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Abstract. Polymer science and engineering is a truty multidisciplinary area. Polymersynthesis
in itself is important, but the role played by non-Newtonian fluid mechanics, rheology and the
important interactions of these in polymer processing are indeed very unique. An overview of
some of the recent and exciting developments in polymer engineering is presented which
outline dimensions for future research. The role of polymer engineering in modern polymer
development and absorption has been highlighted with special reference to Indian conditions.
Keywords. Polymer science; rheology; polymer engineering; non-Newtonian; polymer
processing.

1. Introduction
The world of polymers grew enormously after the modern era of polymer research
began in the thirties. The range of properties that these materials are capable of
attaining has been continuously extended, thus providing materials with higher
strength, better reinforcing capabilities and greater resistance to extreme thermal and
corrosive environment. A number of evolutionary developments in this field have
occurred ranging from impressive academic investigations revealing novel structural
possibilities to development of intelligent processing techniques leading to outstanding
material properties.
Polymer science and engineering encompasses the science of polymer synthesis, the
science of elucidation of molecular structure and physical properties and the
engineering aspects of processing into useful forms of these large molecules (macromolecules) each containing millions of atoms.
The extreme molecular size of polymers introduces a new realm of properties
depending upon the type and the number of monomeric units present. The possible
range of macromolecular structures varies enormously. When an external stress is
applied, the time scales involved for suitable molecular adjustments get broadened very
considerably. This leads to viscoelastic behaviour which has no parallel with ordinary
liquids. A given polymer can exist in a rubbery, glassy or a semi-crystalline state, thereby
offering a fascinating range of mechanical, thermal, optical or electrical properties.

2. Interdisciplinary nature of polymer science and engineering
Research in the field of polymers is truly interdisciplinary with major contributions
arising from chemistry, physics and several branches of engineering. In the case of bioNCL Communication No. 3233
* Presented at the Symposium on 'Polymer Science and Engineering' during the Annual Meeting of the
Academy, Nainital, October 1982,
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polymers, even biochemical sciences and molecular biology feature in a big way. The
role played by a variety of these branches can be readily appreciated when the question
of a new polymer material development is considered. Let us examine the traditional
approach to commercialization of a polymer (figure 1). A polymer with certain definite
end properties (e#. tensile strength, rigidity, thermal characteristics etc) is normally
desired. One can synthesize and evaluate the polymer on a small scale, undertake the
scale-up on a reasonable intermediate scale, evaluate the properties of the polymer so
formed and eventually commercialise it. This approach involves considerable iteration
on account of the empirical basis used for the development. Not only is the time spent in
developing the polymer large but also are the costs of development.
Figure 2 shows the preferred approach. The input indicated in the dotted block is a
scientific input, that defines the basic elements and which plays a vital role in making
and evaluating the polymer. One hopes that our understanding of the structureproperty relationship is such that for a desired product property, one is in a position to
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define the physical and molecular structure of the end product (with constituent
monomers, the spatial arrangements of the solid state etc). The reaction engineering
theory and the kinetic and transport information can then be used to develop a
mathematical model which would simulate the actual process of producing the polymer
in the cheapest and the most efficient possible way. It is only at this stage that one could
move from the laboratory scale synthesis to the pilot plant level. Reevaluation is done at
this stage. Because of the existing gap in the knowledge and our predictive abilities,
there will be a difference between the predicted structure and the observed structure.
The information is then fed back, a new strategy evolved and the iterations done until
the results are achieved.
The above approach is of course a dream. Neither is it really possible to follow this
ideal model, nor is any commercial polymer manufactured by strictly following this
model. However, strengthening our scientific understanding not only implies a
considerable saving of time but also points to the possibility of arriving at polymeric
materials with exceptional properties.
Polymer science and engineering as a separate discipline has grown around the
world, the basic elements of which are highlighted below: (i) polymer synthesis and
characterization; (ii) structure-property relationship; (iii) polymer reaction engineering; (iv) polymer rheology; (v) polymer processing.
Our own efforts in India in this vital field have been quite inadequate, barring those
perhaps in polymer synthesis and characterisation. Even in polymer synthesis, the
attention has been focussed on mere academic investigations with a view to examine the
potential structural possibilities with practically no accent on innovative technology
development. We will try and project the current advances in this field and show as to
what factors have been responsible for the development of a polymeric material.
As regards the aspects of polymer reaction engineering, the specific subject of
polycondensation reactor simulation has been covered by Gupta (1983). Polymer reaction
engineering is indeed a vast subject. We shall, however, not focus on this vital area
presently. In this paper attention has been focussed more on the aspects of polymer
rheology and polymer processing and their role in the overall field of polymer science
and engineering is indicated. At the end, however, a case for a total approach is
presented which combines the elements of polymer reaction engineering, rheology and
processing in technology assimilation and absorption.

3.

