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In the past, a number of textbooks and research monographs dealing with polymer
rheology and polymer processing have been published. In the books that dealt with
rheology, the authors, with a few exceptions, put emphasis on the continuum descrip-
tion of homogeneous polymeric fluids, while many industrially important polymeric
fluids are heterogeneous, multicomponent, and/or multiphase in nature. The continuum
theory, though very useful in many instances, cannot describe the effects of molecular
parameters on the rheological behavior of polymeric fluids. On the other hand, the
currently held molecular theory deals almost exclusively with homogenous polymeric
fluids, while there are many industrially important polymeric fluids (e.g., block copoly-
mers, liquid-crystalline polymers, and thermoplastic polyurethanes) that are composed
of more than one component exhibiting complex morphologies during flow.

In the books that dealt with polymer processing, most of the authors placed
emphasis on showing how to solve the equations of momentum and heat trans-
port during the flow of homogeneous thermoplastic polymers in a relatively simple
flow geometry. In industrial polymer processing operations, more often than not,
multicomponent and/or multiphase heterogeneous polymeric materials are used. Such
materials include microphase-separated block copolymers, liquid-crystalline polymers
having mesophase, immiscible polymer blends, highly filled polymers, organoclay
nanocomposites, and thermoplastic foams. Thus an understanding of the rheology of
homogeneous (neat) thermoplastic polymers is of little help to control various process-
ing operations of heterogeneous polymeric materials. For this, one must understand
the rheological behavior of each of those heterogeneous polymeric materials.

There is another very important class of polymeric materials, which are referred
to as thermosets. Such materials have been used for the past several decades for the
fabrication of various products. Processing of thermosets requires an understanding
of the rheological behavior during processing, during which low-molecular-weight
oligomers (e.g., unsaturated polyester, urethanes, epoxy resins) having the molecular
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weight of the order of a few thousands undergo chemical reactions ultimately giving
rise to cross-linked networks. Thus, a better understanding of chemorheology is vitally
important to control the processing of thermosets. There are some books that dealt with
the chemorheology of thermosets, or processing of some thermosets. But, very few,
if any, dealt with the processing of thermosets with chemorheology in a systematic
fashion. _

The preceding observations have motivated me to prepare this two-volume research
monograph. Volume 1 aims to present the recent developments in polymer rheology
placing emphasis on the rheological behavior of structured polymeric fluids. In so
doing, I first present the fundamental principles of the rheology of polymeric fluids:
(1) the kinematics and stresses of deformable bodies, (2) the continuum theory for
the viscoelasticity of flexible homogeneous polymeric liquids, (3) the molecular theory
for the viscoelasticity of flexible homogeneous polymeric liquids, and (4) experimental
methods for measurement of the rheological properties of polymeric liquids. The mate-
rials presented are intended to set a stage for the subsequent chapters by introducing the
basic concepts and principles of rheology, from both phenomenological and molecular
perspectives, of structurally simple flexible and homogeneous polymeric liquids.

Next, I present the rheological behavior of various polymeric materials. Since
there are so many polymeric materials, I had to make a conscious, though somewhat
arbitrary, decision on the selection of the polymeric materials to be covered in this
volume. Admittedly, the selection has been made on the basis of my research activities
during the past three decades, since I am quite familiar with the subjects covered.
Specifically, the various polymeric materials considered in Volume 1 range from
rheologically simple, flexible thermoplastic homopolymers to rheologically complex
polymeric materials including (1) block copolymers, (2) liquid-crystalline polymers,
(3) thermoplastic polyurethanes, (4) immiscible polymer blends, (5) particulate-filled
polymers, organoclay nanocomposites, and fiber-reinforced thermoplastic compos-
ites, (6) molten polymers with solubilized gaseous component. Also, chemorheology
is included in Volume 1.

Volume 2 aims to present the fundamental principles related to polymer process-
ing operations. In presenting the materials in this volume, again, the objective is
not to provide the recipes that necessarily guarantee better product quality. Rather,
I put emphasis on presenting fundamental approaches to effectively analyze process-
ing problems. Polymer processing operations require combined knowledge of polymer
rheology, polymer solution thermodynamics, mass transfer, heat transfer, and equip-
ment design. Specifically, in Volume 2, I present the fundamental aspects of several
processing operations (plasticating single-screw extrusion, wire-coating extrusion, fiber
spinning, tabular film blowing, injection molding, coextrusion, and foam extrusion) of
thermoplastic polymers and three processing operations (reaction injection molding,
pultrusion, and compression molding) of thermosets. In Volume 2, I have reused some
materials presented in Volume 1.

In the preparation of these volumes I have tried to present the fundamental concepts
and/or principles associated with the rheology and processing of the various polymeric
materials selected and I have tried to avoid presenting technological recipes. In so doing,
I'have pointed out an urgent need for further experimental and theoretical investigations.
I sincerely hope that the materials in this monograph will not only encourage further
experimental investigations but also stimulate future development of theory. I wish
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to point out that I have tried not to cite articles appearing in conference proceedings
and patents unless absolutely essential, because they did not go through rigorous peer
review processes.

