area 21—"*?" \N \1\— ]

x
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For calculating £,

}—Rﬁ Pressure p
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77

Index 'E”: Melf inlet
Index A': Melf outlet

Figure 9.10 Forces acting in a flow through an annular gap with a changing mean diameter

In considering Case 2, it is necessary to differentiate between a nonlinear 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, p; being the pressure at the beginning and p, at the end of the segment
under consideration (see Fig. 9.10):

(9.32)

2 R*—R}
o= (R R (R (Ry ) e
E

R,

where R; and R, are the respective radii of the channel at the beginning and the
end of the segment.
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(c) Opening up under internal pressure.

The determination of dimensions can be carried out as for Segment I. The maxi-
mum 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 p;; 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 Il (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, which support the mandrel, is
particularly important in this region of the die. Figure 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:

F= e (9.33)

n

The case, illustrated by Fig. 9.11, 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. 9.11).

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. 9.11). However,
as a rule, the pressure drop in the mandrel support region is slight, so it can be
disregarded.

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. 9.11).

The moments of inertia required for the calculation are given in Fig. 9.12 [5,6] for
some cross-sectional shapes that can be used as an approximation of the cross
section of the spider legs.
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The strength should be checked in the stressed cross section of the spider leg at
the loads that occur. The hypothesis of the change in shape energy provides the
equivalent 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 ex-
pression can be used [6]:

O =No 377 <0, (9.34)
% g Z
| L Thickness b b1 4p=pe -Pa

m Pa

Bending : Force F

Pe

1 1 Fi3
_ __Fl
—_hifof-‘ or = 2E7 | | Mer T 2
P T
!
End freely displaceable
Shear: Force F
2, F _ F L G= E
-1, %r TG oA 2(u+1)
A | s £ A: Cross sectional area

m

ending: Pressure 4p

q A 3
.91 __4q!
——[—} oo " 24 €T | | Moar "3
o-}g"p
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Shear: Pressure 4p
/

v,

q _q-lf G- E
= %540"26 A " 20p+)
4 —— __;Sdp q:Apb

fotal = fo,.- + Vs + foAp + }’s;!

Figure 9.11 Deformation of the spider leg (equations from [5,6,8])

For the bending stress o, the following relationship holds:

XM, M,y +MbAp
Ub = meax = W = W
X X

(9.35)
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and for the shear stress:

YE F+Apbl
T =T ey = —Al == (9.36)
For My, My, A, and Wy see Figs. 9.11 and 9.12.
Moment of Section Area
3% inertia modulus
_y_mD4 w _mxD?3 _mD?
Circle : D x L 'Iy"g_A We=W, = 32 A= 'Iz,—
=X 53 =T 42
Ellipse: Lo Ws70% g
(=% ab’) (W, =T ab?
. - réymo
Double circutar x =7 '180 A=r?f 1%% -sina
segment: 4sina | sin2g,
3 )
1 = bh? w =bh?
Rectangle oor 7 6 A = bh
- 1 = hb® w = hb?
L4 12 Y 6

Figure 9.12 Determining the dimensions of spider legs (moments of inertia, section moduli,
areas [5,6])

If the allowable material strength is exceeded under the operating conditions cho-
sen (o, > 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 that must be absorbed by the bolts (their number being m) can be cal-
culated 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 [5,6].

Furthermore, the sealing surfaces between the individual segments must be tested
for surface pressure and attention paid to screw pretension. This pretension 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 pro-
cedure similar to that in this chapter was chosen in [9,10] to design a servo drive
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that adjusts the mandrel in extrusion blow molding. In this calculation, efforts
were made to have equal and opposite viscous and compressive forces acting on
the adjustable mandrel. This can be achieved in only a few actual cases, however.

B 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. 5.32. The pressure distribution in the flow chan-
nel of this die, as calculated from the equations in Section 5.2.2 and in Chapter 3,
is shown in Fig. 5.28. As illustrated by Fig. 5.28, 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. 9.13.

\-Line of pressure central
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80 foemee
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Figure 9.13 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 die 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 that, when a heating cartridge is used, for example, a constant
temperature of the flow channel wall is ensured (see Chapter 8).