Polymer rheology: some striking observations

Many industrial polymers do not normally exhibit behaviour which is encountered
while handling Newtonian fluids such as air, water etc. In fact there are dramatic
differences in the behaviour which reflect rather strongly on the rheological
peculiarities of polymeric materials. The following simple examples will illustrate this
aspect.
Figure 3 shows two situations. In the first instance a Newtonian material (say, water)
is placed in a container and an attempt is made to suck water through the tube. So long
as the tube is dipped in water it can be sucked away but the column of water is broken as
soon as the tube is moved away from the free surface. In the second case a polymer
solution (say 0-5 % solution of polyacrylamide in water) is subjected to the same test.
One finds that even when the tube is moved from the free surface a large column is
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Figure 3. Experiments demonstrating spinnability property of a polymer solution--the
'reverse syphon' demonstration.
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Figure 4. Experiments demonstrating Weissenberg effect.

sustained against gravity. Of course if the tube is moved far away from the reservoir to a
sufficiently long distance the column of solution will break. This simple experiment
demonstrates the property of elasticity of polymeric fluids and is of paramount
importance since this property imparts the property of spinnability to polymeric melts,
thus helping in the process of formation of synthetic fibres.
Figure 4 shows another striking example. In the first instance a fluid (such as water) is
placed in a container and the agitator rotated. The fluid gets thrown away due to the
centrifugal action as is to be commonly expected. On the other hand when the
experiment is repeated with the same polymer solution as in figure 3 we find that the
fluid is pulled in. This effect (the so-called Weissenberg effect) is attributed again to the
elastic property of the material. If the mass of long chain polymer molecules could be
imagined as a bundle of rubber bands then it could easily be understood that when they
are stretched radially due to the centrifugal action, there is a restoring elastic force
which tends to pull the fluid inside. This interesting phenomenon has a major
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consequence in determining the hydrodynamics in stirred vessels, where polymer
materials are agitated. The flow patterns developed become quite complex (see Kelkar
et al 1972) and normal considerations of Newtonian hydrodynamics simply fail.
An interesting phenomenon is seen (figure 5) while examining the influence of the
addition of a small amount of polymer (few parts per million) on the frictional
characteristics of a turbulently flowing fluid under a variety of internal and external
flow situations. A reduced friction factor (normalised with respect to that for the solvent)
is plotted against a Deborah number (which is a particular combination of a suitably
defined relaxation time for the fluid and the process time scale). It is possible to obtain
reductions in the frictional loss sometimes by factor of five. This remarkable
phenomenon occurs due to the unusual property that the polymer molecules
experience a large resistance to deformation, when they are stretched on a time scale
which is of the same order as their natural characteristic time scale. A conservative
energy dissipative mechanism is brought in while stretching the fluids under such
conditions. This phenomenon has tremendous pragmatic implications and is now
commercially used. For instance, introduction of the drag reducing polymers in trace
quantities in the transport of oil through crude pipelines can save millions of rupees
towards construction of new pipelines.
The contrast in behaviour observed when a water like fluid emerges from the
capillary (a) as against a polymer melt (b) is shown in figure 6. In the latter case, the
diameter of the extrudate is considerably larger as compared to the diameter of the
capillary from which it emerges. No such phenomenon is observed for water. This
phenomenon of 'die swell' is most probably due to the normal stress relaxation and has
an important repercussion as far as polymer processing is concerned. For example, in
order to extrude a polymer with a square cross-section, the die used must have a crosssection that looks like a square with its sides bowed in.
The above observations imply that a broad distinction should be made between the
ordinary fluids that are met within practice and the polymeric fluids, which are invariably
'viscoelastic' in that they exhibit a combination of properties of viscous fluids and
elastic solids. A clear strategy has then to be worked out to examine the flow behaviour
of such fluids. In the following sections we shall describe some preliminary considerations to highlight some of the key concepts.
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Figure 5. Turbulent drag reduction phenomenon demonstrating how addition of a few
parts per million of certain polymers reduce the frictional losses in a conduit.
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The science of rheology

In polymer-processing operations, the flow patterns are quite complex. The flow is twoor three-dimensional, is unsteady in either time or space or both and is invariably nonisothermal. Rheology deals with deformation and flow of materials or more specifically
it establishes the relationship between the histories of stress and strain rate of materials.
Rheological measurements are done in simple flow situations. An appropriate linkage
needs to be established between rheology and processing conditions. To understand the
techniques of rheology, it is important to study the flow classification and rheometric
techniques.
The concept of stress as introduced in fluid mechanics is familiar to everyone. While
developing the formal language of rheology, it is important to ensure independence
from a particular coordinate frame and therefore tensors are used for defining stresses,
strain rates etc. In a three-dimensional system the nine components of the stress tensor
can be represented as
"[=

~gll

l"12

T21

"C22 "C23 .

Y

"~13

1

(1)

The off-diagonal components (such as z 12) represent shear stresses and the diagonal
components (such as z11) represent normal stresses. The normal stress can be
determined only within an isotropic term pI known as pressure. The stress tensor is
symmetric i.e. zij = zii which means that the unknown stress components are reduced
to six.
One encounters certain difficulties while defining deformation or strain due to a lack
of natural reference state. This is circumvented by having a formal presentation in terms
of a Finger tensor or a Cauchy tensor. The knowledge of the rate of strain which refers
to change of velocity between two points with position is also needed.
The deformation is described by the rate of deformation tensor, A, which in
Cartesian components simplifies to
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(2)
where u represents the velocity vector.