Much of the material presented in this monograph is based on my research activities
with very capable graduate students at Polytechnic University from 1967 to 1992 and at
the University of Akron from 1993 to 2005. Without their participation and dedication
to the various research projects that I initiated, the completion of this monograph would
not have been possible. I would like to acknowledge with gratitude that Professor Jin
Kon Kim at Pohang University of Science and Technology in the Republic of Korea
read the draft of Chapters 4, 6, 7, and 8 of Volume 1 and made very valuable comments
and suggestions for improvement. Professor Ralph H. Colby at Pennsylvania State
University read the draft of Chapter 7 of Volume 1 and made helpful comments and
suggestions, for which I am very grateful. Professor Anthony J. McHugh at Lehigh
University read the draft of Chapter 6 of Volume 2 and made many useful comments,
for which I am very grateful. It is my special privilege to acknowledge wonderful
collaboration I had with Professor Takeji Hashimoto at Kyoto University in Japan for
the past 18 years on phase transitions and phase behavior of block copolymers. The
collaboration has enabled me to add luster to Chapter 8 of Volume 1. The collaboration
was very genuine and highly professional. Such a long collaboration was made possible
by mutual respect and admiration.

Chang Dae Han
The University of Akron
Akron, Ohio
June, 2006
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Remarks on Volume 2

This volume consists of two parts. Part I has ten chapters presenting fundamental
principles associated with the processing of thermoplastic polymers. A thermoplastic
polymer, when heated, is transformed into a liquid, which can then readily be trans-
ported through a shaping device (e.g., extrusion die or mold cavity), and then cooled
down to a solid, rendering specific mechanical/physical properties. Barring thermal
degradation and/or chemical reaction, a thermoplastic polymer can be regenerated by
heating and cooling repeatedly. Since the processing of thermoplastic polymers in the
molten state invariably involves flow, a successful processing operation requires a good
understanding of their rheological behavior, which we have discussed in Part II of Vol-
ume 1. Since there are so many different polymer processing operations practiced in
industry, I had to make a conscious, though somewhat arbitrary, decision on the selec-
tion of the polymer processing operations to be covered in this volume. Admittedly,
the selection has been made on the basis of my research activities during the past three
decades.

Specifically, Chapter 1 presents the flow of polymeric liquids in complex geome-
tries. In this chapter, we consider the flow of a viscoelastic fluid through a rectangular
channel, through a converging channel (entrance flow), and through a channel having
small side holes. Chapter 2 presents plasticating single-screw extrusion. This chapter
describes the principles associated with the design of screws for single-screw extruders.
Chapter 3 presents the morphology evolution in immiscible polymer blends during
compounding. Chapter 4 presents the compatibilization of two immiscible homopoly-
mers, in which the principles associated with the selection of a block copolymer to
compatibilize a pair of immiscible homopolymers are presented. Chapter 5 presents
wire coating extrusion, placing emphasis on the principles of die design. Chapter 6
presents fiber spinning, with a detailed discussion of high-speed melt spinning as
reported in the 1980s and 1990s. Chapter 7 presents tubular film blowing, in which
an analysis of tubular film blowing including extrudate swell region is discussed.

XVii
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Flow of Polymeric Liquid in
Complex Geometry

Introduction

The flow geometry encountered in many polymer processing operations of industrial
importance is often far more complex than that in cylindrical or slit dies. As will
be shown in the following chapters, the industry manufactures polymeric products
using very complex flow geometries. For instance, the fiber industry produces “shaped
fibers,” which have cross sections that are noncircular. What is most intriguing in the
production of shaped fibers is that a desired fiber shape is often produced by spinneret
holes whose cross-sectional shape is quite different from that of the final fiber produced.
Hence, an important question may be raised as to how one can determine, from a sound
theoretical basis, the cross-sectional shape of spinneret holes that will produce a fiber
with a desired cross-sectional shape. In extrusion and injection molding, a polymeric
liquid invariably passes through a large cross section before entering into a small cross
section, and such a flow is referred to as “entrance flow.” The entrance flow of polymeric
liquids, due to their viscoelastic nature, is quite different from that of Newtonian liquids.
Similarly, the flow behavior of viscoelastic polymeric liquids near the exit of a die,
commonly referred to as “exit flow,” is quite different from that of Newtonian liquids.
A better understanding of the unique characteristics of both entrance and exit flows of
viscoelastic polymeric fluids is essential for successful design of extrusion dies and
molds, as well as to solve difficult technical problems related to a particular processing
operation.