(a) Method of calculating die deformation (using pp,..)-
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398 9 Mechanical Design of Extrusion Dies

Only section A-A in Fig. 9.14 is considered for the determination of dimensions.
The maximum pressure in the flow channel p,,, (Fig. 9.13) should act on the area
A=B-1Ll

Section A-A \

— Bolt Equivalent figure for O
| Stressed, rigidly clamped

- ——] [T gzzg’ever
;7 i h Width B
1 4 [ Z
- — |
(see Fig. 914 for equations)
Section B-8 Equivalent figure for @
e Bolt | | Stressed cantilever beam,
[ ] | rigidly clamped on one side
£ i and guided on the other
17778y =
i | || fn
- -8__ T
=2 L—/ £

(see Fig. 9.1 for equations)

Figure 9.14 Determining the dimensions of flat slit dies

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. 9.15.
Because of the high load applied (p,,,y), the calculation already contains safety
factors. A similar method is chosen for the shear deformation (Fig. 9.15).

(b) Method of calculating die deformation (using F).

The center of gravity of the area under the pressure curve in Fig. 9.13 can be de-
termined graphically (the procedure is described in detail in [5,6]). The so-called
line of pressure concentration, in which a dummy force F;, (the total force on the
flow channel surface) is applied, can be drawn through this center of gravity. The
following equation applies (see Fig. 9.13):
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By =S K =ZpA. (9:37)
The individual forces F" can be determined by approximating the pressure curve
by a step function.

Section A-A
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Figure 9.15 Determining the dimensions of a flat slit die (considered as a cantilever beam)

(c) Method of calculating die deformations (superimposing deformations in sec-
tions A-A and B-B).

If a section is taken in the plane B-B of the slit die, as shown in Fig. 9.14, 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. 9.11. As
shown in [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.
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The equation below then applies:

1 1 1
— = + .
f f;otal A_A f;OtaleB

(9.38)

If the superimposition principle of Equation (9.38) 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 de-
formation at the orifice remains less than 0.05 mm.

(d) Selection of bolt sizes 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. 9.16). This
balancing calculation can be carried out in different sections similar to section A-A.
The force Fy, acting in the respective center of gravity [, must then be recalculated.
The analysis of the forces acting only in the middle region of the die assuming that
they exist over the whole width of the die offers a reliable approach to selecting the
size of the screws. The equations in Fig. 9.16 illustrate that the bolts should lie as
close to the flow channel as possible. In addition, the distance between the flow chan-
nel and the rear edge of the die should be chosen to be relatively large.

n Bolfs
A %%
F;p /r& Fbalt
W:{ 1% =
92
2
7
-Q——[sp [k
Lport
[S
n ',—;alf'!bolf = Esp g
F = Fsg '{s
bolt
N port
E . = Fop llsp* ). Figure 9.16 Calculating bolt forces

bolt N Lot for a flat slit die
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B 9.4 General Design Rules

Some basic principles must be considered in the design and configuration of ex-
trusion dies. These are emphasized again here, independent of the comments in
Chapters 3 through 8.

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 time 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 degrade there. The number of joints should therefore always be
kept as few as possible [16]. These joints should be placed in advantageous cross
sections [15] 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 ensure a uniform distribution of sealing forces over the en-
tire 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 station-
ary part of the die. Soft metal (like aluminum) and temperature-resistant plastics
(like 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, such as when centering a blown film die.

® The dimensions of the die body must be adequate for keeping pressure deforma-
tions 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 and
temperature probes, these holes must be taken into consideration [18].

® The thermal expansion must be taken into consideration when individual parts
of the die have different temperatures.
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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, which thus are zones in which the residence
time of the melt is long because of the low flow velocity, generally lead to degra-
dation 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 that are short in the axial
direction and that more or less fulfill this principle directly.

® Flow lines always lead to lower quality of 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).

® Depending on the semifinished product produced and on the material processed,
a parallel die land should be provided so that reversible deformations in the melt
can relax 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 pm
[18]. The chrome plating reduces the tendency of the melt to adhere to the sur-
face of the flow 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. Mate-
rials, such as polyesters and polyamides, which exert high tension on 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].

B 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)



9.5 Materials for Extrusion Dies

® 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)

® Respond adequately to a simple heat treatment

® Have minimum tendency to distortion and change in dimensions during heat
treatment

® Are resistant to (corrosive) chemical attack

m Offer possibilities for surface treatment (e.g., chromium plating, nitriding)

® Have a good thermal conductivity

® Are stress-free

These requirements are not specific to extrusion and are mentioned in the litera-
ture 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, corro-
sion, 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 impor-
tance for the selection of the material. Because of their brittleness, fully hard-
ened 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 1500 N/mm? [22]; however, the
most advantageous machining conditions exist at strengths of 600-800 N/mm?2.