4.1 Flow classification
Two flow fields of considerable importance in processing are (i) simple shear flow and
(ii) extensional flow. Figure 7 shows a simple shear flow where the fluid is placed
between two infinite plates and the top plate moved at a constant velocity U. The fluid is
sheared between two plates separated by a distance h. Flows of this type have a rate of
deformation tensor with only two non-zero components which are given by
A = ~,

o

(3)

ool
Here ~)is the shear rate, given by 7 = U/h. The three material functions, which emerge in
such flows are the shear viscosity q defined as
q = ~12/9,

(4)

a primary normal stress coefficient (i/Sl2) defined as
~'12 = ~ x - ~ 2 2 / ~ 2,

(5)

and a secondary normal stress coefficient (~b23) defined as
423 = ~22 - T33/~)2.

(6)

The second important class of flows is the extensional type. This is generated
whenever the velocity I/1 varies in the direction of motion X1. The extension of a rod of
a polymeric fluid, which is viscous enough to be coherent is shown in figure 8. In pure
uniaxial elongational flow, the velocity V~ changes only as a function of X~ and the
resulting rate of deformation tensor with only diagonal non-zero components is then
given as
tL = r

E~
- 1

(7)
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Figure 7. Simple shear flow,
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Figure 8o Extensional flow demonstrated by the fluid rod pulling experiment.

where F is the strain rate, which reduces to F = d 1/'1/dX~. Although there are some
subtle conceptual difficulties, the elongational viscosity It/el can be defined under
steady state conditions as
rle = Tll -- Tzz/F.

(8)

The elongational flow occurs very often in polymer processing operations. Fibre
spinning is a typical example, where a molten polymer thread is pulled, cooled and
subsequently drawn in the solid state.
The materi~l functions described in equations (4)-(6) provide us with important
information. A number of techniques to measure such functions have been developed in
the past. Some of the typical viscometric devices which produce simple shear flow are
shown in figure 9. Shear viscometry is an exceedingly well-developed subject and
appropriately measured based on commercially available instruments.
Elongational viscosity is more difficult to measure since measurements need to be
made in uniaxial, biaxial and in general extension. For high viscosity materials a typical
system is used (figure 10). Newer concepts involving converging flows (Cogswell 1978)
and flows with lubricating wall layers (Everage and Ballman 1978) are also emerging.
Since steady state flow regions are difficult to reach in extensional measurements, it is
normally difficult to interpret the data.
For low viscosity systems, a number of techniques such as bubble collapse method
(Pearson and Middleman 1977) and triple jet techniques (Bragg and Oliver 1973) are
proposed and have indeed been used to a limited extent. Most such techniques again
produce serious difficulties in achieving actual steady states, and data interpretation
becomes difficult.
4.2

Simple shear f l o w

The typical behaviour of a polymeric solution in simple shear flow is shown in figure 11.
The normal stresses assume a magnitude which is quite significant in relation to shear
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Figure 10. Some typical extensional flows used for extensional viscosity measurements in
high viscosity systems.
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Figure 12. Typical viscometricdata for linear low density polyethylene[LLDPE]melt.
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stresses. Figure 12 shows the viscosity and the normal stress data for a LLDPEmelt (Saini
and Shenoy 1983) while the shear viscosity remains reasonably constant at low
shear rates (approach to a Newtonian behaviour), there is a reduction in viscosity as the
shear rate increases causing apparent shear thinning.
The extensional viscosity behaviour of a typical polymer melt shown in figure 13 is by
no means universal, and t h e general behaviour could be different depending on the
material and the 'strength' of the flow.
4.3

Fluid classification and modellin#

Polymeric fluids respond to a transient deformation depending upon the characteristic
time-scale for the fluid, say, a relaxation time. For fluids, such as water, these time scales
are of the order of 10-,3 sec whereas for high molecular weight polymers the time
constants could range from seconds to minutes and sometimes even to hours. A
formalization of the fluid classification (Pipkin 1972) is shown in figure 14. Here the
Deborah number refers to a ratio of the characteristic time of the fluid to that of the
process, the latter will obviously depend upon the specific process condition.
Depending upon the region of operation the material response can differ dramatically.
The concepts of fluid and solid, therefore, become rather relative. When labelling a
material as a fluid or a solid the Deborah number and the magnitude of strain need to be
defined carefully. This can be illustrated with a simple example. A silicone putty left on
the table will flow as a fluid if sufficient time is allowed. Here the flow occurs as if it was a
viscous fluid (low strain, low Deborah number). On the other hand the same silicone
putty can be bounced on the table, when the material behaves as an elastic solid (high
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Figure 13. Typical elongational viscosity [r/e(r)] data for low density polyethylene as
compared to shear viscosity [q(F)] data.
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strain, high Deborah number due to short "process" (bouncing) time experiment).
The objective of rheological science is to be able to predict the flow behaviour and
correlate it so that it becomes useful in analysing processing operations. Three
approaches are possible: (i) phenomenological approach that uses continuum framework leading to constitutive models; (ii) molecular theory approach; and (iii) a hybrid
approach.
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4.4