Before presenting specific polymer processing operations in following chapters,
in this chapter we consider the flow of polymeric liquids through complex geometry:
(1) fully developed flow through a rectangular channel with uniform channel depth;
(2) fully developed flow through a rectangular channel with a moving channel wall;
(3) flow through a rectangular channel with varying channel depth; (4) flow in the
entrance region of a rectangular die having constant cross section; (5) flow through

3
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a tapered die; (6) flow in the exit region of a cylindrical or slit die; (7) flow through a slit
die having side holes; and (8) flow through a coat-hanger die. These flow geometries
are encountered in many polymer processing operations. The primary objective of this
chapter is to present the unique flow characteristics of viscoelastic polymeric liquids
in complex geometries of practical industrial importance.

Flow through a Rectangular Channel

The flow of polymeric liquids through a rectangular channel having constant cross
section or varying cross section is much more complex than the flow through a capillary
or slit die considered in Chapter 5 of Volume 1. The complexity arises from both the
viscoelastic nature of polymeric fluids and the two-dimensional nature of a rectangular
channel. In this section, we present some unique features of flow of polymeric liquids
through a rectangular channel.

1.2.1  Flow Patterns in a Rectangular Channel

In the past, using perturbation methods, some investigators (Ericksen 1956; Green and
Rivlin 1956; Langlois and Rivlin 1963; Rivlin 1964; Wheeler and Wissler 1966) pre-
dicted transverse circulating (secondary) flow patterns in each of the four quadrants of
the rectangle, as schematically shown in Figure 1.1, when a viscoelastic fluid flows
through a rectangular channel. For instance, using the Rivlin—Ericksen constitutive
equation! (Rivlin and Ericksen 1964), Langlois and Rivlin (1963) found that it required
a fourth-order fluid to yield secondary flow, with the second-order fluid only affect-
ing the pressure field and the third-order fluid only distorting the normal Newtonian
velocity profile. To obtain a streamline pattern of secondary flow in a rectangular chan-
nel, one must solve all three components of the equations of motion, whereas in the
absence of secondary flow, only the axial component of the equations of motion must

Figure 1.1 Schematic showing secondary flow of viscoelastic fluids in a duct of rectangular
cross section.
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be solved. The usually complex form of the constitutive equations for viscoelastic flu-
ids complicates the solution of the equations of motion when secondary flow is to be
considered. Wheeler and Wissler (1966) solved the equations of motion numerically
for flow through a square duct by considering the Reiner—Rivlin constitutive equation
(Reiner 1945; Rivlin 1948), and obtained the streamlines for the secondary flow. They
found that the transverse components of velocity are about 1% of the axial component
of velocity when the Reynolds number is as large as 100, and that the axial velocity
profiles computed for a Reynolds number of 26.38 are virtually indistinguishable from
those computed when secondary flow was neglected. It should be mentioned that typi-
cal values of the Reynolds number in polymer melt flow, owing to very high viscosities,
lie below 0.001.

The experimental evidence is mixed. Some investigators (Giesekus 1965;
Semjonow 1965) report that secondary flows have been observed, and others (Han
1976; Wheeler and Wissler 1965) report that they have not seen evidence of secondary
flows. Figure 1.2 gives a micrograph of the cross section of an extrudate, which was
obtained in the flow of a blend of polypropylene (PP) and polystyrene (PS) through
a rectangular channel having an aspect ratio of 2. In this figure, the dark areas rep-
resent the PS phase and the bright areas represent the PP phase, obtained by etching
out the PS phase with the aid of xylene as solvent before the photograph was taken
using an optical microscope (Han 1976). Well-characterized rectilinear flow patterns
are observed in Figure 1.2, which is at variance with some of the theoretical predic-
tions depicted schematically in Figure 1.1. We can thus conclude that the occurrence
of secondary flow is not a general phenomenon that would occur in the flow of every
viscoelastic fluid in a rectangular channel. The apparent absence of secondary flow
patterns in the rectangular channel having an aspect ratio of 2, shown in Figure 1.2,
may be attributable to the extremely slow motion that is characteristic of polymer melt
flow having a very low Reynolds number (i.e., below 0.001). Figure 1.3 gives a micro-
graph of the cross section of an extrudate, which was obtained in the flow of a blend
of PP and PS through a rectangular channel having an aspect ratio of 6. It is of interest
to observe in this figure that the flow patterns are only rectilinear at the region that
corresponds to an aspect ratio of about 4, and different flow patterns set in at a region
near the edge of the long side of the cross section. At present, the physical origin of
the flow patterns given in Figure 1.3 is not clear.

Figure 1.2 Micrograph of the extrudate
cross section showing the flow patterns of
a blend of polypropylene (the bright areas)
and polystyrene (the dark areas) that was
extruded through a rectangular channel
having an aspect ratio of 2. (Reprinted
from Han, Rheology in Polymer
Processing, Chapter 6. Copyright © 1976,
with permission from Elsevier.)