® What heat treatment is required and does it tend to cause distortions or dimen-
sional changes?

Besides the occasional few nonferrous materials, the following steels are used for
the manufacture of extrusion dies [20-22,24]:

® Case-hardened steels

® Nitrided steels

® 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 because
they are most likely to fulfill the necessary requirements. They are readily ma-
chined and, after case hardening or heat treatment, have a very wear-resistant hard
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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 mm), very wearresistant carbides being formed. The regions of the die that
are not to be hardened are covered during the process. The literature should be con-
sulted for information about the 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 nos. 1.2162 (21 MnCr 5), 1.274 (X19
NiCrMo 4), 1.2341 (X 6 CrMo 4).

Nitrided Steels

Nitrided steels are steels whose alloying additives—chromium, aluminum, molyb-
denum, 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 sur-
face 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 that 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 with-
out 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 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 nos. 1.2852 (33
AICrMo 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].
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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 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 nos. 1.2344 (X 40 CrMoV 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), and 1.2842 (90 MnCrV 8). Additional particulars can be found in
[22].

Quenched and Tempered Steels

Quenched and tempered steels, which are used as supplied, are employed when-
ever there is the possibility that a heat treatment will result in distortion and
dimensional changes, such as 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 nos. 1.2312 (40
CrMnMoS 86), 1.2347 (X CrMoVS 51), and 1.2711 (54 NiMoV 6). Additional par-
ticulars 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 plas-
tics processing and when it is not feasible, for technological reasons, to provide a
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, leading to 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 nos. 1.2083 (X 40 Cr13)
and 1.2316 (X 36 CrMo17).
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In addition to the nitriding, the following methods are used to increase the corro-
sion 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 the melt adheres only to a slight extent and that 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 off. 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 advantage [19,28]. However, it appears to be a problem that some lead sta-
bilizers 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 (ap-
prox. 1 mm), and several layers can be superimposed on each other. Repairs to dies
can also be made using the hard-facing 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 pm) 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 appropri-
ate, wearresistant material, for example, 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 that 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
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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 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

A Area of cross section

Ag  Normalized share of the wire surface

B,  Calculation coefficient

b Width

D Diameter

dg Diameter of the warp wires of a screen pack
dg Diameter of the weft wire of a screen pack
E Elasticity modulus

F Force

F, Pressure force

F,oi  Bolt force

Fy,  Substitute force (force that acts in the pressure area center)

F, Viscous force

f Deflection

JSmax  Maximum deflection
Deflection of the breaker plate
Deflection of the screens

Channel height
Height
hg Height of a screen pack

o
fs
G Shear modulus
H
h

Moment of inertia

Ratio of inner and outer radius of an annular gap
Length

Half-width of the outlet of a flat slit die

~ o~ X~
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Ik Distance of the manifold to the rear edge of the die
Lo Distance of the bolt to the rear edge of the die
[ Distance of the pressure area center to the manifold
M,  Bending moment
m Number (of pieces)
N Stiffness of the plate
Ny  Stiffness of the screen pack
N,  Stiffness of the plate without holes
n Number (of pieces)
Pressure
Pa Outlet pressure
Pa Ambient pressure
Pe Inlet pressure
Ap  Pressure loss

Ap, Pressure loss in a breaker plate
Ap, Pressure loss in a screen

Ap,, Additional pressure loss in a screen
R Radius

R,  Radius at outlet

R Outer radius

R;  Radius at inlet

R, Radius of a hole

R Inner radius

r Radius

S Safety factor

S Safety factor of a breaker plate

Sq Safety factor of a screen

Initial depth of a spiral (= maximum depth of a spiral)
Hole spacing

Mesh width

Tm

t

w Resistance moment

w

« Attenuation coefficient

ag  Attenuation coefficient for the screen

€ Elongation
u Coefficient of transverse contraction (Poisson's ratio m = 1/ )
v Transverse contraction ratio

o,  Bending stress
o, Comparative stress
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oy Tensile stress

o Permissible bending stress
Tw  Shear stress at the wall
Abbreviations

DLC Diamond-like carbon

PA

Polyamide

PET Polyethyleneterepthalate
PTFE  Polytetrafluorethylene
pPVC Polyvinylchloride

TiN Titanium nitride
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Handling, Cleaning, and

In general, extrusion dies are expensive, high-precision parts of the extrusion line
that require, besides well thought out, careful handling, a frequently underesti-
mated 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 time as
possible.

Human errors, especially careless or wrong handling of the die during mainte-
nance 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 adjust-
ments of the orifice or the choker bar. Moreover, he must pay attention to sources
of error and to boundary conditions.