Phenomenologicalapproach

One of the important advances in this direction was the development of the concept of a
'simple fluid'. Four major principles were used by Noll (1958) to define a simple fluid.
These include the determinism of stress, local action, non-existence of a natural state
and a fading memory. Each of these principles implies a rigorous mathematical
formalism (which will not be discussed here) implying a certain physical picture. For
instance, the principle of fading memory requires that present evefits are weighted most
in the determination of stress and that events occurring in the far distant past are given
the least weightage. The general mathematical description of a simple fluid requires that
the stress is some functional over the past history of deformation as represented by:
z = Hi = o ~ (strain)

(9)

Limiting cases of (9) can be derived leading to meaningful modelling of real fluid
behaviour. For instance, if the motion is slow (in the sense that the changes in
deformation occur slower than some natural time scale for the fluid) then the simple
fluid reduces to the fluid of grade n,
N

tr = - p l + x

= ~ or.,

(10)

n=O

where a is the total stress and x is the deviatoric stress. For a fluid of grade 2, we get
= ~qA C1~+ ~t2(A~l))2 +~taA t2).

(11)

Here A tl~ and A t2) are the Rivlin-Erickson deformation rate tensors and cq, at2 and a a
are material parameters.
Such a fluid demonstrates a constant shear viscosity as given by:
'7(~) = ~ ,

and demonstrates the effect of fluid elasticity through a non-zero normal stress
difference in shear flow given by:
~12 = - 2ct3,

(12)

~b23 = (20t3 + ct2).

(13)

While such a 'slow flow' approximation is useful, transient behaviour is not readily
predicted. Green and Tobolsky (1946) developed integral expansions which were later
formalised in a single integral form by Lodge (1968) as a rubber-like liquid. This
development led to

z = ( N(t-t')C-t(t,t')dt ',

(14)

-oo

where Nit - t'] is the memory function for the fading memory and C - 1 is the Finger
stress tensor. The memory function could be expressed either in a discrete form

N ( t - t ' ) : ~ G"exp
n=l

tn

-~t')

(15)
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or a continuous form
t')

din`1

(16)

--oO

where ,l is the characteristic time for the fluid and//(`1) represents a relaxation time
spectrum.
The rubber-like fluid with minor modifications is helpful in developing several
constitutive relations. The memory function can be modified so that it becomes a
function of the state of deformation and leads naturally to non-linear viscoelastic
response. The rubber-like liquid is qualitatively correct at slow deformation rates and
the extension of Lodge's concept by changing the memory function provides a basis for
improving the constitutive relationship and enables the prediction of practically
observable nonlinear viscoelastic response. The efforts in the past to achieve this goal
could be classified into modelling ~vith: (i)rate-dependent memory leg. (13)]
(ii) strain-dependent memory [eg. (14)] (iii) stress-dependent memory [eg. (15)].
The first models of viscoelasticity derived their origin from mechanical analogues
and were expressed in the form of rate equations. The Maxwell model formulation, for
instance, naturally results as a superimposition of an elastic response over a Newtonian
one as given by:
+ 2r = ~/A,

(17)

where ~ is some properly-defined tensor derivative of stress such as the Jaumann or corotational derivative (see Bird et al 1977a).
The continuum mechanics models described are able to describe most of the
rheological functions of polymers. There are two difficulties. First, the elegant theories
do not explain the experimental observations in terms of molecular motion and chain
deformation on the molecular scale. Indeed, the nonlinear parameters in most of these
models are not related a priori to the molecular structure of the fluids. Furthermore, the
models do not explicitly incorporate the effect of parameters such as concentration,
molecular weight, molecular weight distribution etc. Therefore, in some cases, the
model parameters have been determined by fitting several different kinds of experimental data. Invariably, the goodness of the model is judged by obtaining parameters in one
class of flows and examining the utility in another class of flows. For instance, one may
determine the response in shear flow, obtain the material parameters and examine their
possible use in depicting another flow such as an extensional flow. The work by
Agarwal et al (1977) provides a good example to such an approach.
Perhaps the greatest utility of all the models based on continuum mechanics is in
solving boundary value problems of interest to engineers. Obtaining such solutions
pose many non-trivial problems some of which have been discussed by Mashelkar
(1980). In general, the difficulties arise due to the nonlinear nature of the constitutive
equations. However, a more formidable conceptual difficultyarises due to the fact that
there is no unique constitutive equation which can describe the fluid response equally
well in all forms of fluid motion. For instance, a motion, which is dominated by shear
flow may be described well by a particular constitutive model, whereas the same model
may fail miserably when the response is dominated by extensional deformation. Thus,
in non-Newtonian fluid mechanics, one is faced with a peculiar problem in that one has
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to anticipate the flow field (or atleast the dominant mode of deformation in the flow
field) so that a suitable constitutive equation could be chosen. Such problems do not
arise in Newtonian fluid mechanics.
4.5