The operator must also realize the importance of good contact between the thermo-
couple 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 the 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 only 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, for example, from brass.

Maintaining Extrusion Dies
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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 films 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 elimi-
nate 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, which can considerably shorten the time
required for changing 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 [1,2], 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 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; how-
ever, 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 be unintentionally 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 (Kolene
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 oper-
ation, 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
causes 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 wastewater. In addition to the above, slow and gentle melt
removal is possible by a boiling solvent [3]. Spinnerets are often cleaned by ultra-
sound [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 opera-
tion should be followed by an extensive examination of the surface of the flow
channel, in which the chromium layer should be checked, especially when process-
ing 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 buildup 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 dur-
ing assembly, it is advisable to place a sheet of paper or a plastic film between
them [1].

During assembly, all bolts, bolt bearing surfaces, and threads must be provided
with a high-temperature grease, such as molybdenum or graphite, in order to en-
sure ease of turning during the operation of the die and when the die is disassem-
bled at some later 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 manu-
facturers as to the torque to be applied should be followed. Maintenance personnel
should also check that there is proper contact between the heaters or thermo-
couples and the die. Moreover, the thermocouples must be calibrated.
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It is recommended in [1] that the die be disassembled completely, cleaned, and
checked approximately every six months, and all parts of the die (screws, bolts,
cartridge heaters, electrical leads), which might malfunction, replaced. The time
interval for such maintenance, however, depends on the material being processed.
In some plants processing PVC, for example, the weekend after five 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 mini-
mum when changing over to a new product or when repairs to the die necessitate
disassembling it [1,2].
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Calibration of Pipes
and Profiles

For the extrusion of profiles, pipes, and similar semifinished 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 degree sufficient for transferring the
take-off forces and still maintaining the desired dimensions. The mean tempera-
ture T of the profile should drop below the solidification temperature (melting
point) T; 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].

Figure 11.1 Temperature profiles in the wall of a plastic pipe during extrusion [1],
1 Cutter (saw), 2 Take-up unit, 3 Water bath, 4 Calibrator (sizing), 5 Vacuum pump,
6 Die, 7 Extruder; T, Temperature of solidification

The calibration and cooling equipment, therefore, has the task of fixing the dimen-
sions of the extrudate and, consequently, it represents an integral part of an extru-
sion 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
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or more so-called calibrators, made predominantly from metal (brass, steel, alumi-
num). 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 sur-
face to the cooling medium.

In the wet calibration the heat from the melt is transferred at least partially, de-
pending 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 dry calibration. This normal force causes friction
forces during the draw of the extrudate through the calibrator, which 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 rela-
tively 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 subse-
quent 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 the reduction of friction and thermal
contact.

The reduction in the dimensions in the transverse direction (wall thickness, di-
mensions of the contour) is often prevented by a corresponding over-sizing in the
cooling section, thus obtaining a product with proper dimensions.
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Figure 11.2 Interdependencies in calibration

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, which is changing with the progressive cooling. Because 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 calibra-
tor until its internal stability is high enough to resist external stresses (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

® 35 intensively as possible.

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.
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B 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 re-
duced by springs or counterweights). Some profile stretching is unavoidable with
this method of sizing.
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Figure 11.3 Friction calibration [4,5], 7 Cooling water inlet, 2 Cooling water outlet

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 which, however, wear and
therefore must be frequently renewed [2,3]. With this, as with all other calibration
processes, the line speeds that 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
thickness 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
extrusion [4]. An open profile can be drawn only on one side of the friction calibra-
tion equipment. In order to avoid possible distortion of the profile, the side away
from the calibration is then cooled with air. Water cooling may possibly be too in-
tensive in this case [3].
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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-pro-
duced products, such as plastic pipes, which are standardized on the basis of the
outside diameter.

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 accom-
plished 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 sec-
tion by circulating water (see Fig. 11.4), by trickling water or by a water spray, with
the latter being used increasingly for large pipes.