Molecular theories

A need for better understanding of the relationship between molecular parameters and
rheological properties has been a major motivation for important progress in
molecular theories. To understand the approach, the classical kinetic theory of dilute
monoatomic gases is briefly summarised. Here, the molecules are modelled as mass
points which could interact with each other according to some law such as the LennardJones potential. The gas could then be visualised as in figure 15, where the mass points
move about and occasionallycollide with each other. An explanation for the viscosity of
such a monoatomic gas is then obtained in terms of the intermolecular force parameters
appearing in the force law.
When developing the kinetic theory of the polymeric liquids, the steps used are in
principle analogous to those described above in that it involves the modelling of the
molecules, modelling the fluid, developing an expression for the distribution function
and then obtaining an expression for the stress tensor.
If we restrict ourselves to chain-like macromolecules with no branching, then the
pearl necklace model of Kramers (1944) is a simple but reasonable model in that the
molecule is represented as a freely-jointed chain made up of a number of mass points of
a specified mass or are connected linearly by rigid rods of specified lengths. A dilute
polymer solution can then be depicted as in figure 15. A mixture of these chains
corresponding to the solute molecules and a number of point masses corresponding to
the solvent molecules is seen. One can generally consider the motion of a single polymer
molecule moving about in the sea of solvent. Since the concentration of the polymer
molecules is very small, the polymer molecule collision occurs rather rarely. The
individual polymer molecules can thus go through all the possible configurations.
Various models or mechanical analogs have been used by workers in the field to
simulate the behaviour of macromolecules. These essentially involve modelling of a
macromolecule as a collection of mass points ('beads') joined by springs, rods or
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dashpots. Such models display some of the gross features of true macromolecules such
as internal modes of motion, finite extensibility, stretchability, orientability etc.
Furthermore, taking recourse to such mechanical models enables one to work his way
through statistical mechanics and obtain quantitative information on the nonlinear
rheotogical phenomena.
The kinetic theory calculations essentially consist of two steps. The first is the
development of an expression for the stress tensor, which involves some kind of
statistical average with respect to a configurational distribution function and the
second involves the derivation of a differential equation (often called 'the diffusion
equation'). The solution gives the configurational distribution function for the flow
field being considered (Bird et al (1977b)). A more rigorous method has been developed
by Curtiss et al (1976), which is used for both dilute solutions and melts. Results
obtained from such models have been linked and compared with the corresponding
continuum theory predictions and have also been tested experimentally.
Considering a concentrated polymer solution, or a polymer melt, (figure 16) there is a
s e v e r e interaction among different polymer chains. A given molecule [such as
molecule A ] is restrained by its neighbours and its sideways motion is severely limited.
The only possible motion seems to be that of diffusive wriggling of the molecule chain
along its own length. The motion being back and forth along the direction of the chain
it is referred to as'reptative' motion based on the earlier work of De Gennes (1971), who
first focussed on this peculiar mode of motion. The formal mathematical groundwork
was remarkably provided by Doi and Edwards (1978, 1979), who derived constitutive
equations for polymer melts and concentrated polymer solutions. The constitutive
equation for the stress resulting from this model is of a single integral type and is
determined by two material constants, viz. an elastic modulus G and a characteristic
time Td. Verifications (qualitative and even semi-qualitative) of many of the basic ideas
implicit in such reptation models have appeared in the literature (Graessley 1980; Osaki
and Kurata 1980; Doi and Kuzuu 1981).
Doi and Edwards modelled the macromolecules as freely jointed bead-rod chain (the
so-called primitive chain) and obtained the single-link orientational distribution
function. The macromolecules were modelled as Gaussian chains to get the stress

A

C

Figure 16. Schematickinetic theory diagram for a concentrated polymer.solution. Note
the topological constraints on molecule A - - n o sideways motion is allowed due to the
moleculesB and C
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tensor and slip links were used to describe the topological constraints. As stated earlier,
the resulting equations described qualitatively some of the observed rheological
properties of melts.
Curtiss and Bird (1981) used the phase space kinetic theory of Curtiss et al (1976) to
develop a kinetic theory for polymer melts. Here the macromolecules were modelled as
Krammers freely jointed bead rod chains. No tubes or slip links were used. It was
assumed that the resistance to the motion of the bead as it moves through the melts is
described by non-isotropic modifications of Stokes' law. Curtiss and Bird (1981) were
able to obtain a complete constitutive equation which included the Doi and Edwards
equation as a special case. Two additional parameters appearing in Curtiss-Bird
equations are e, a link tension coefficient and fl, a chain concentration coefficient. The
very recent comparisons by Saab et al (1982) on the shear flow rheological properties of
melts and solutions appear to indicate that the Curtiss-Bird theory does come closer to
the description of the rheological phenomena. For instance, the Doi-Edwards theory is
a limiting case of Curtiss-Bird theory when fl = e = 0. Curtiss-Bird's theoretical curves
with if3 < e < 0.5 seem to fit the shear flow data well, thereby indicating the superiority
of their theory as compared to the Doi-F_21wards theory for which e = 0. Similarly,
Curtiss-Bird show that the zero shear viscosity is predicted to be proportional to M a + p,
where M is the molecular weight. Since the experimental data predict dependence on
M 3"4, it appears that fl = 0.4 (as in Curtiss-Bird theory) as against fl = 0 (as in DoiEdwards theory) presents a better description.
4.6