419




420

11 Calibration of Pipes and Profiles

Figure 11.4 External calibration with compressed air (overpressure calibration) [6,7],
1 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, 70 Cooling water, 77 Calibration
(calibration die), 72 Heat separation, 73 Extrusion die

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 apply-
ing a 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 siz-
ing system is shown in Fig. 11.6 in which the profile is pulled through plates, be-
tween 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.
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Figure 11.5 External calibration with vacuum (closed vacuum with an air cooling channel).
1 Air cooling channel, 2 Water outlet, 3 Vacuum, 4 Vacuum calibration die, 5 Water inlet,
6 Profile die, 7 Water inlet, 8 Vacuum, 9 Water outlet, 70 Cooling air
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Figure 11.6 External calibration with vacuum plate sizing, Gatto system [12],
1 Cooling water inlet, 2 To vacuum pump, 3 Vacuum, 4 Cooling water outlet

Closed external sizing (Fig. 11.5) is used for hollow sections and small pipes. For
profiles, generally several sizing devices, in between which are cooling sections,
are arranged in series (e.g., window profiles, 3 calibration units, each approxi-
mately 400-450 mm long), the dimensions of the respective calibration units be-
ing 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 be-
tween 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 under-
draft may amount from 5 to 30 %) [2,3] and the desired profile contour, correspond-
ing 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].
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1st calibrator 2nd calibrator 3rd calibrator
68.3 68.35 68.4

Figure 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
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With complicated profiles, it is not always possible to apply a uniform vacuum over
the whole extent of the profile, so that the calibration is carried out much like fric-
tion calibration with more or less pronounced vacuum support. In order to prevent
jamming of the external profile fins, the grooves in which they are cooled and par-
tially 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].

Figure 11.8 shows the quite involved arrangement of cooling channels in calibra-
tion 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 sur-
faces are hard chrome-plated 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].
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Figure 11.8 Section through
‘ ] the sizing equipment for
window profiles [8], 7 Vacuum

l connection (lower part),

! 2 Vacuum channels, 3 Vacuum
connection (upper part),

\\1 4 Cooling channels, 5 Vacuum

slits

Figure 11.9 Calibration with a
cooling web, a) Construction of the
cross section of the die outlet,

b) Calibration with a cooling web
[4], 7 Upper half, 2 Lower half of
the calibrator, 3 Cooling web
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Figure 11.10 shows a calibration die, that has been built using standardized com-
ponents [11]. The upper part of such sizing equipment generally can be taken off
in order to make start-up easier. Figure 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 calibra-
tion, it is of the order of 4-5 m/min [5].

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 (approximately 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 environ-
ment 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 de-
creasing internal diameter, are arranged closely together. Once the extrudate has
solidified to a sufficient thickness, the axially displaceable plates are arranged in-
creasingly further apart. The plates may also be replaced by a perforated sizing
sleeve [2,3].

Figure 11.10 Vacuum calibration
die [11]
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Figure 11.11 Short calibrator with
water bath [11], 7 Water outlet,

f 21 2 Water inlet, 3 Short calibrator,
2 4 Water bath, 5 Vacuum, 6 Profile
7 extrusion die

In vacuum tank calibration, openings in the plates (arranged around the central
sizing borehole) improve the circulation of the cooling water, which leads to con-
siderably improved cooling [7,14].

The calibration equipment must be axially adjustable, in order to be able to pro-
duce the extremely important seal at the profile inlet for the two external sizing
processes mentioned here. The distance between the die and the calibration equip-
ment 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].

Pipes with external diameters up to 630 mm are already being produced [15] by a
modified plate sizing process with spray cooling between sets of plates under
vacuum [12].

11.1.4 Internal Calibration

As the name implies, internal sizing fixes the internal dimensions of extruded hol-
low 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
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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].

: / .\!\\\\ \\\\\

Figure 11.12 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 mate-
rial. 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 advantages of this method [19].
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11.1.6 Special Process with Movable 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). Cater-
pillar 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 pres-
sure) 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 a material with exceptionally good heat conduc-
tivity (e.g., copper-beryllium alloy) [3].

Figure 11.13 The manufacture of
corrugated pipes [4], 7 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.

B 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 deter-
mined by the extruder, but by the output of the calibration and cooling equipment,
which follows the extruder. The calibration and cooling equipment are 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
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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 semifinished 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 d; 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 pres-
sure in a cooling medium [21,22].

The forces acting on the extrudate can be divided as follows:

® [ongitudinal 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, and

® Transverse forces caused by pressure differences between the hollow chambers
(cavities) in the extrudate and its outside surface (in pressure and vacuum cali-
brations) 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:

E

friction F normal = M

(11.1)

w is the friction coefficient typical for the pair of the materials in question and
F,ormar the normal force between the surfaces.
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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.
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/ \ coefficients for different
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material combinations [21],
0 100 200 °C 300 7 Polyethylene, 2 PVC,
Temperature T medium hardness

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 dj; is determined or is given based on practical
knowledge, the length of the calibration die necessary to achieve it can be esti-
mated 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

or =— 9 a or (11.2)
ot ox| 0Ox
with a being the thermal diffusivity.
The resistance to the heat transfer at the cooled surface of the said body is
i =L o -1 (11.3)
0x |,_p

with the following assumptions:

= temperature independent material data (A, p, ¢,)
B constant geometry and size (no shrinkage)
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® constant boundary conditions («, Ty)
® 3 homogeneous distribution of the initial temperature (7T, everywhere at t = 0)
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Ty Figure 11.15 Model for the cooling of an
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X the time t;, 2 Resistance to heat transfer,

T Temperature, T,, Temperature of the melt at
v s the time ¢, = 0, 7 Temperature of the cooling
‘;// 2D.C, W medium, 7, Surface temperature, 7, Solidifica-
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The analytical solution to Equation (11.2) is given by [24]:

T(x,t)—T, 2si -4
()% _ SN0 0 gos|6 X ], (11.4)
T, —T; 6 +sindcosd
6 can be obtained by iteration from the following function
aD . m
§=——cot(6) with 0<é<— (11.5)
A 2
® The dimensional quotient in Equation (11.5)
oD _ p (11.6)
A

is the Biot Number, which can be interpreted as the ratio between the internal
(D/A) and external (1/«) resistance to the heat transfer.

® The dimensionless quotient in Equation (11.4)

-t At
A .1 (11.7)
D g-cp~D
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is the Fourier Number which can be interpreted as a dimensionless cooling time
® The dimensionless quotient in Equation (11.4)
T(x,t)—TI;

e O(x,t) (11.8)

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 (¢, = 0), T = Ty and
consequently, @ = 1, while for long cooling times, (T = Tj) approaches zero.

Setting the required degree of cooling of the solidified layer with

el

6. = 11.9
: 1 M TF ( )

as well as the required thickness of the solidified layer with
d; =D— x; (11.10)

known in advance, the Equation (11.4) can be solved (after Equation (11.5) is in-
serted) with respect to the dimensionless cooling time F; using Equations (11.6)
and (11.8):

6 +sin(6)-cos(é) | 1

F, =—n|6;- : (1.11)
2-sin(6)-cos[6D_dE] J
D
with
§ = Bi-cot(6) o<5g%. (11.12)

In [21-23], different procedures to simplify Equation (11.11) are introduced and
compared to each other. They are based on data derived from experience.

The procedure in [22] that 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 Foy can be obtained from the predetermined thickness of the solidi-
fied 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 extrudate, thus:

2

L, =r, 20, (11.13)
a
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Figure 11.16 Estimating the length of the calibration [21, 22], 7 Heating/cooling medium,
2 Calibrating sleeve, 3 Profile, 4 Solidified layer

For the sake of simplicity an ideal thermal contact between the extrudate and the
cooling medium was assumed here (Biot = <, § = 7/2)

The relationships between the wall thickness of the extrudate D, the thickness of
the solidified layer d, the relative cooling intensity Bi or ¢ described respectively
by Equation (11.10), and the required dimensionless cooling time Foy is useful [26]
for transferring characteristics of well designed cooling section to new cooling
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:

1. 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 resist-
ance.

2. The simplification by the assumption of constant material data appears to be
also critical due to a transformation of the material that occurs in the solidified
layer (particularly in semicrystalline polymers).

3. 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 proce-
dures which consider the typical two-dimensional geometry of both the extru-
date and the calibrator.
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11.2.2 Numerical Computational Model

The solution of Equation (11.2) can be determined numerically only when consid-
ering 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 there are
hardly heat transfer coefficients typical for a given configuration. This is particu-
larly true for the dry calibration, 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 con-
siderably 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.

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 pro-
cessing 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.

Figure 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 tempera-
ture 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).
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Figure 11.17 Heat transfer coefficients for different types of profile calibration lines [27]
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Figure 11.18 Computed course of temperature distribution in the wall of an extruded
PE-HD pipe (25 x 3) for different cooling conditions [23]
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Figure 11.19 Temperature distribution in a picture frame profile [27]

The same procedure is applied in [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 as shown
in Fig. 11.20.
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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). Figure 11.23 shows conclusively that the
effectiveness of the calibration line can be considerably improved by this measure.
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 of the cooling section is increased in a, against b, by
the length of the gaps, which is 38% here).