Hybrid models

Efforts have been made recently to develop constitutive equations based on the free
volume-dependent relaxation spectrum (La Mantia 1977; Kulkarni and Mashelkar
1983a, b). In such approaches, the nonlinear rheological response has been attributed to
free-volume variations, which occur because of the motion. The type of rate equations
described in the foregoing [see equation (17)] are used with an explicit relationship
between the relaxation time and the fractional free volume. The molecular parameters
now enter the picture due to the assumption that the fractional free volume depends on
the temperature, concentration, molecular weight, etc. Some of the recent work
(Kulkarni and Mashelkar 1983a, b; Mashelkar and Kulkarni 1983c) has shown that
there is a possibility of developing a unified framework within the context of free
volume state model. Such a unified framework can relate the influence of variables such
as the polymer concentration, the filler concentration (in the ease of filled systems),
molecular weight etc. A few of such model comparisons, which have been successfully
demonstrated are shown in figures 18, 19. It is too early to say as to whether such efforts
could have wide applicability in describing an extensive range of variation of
rheological properties, but the approach does seem to offer some promise.

5.
5.1

Future areas of research in polymer rheology

Rheological techniques

Based on current practice, reasonably good techniques are available for measurement
of shear flows. However, extensional viscosity measurements do appear to pose
problems. Particularly difficult are measurements, where the extensional strain rate or
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stress should be kept constant. Considerable emphasis is being given to develop
'controllable' extensional viscometry.
5.2

N e w systems

Although linear unbranched polymers have been extensively studied, there is a clear
need for understanding the rheology o f highly-branched, star-shaped or ladder-type
polymers. Such polymers are attracting attention both f r o m a theoretical and a
practical angle. F o r instance, elasticity o f branched polymers poses interesting
problems. Most experimental studies show enhanced elasticity on branching, whereas it
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is seen that the viscosity may or may not be enhanced. In particular, why elasticity
should be affected below a branch length that is sufficient for entanglement still appears
to be mysterious. This is just one of the unresolved problems. There are many others.
Liquid crystalline polymers have assumed great importance and as such the
rheological behaviour of such systems is of enormous pragmatic importance. Both
lyotropic and thermotropic polymers need to be studied in greater detail.
5.3 Rheological modelling
Especially important is the problem of non-isothermal rheology. In most polymer
processing operations, along with a rapid change of deformation, there is also a rapid
change of temperature. It is becoming increasingly evident (Gupta and Metzner 1982;
Carey et al 1980) that the conventional isothermal models are not appropriate and the
response under non-isothermal conditions is significantly different. Additional developments in these areas are critical.
The developments in the kinetic theory of polymeric materials have been very briefly
explained. A considerable amount of work still needs to be done, especially with
reference to further development of kinetic theories for concentrated solutions and
melts. Eventually, the diverse approaches such as the entanglement-network approach,
the reptation approach and molecular dynamic simulation approach have to merge
together and a unifying picture must emerge. Some vital steps in this area have already
been taken and highlighted. Particularly important will be the analysis of molecular
stretching and orientation, use of shielding coefficients for flexible macromolecules,
exploration of high shear rate properties etc.
5.4 Non-Newtonian fluid mechanics
Development of numerical techniques (Crochet and Keunings 1980; Mendleson et al
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1982) for highly elastic liquids in non-viscometric complex flows of direct relevance to
processing is becoming dominant and progress in this direction is expected to be rapid
in the near future.

6. Making 'super' polymers: role of polymer engineering
Polymer engineering plays the most vital role in the continuing search of tailor-made
polymeric materials for specific applications and also in making 'super-polymers' with
outstanding properties. A polymer engineer's approach could be broadly classified
under two special categories (figure 20). One pertains to the development of new
polymers where appropriate molecular engineering helps in achieving the properties
for specific applications. In the second approach, known polymers are used but one
employs innovative polymer processing ideas to produce materials with super
properties. In both these approaches again, there are special sub-approaches (figure 20).
In the following section these sub-approaches and some of the recent advances are
highlighted.
6.1

New polymers

6.1a. New processing techniques: The evolution of very highly crystalline rigid chain
polymers that form extended chain crystals has been a major innovation responsible for
the development of high strength--high modulus fibres. Such rigid chain polymers are
based on para substituted aromatic polyamides such as the ones indicated below.