Figure 11.20 A profile and the
calibrator, 7 PVC, 2 Metal, 3 Extrudate,
4 Cooling channels, 5 Calibrator
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Figure 11.21 Temperature
distribution on the extrudate sur-
face for different cooling times in
a brass (M) and steel (S) calibrator

Temperature

Figure 11.22 Temperature-versus-
Extrudate Calibrators made of M: Brass time plot of a calibration line with an
S: Steel intermediate annealing

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.



11.2 Thermal Design of Calibration Lines

85 -
°C
£ 60
B
2
5
2
354
a)— I S t S 3 Figure 11.23 Temperature
H histogram with (a) and without
b) an intermediate annealing in
b)——-— - M N S S ( .
E 3 the above calibrator

These examples show how the cooling processes can be evaluated using theoretical
considerations with regard to their effectiveness while changing individual pro-
cessing parameters, the geometry, and type of construction used in the cooling
sections. The materials used can also be evaluated this way. With such a simula-
tion, 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. Addi-
tional 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 ele-
ments, which frequently occur in profile cross sections, and in which the heat
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transport cannot be described in one dimension, is described in [40-42]. This
method does that by bypassing the demanding numerical computational proce-
dures.

Such basic geometric elements for a typical profile geometry are shown in Fig.
11.24. These basic elements (L and T regions) often determine 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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Figure 11.24 Basic geometries of a typical profile cross
section, 7 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), 70 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:

® [-profile (cooled on both sides),

® corner of a box (cooled outside),

® corner of a groove (cooled inside).

In the L-region, in addition, there are the following three characteristic numbers
derived from the one-dimensional studies:

® relative cooling intensity (Biot Number, see also Equation (11.6))

® dimensionless cooling time (see also Equation (11.7))

® dimensionless temperature (see also Equation (11.8))

the following constant is added:

® the (dimensionless) thickness ratio D of both L-shanks.
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When computing the two-dimensional temperature distributions as a function of
time in the basic geometry for the different cases of cooling and different combina-
tions 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 suffi-
cient to know only the cooling behavior of the points in the geometry, which are
thermally the most sluggish ones. The numerically determined temperature pro-
file 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.

Figure 11.26 shows the result of such an investigation. Finally, with this procedure,
the temperature patterns in more complicated partial geometries can be deter-
mined equally quickly and under the same conditions as for a simple plate or a
pipe wall.

The critical points with regard to the assumed constancy of the thermal material
data and boundary conditions mentioned there are valid to the same extent when
applying this analogy model.
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Figure 11.26 Temperature of the thermally most sluggish point in an L-profile

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 in-
correct or inaccurately determined data, the resulting cooling times are equally
inaccurate. The measurement of the above data is difficult and costly, particularly
for semicrystalline thermoplastics, which exhibit a pronounced temperature de-
pendence of heat conductivity and thermal diffusivity in the region near their crys-
talline melting temperature T,

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 bound-
ary 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 men-
tioned 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].
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If the computations in this procedure are based on incorrect material data, the
resulting heat transfer coefficients will be critically affected [27,31].

B 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
m the texture of the solidified extrudate

The gloss of the surface is produced definitely in the first cooling phase. Polished,
dry entrance into the calibration line leads to a high gloss, while direct cooling by
liquids produces dull surfaces. Grooves are formed due to worn calibrations 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 due 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 load-
ing 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 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 semicrystalline 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].
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B 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; occasion-
ally 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 (chrome-plating 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 due to abrasive particles in
the cooling fluid.

B 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 cooled intensively (Fig. 11.27). In this
setup, 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.
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Figure 11.27 Extrusion of solid bars [3], 7 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

The flow channel in the shaping die moves the melt from a relatively small flow
diameter (independent of the geometry of the semifinished product [13]) under a
relatively steep aperture angle (up to 45 degrees) into the transition zone and
towards the cooling section. A solidified layer on the extrudate surface is formed,
which becomes increasingly thicker in the direction of extrusion. The inside of the
extrudate 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 to its tip is high enough
to prevent the formation of voids due to thermal shrinkage of the solidified poly-
mer [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 the 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 in-
stead 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 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 be-
hind the exit from the calibrator is the use of spring loaded shoe breaks (see also
friction calibration) with adjustable pressure onto the extrudate.

443




444 11 Calibration of Pipes and Profiles

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 that is 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 solidi-
fied 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].
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Figure 11.28 Computed shape of isothermal planes in a block profile,
1 Already solidified, 2 Still melted, 3 vj,;_o¢ = 0.03 m/min

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 extru-
date (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 atten-
tion to sufficient mechanical stability, particularly with regard to the location of

the cooling channels.
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Figure 11.29 Computed temperature-versus-time plot (histogram) of a block profile

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.