o

II
HN- ~ C - N H N H C
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These materials extend the range of properties attainable in synthetic polymers and
provide new insights into polymer crystallinity and properties. They appear to differ
both in their high level of crystaUinity and in the arrangements of crystals. The fibre
made from poly[-p-benzamide] has high crystallinity and its chains are presumably
extended. A defect zone is formed between the regular crystalline lamellae due to the
presence of a small fraction of randomly oriented but crystalline material. However, a
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significant number of extended chains passing through these defect zones help maintain
a long range order that is absent in most fibres.
An important characteristic of polymers such as poly[p-benzamide] is their liquid
crystalline behaviour in concentrated solutions in certain solvents. The rigidity of the
polymer chain and the rod-like polymer conformation in solution imply association in
ordered arrays above a critical concentration. Such solutions are anisotropic and the
solution viscosity is substantially lower than that expected for the random coil polymer
chain. The orientation in these arrays can be maintained during spinning, so that
without the necessity of subsequent orientation, a fibre is readily obtained with oriented
extended chain crystals.
Although the chemical synthesis of such polymers poses challenging problems, it
should be emphasised that polymer engineering plays a vital role in converting such
molecules into useful products. Indeed, the understanding of the rheological behaviour
of such polymers and development of innovative processing techniques has also played
a critical role in producing materials with exceptional properties. For instance, the air
gap spinning technique developed for the super fibre Kevlar signified a considerable
ingenuity in processing concepts.
It is important at this point to indicate the extent to which properties could be
improved with such materials. Figure 21 shows some typical data (Pennings 1980) on
Kevlar fibres. It can be seen that the material exceeds by a great margin the properties
achievable with even steel. The combination of high strength, high modulus and low
density has made fibres useful for reinforcement of composite structures including
tyres. Cables as strong as steel with one fifth the weight of steel are used to anchor
oceanic drilling platforms. Light weight bullet proof vests have opened a new
dimension in protective clothing.
6.lb.

Known processing techniques:

Development of thermoplastic elastomers has
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opened a new era in polymeric materials. Such materials combine the properties of
thermoplastics and elastomers. They enable the use of conventional thermoplastic
processing equipment to make an end product with the properties of rubber. Since
vulcanising is eliminated, cycle times are short and the scrap is reusable. Processing of
thermoplastic elastomers is less energy and labour intensive than working with
conventional rubbers.
Thermoplastic elastomers can be mainly categorised in four basic types: olefinics, copolyesters, styrene-block polymers and urethanes. Although they overlap in their end
properties and uses there are several factors that distinguish them from one another.
Olefinics and styrenics are less expensive, have low specific gravity and excellent
weatherability. The styrenics are not as hard as copolyesters and urethanes, but their
rubber-like qualities and high elongations make them suitable for specific applications
such as in shoe soles. The copolyester and thermoplastic urethanes have high hardness
and their toughness, exceptional low temperature properties and ability to withstand
abuse make them suitable for demanding applications.
With the advent of such new materials, the conventional processing techniques need
to be modified suitably for processing. Thermoplastic elastomers can be processed in a
number of ways. Although injection molding and extrusion predominate, thermoforming, calendering, blow molding, rotational molding and melt casting are other methods
that are used. The rheology of these new materials and their adaptability to
conventional processing techniques forms a vital area of research in polymer
engineering.
6.2

Known polymers

6.2a. New processing techniques: The question of ultimate rigidity, strength and
toughness of polymeric materials in the form of fibres, films, adhesives and molded
objects has been raised for a number of years. The key question is what is the theoretical
value and how far we could practically reach it? Based on the estimates of the force to
break an isolated co-valent bond, one is able to estimate the force required to break an
isolated infinitely long molecule of polyethylene. Naturally the weakest bond (weakest
as a result of statistical fluctuations and accidental imperfections) breaks below this
value. Estimation for a completely oriented ideal crystalline rod of polyethylene with
chains going from one end of the rod to the other can be made and the breaking
strength calculated. Although such estimates vary, it appears that the theoretical
strength of the polyethylene material is of the order of 250 gpd (note that for materials
in the specific gravity range of the order of unity, 1 gpd "-~20000 psi). The highest values
reported for highly oriented and crystalline polyethylene fibres are almost an order of
magnitude lower than the maximum. This discrepancy has been ascribed to a number
of factors, such as the fact that the chains are not perfectly parallel, they do not break
over the same cross-section, imperfections in the structure and the chain ends leading to
stress concentration on a statistically favoured few chemical bonds resulting in rupture,
which in turn leads to an initial crack propagation catastrophically and results in fibre
breakage.
There has been a continuous effort to innovate on the processing techniques so that
the properties could be made to reach the theoretical values. Some of the recent
innovations in polymer engineering have been highlighted below to indicate the future
direction and thrusts.
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Solid state deformation processes