Symbols and Abbreviations

a Thermal diffusivity

Bi Biot number

Cp Specific heat capacity

D Thickness of the extrudate

dg Thickness of the solidified layer
Fiiciion  Friction force
F,

normal

Normal force
Fo Fourier number
Fog, Dimensionless cooling time

L Length of the cooling zone

q Heat flux density

t Time

T Temperature

T Temperature of solidification

T Temperature of the cooling medium
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T, Mass (melt) temperature
T, Surface temperature

Ty Ambient temperature

Vab Take-off speed

X Height coordinate

Xg Thickness of the melt layer
o Heat transfer coefficient

] Degree of chilling (quenching)
Og Degree of chilling (quenching) of the solidified layer
A Heat conductivity
Coefficient of friction
p Density
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A

analogy model, electrical 369
Arrhenius Law 22
axial symmetry 94

B

Bagley correction 31
boundary element method 140
breaker plate 175, 215, 382

c

cable coating 233
cable jacketing 337
calibration 415
calibration, external 419
calibration, internal 424
calibrator 416

capillary 26
coextrusion 114,121
constitutive equation 14
continuity equation 86, 95
convection 89, 367, 433
cooling line 415
corrugated pipe 426

D

deformation rate, representative 132
deformation, reversible 32,131, 342
density 39

design, mechanical 382

Index

design, thermal 362, 426

die conductance 53, 66

die, cooling 442

die, profile 118, 256, 339

die resistance 66

die swell 126,130, 141, 265, 342
die, wide slit 180, 326, 338, 398
die, with spiral distributor 138, 219
difference method, explicit 102
difference method, implicit 102
discretization 100

dissipation 4, 90, 329, 366

E

elongation, reversible 35
energy equation 88, 96
enthalpy, specific 43

entry pressure loss 31

evolution strategy 144,150
extrudate swelling 126, 130, 342

F

finite difference method 101, 140

finite element method 104, 140

fishtail manifold 190, 337

flow channel wall, adiabatic 366

flow channel wall, isothermal 331, 368
flow exponent 13, 333

flow functions 10

flow, in pipe 50

flow through an annular gap 60
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Index

flow, through slit 56
friction calibration 418
friction (cooling section) 416

H

Hagen-Poiseuille Model 53,138
heat capacity, specific 42

heat flow balance 90, 364
heating elements, electric 359
heating, with fluids 358
Herschel-Bulkley Model 17, 331

inlet pressure loss 175,177, 205, 339
internal stresses 441

isothermal flow 365

iterative design process 139

L
line speed 418

M

mandrel support 212, 236, 387
manifold 180, 337

master curve 21

material stagnation 314, 348
melt fracture 79

momentum balance 49, 87, 301
momentum equation 87, 95

N

nomograms 194

(0]

optimization methods 136
Ostwald-de Waele Model 12, 334

P

power law 12, 334
Prandtl-Eyring Model 14,193
pressure drop 141
pseudoplasticity 11
p-v-T diagram 39

Q
quality function 143

R

Rabinowitsch correction 28
radiation 367

relaxation 34

relaxation time 36

representative distance 29
residence time 58, 63,140, 198, 344
resistance network 138
retardation 133

roller head 325

rubber 326

S

scorch (incipient vulcanization) 325
screen pack 217

shear flow 10

shear rate 10, 70, 141

shear rate, representative 28, 73
shear stress 10, 52, 67

shear stress at the wall 67, 141
side-fed mandrel die 218
simulation methods 140

sinh law 14,193

sizing plate 420

slotted disk 340

stagnation 348

standard temperature 23
surface appearance 375, 422, 441



T

take-up force 416

technoform process 425

temperature peak 335

tensile stress 441

thermal diffusivity 43

time-temperature superposition
principle 21

Vv

velocity profile 18, 50, 52, 59, 71, 74, 77,
113, 138, 301, 335, 341, 346

Vinogradov Model 15

viscoelasticity 9, 32,126, 342

viscometric flow 118

viscosity 10

viscosity exponent 13, 333

Index

viscosity function, apparent 28
viscosity function, representative 28
viscosity function, true 28

volume, specific 39

W

wall slip 74, 331

water bath cooling 423

Weissenberg-Rabinowitsch correction
28

WLF equation 23, 37,114

Wortberg-Junk Model 38, 131

Y
yield stress 17, 330
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