An attempt to build polymers of high strengths has been made by using solid state
deformation processes (Wills et a11980; Zachariades et a11978; Griswold et a11978). In
principle, such processes focus on achieving continuity for the oriented high strength
covalent bonds of the polymer chain. The chain holds are pulled out and the long
polymer chains running between and through the crystal lamellae are subsequently
extended. Among the three major processes used in semi-crystalline polymers some of
the dominant ones are briefly mentioned below.
In common cold-drawing the polymer is stretched normally below the crystalline
melting point. In cold extrusion, a plug of solid polymer is forced by a ram through an
orifice of a smaller cross-sectional area to achieve the draw. In hydrostatic extrusion,
the solid plug is surrounded by a pressure transmitting fluid that is forced through an
orifice. A considerable effort to understand the process fundamentals has also been
undertaken. The proposed molecular models for the three solid state deformation
processes generally consider the break-up of the crystalline lamellae through orientation in the deformation direction and the pulling out of folded chains. Such unfolded
chains form tie molecules between and among the disrupted lamellae. At highest
deformation, fibril formation is observed, which involves the partially extended tie
molecules. It seems that such chain extended tie molecules are responsible for the
exceptionally superior properties for drawn semicrystalline thermoplastics in the
orientation direction.
6.4

Flow-induced crystallization

Very flexible chains such as linear polyethylene are capable of crystallizing in fibre form,
if the supercooled solutions or melts have been subjected to suitable hydrodynamic
fields, preferably fields with strong extensional components [see equation (7)]. New
morphologies commonly referred to as 'shish kebabs' are formed (Pennings 1977;
1980). These essentially consist of a central filament or backbone which is covered by
platelets at rather regular intervals. A considerable reduction in the apparent super
cooling for crystallization is possible. An accepted view is that at this elevated
temperature only fibrillar backbones are formed which are composed of polyethylene
molecules that are partly crystallised in extended conformation with the other portion
of molecules remaining as a dangling end or uncrystallised cilia. These cilia crystallise as
folded chain lamellae upon cooling to room temperature. It has been shown (Pennings
1980) that these fibrous entities are generated by stretching entanglement networks that
are on one end attached to the rotor surface by adsorbed chain ends and on the other
end they are extended by the elongational velocity gradients. Zwijnenberg and
Pennings (1980) show that it is possible to undertake crystallization at progressively
higher temperatures leading to more perfect crystals. A dilute solution of high
molecular linear polyethylene dissolved in p-xylene was cooled to 116~ A fibrous sead
crystal was submerged in the solution and pressed against a rotating cylindrical stirrer.
The growing crystal was pulled out of the solution with a speed equal to the
longitudinal growth rate. A steady state was thus achieved and a continuous
polyethylene crystal produced.
Detailed electron microscope studies and other structural investigations showed that
the fibrillar crystalline units were smooth without detectable lamellar outgrowth. The
specific stress vs strain curve for high molecular weight linear polyethylene (figure 21)
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shows that very high modulus and strength values are reached in such materials. It is
believed that further improvement of the conditions for the longitudinal growth of
polymer crystals in the stress field may lead to even more perfect structures. This
represents an exciting possibility for melts such as polyacetylene, which are known to be
conducting.
A great deal of work remains to be done with specific reference to the development of
appropriate hydrodynamic flow fields, which will eventually lead to the development of
super polymeric materials.
6.5

Zone annealin 9 method

This method consists of two stages, viz. zone drawing and zone annealing (Kunugi et al
1979; 1981). In the first stage, amorphous as spun fibre is converted into a fibre of high
orientation by zone drawing at a temperature below the crystallization temperature of
the polymer. In the second stage, the zone drawn fibre is further converted into a highly
oriented-highly crystalline fibre by zone annealing at the most suitable temperature for
crystallization under high tension. In other words zone drawing is carried out to
prevent the crystallization of the fibre and arrange the molecular chain in a bundle.
Zone annealing is carried out to inhibit back-folding of the molecular chain and to form
perfectly-extended chain crystals in the fibre.
The method has many advantages. Since the fibre is locally heated in a narrow
heating zone, the quantity of heat required is remarkably reduced. Despite the low heat,
input, zone drawing transforms the-fibre more easily and much faster into a
homogeneous highly oriented chain structure compared to that by hot-drawing or
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cold-drawing. Zone annealing facilitates alignment of molecular chains and their
orientation crystallization because the tension applied acts effectively on a local area
softened by heating. Other advantages include elimination of possible generation of
numerous nuclei, internal distortion of crystallites, prevention of thermal degradation
of the fibre etc.
Significant improvements in mechanical properties can result by using this technique
(Kunugi et al 1979; 1981). The modulus value of nylon-6 fibre can be increased by
almost 3-5 times that of commercial high tenacity nylon-6 fibres.
6.6

Improvements in processing via modelling

As our understanding of the flow behaviour of polymers in complex geometrics and
flow regimes improves, the ability to predict the behaviour in practical polymer
processing operations also improves. A number of studies (Nebrensky et al 1973; Choo
et al 1981; Pearson and Petrie 1970; Kamal et al 1981; George 1982; Castro and
Mocosko 1982; Kiparissides and Vlachopons 1978) have been made in recent years
which help elucidate complex interplay between various transport phenomena that
occur during diverse polymer processing operations and the ultimate structure. Some
of the more prominent efforts in recent years are listed in table 1. Many of those
advances have been reviewed (Kamal et al 1974).
An an illustration of what is achievable, one could take the case of a widely used
polymer processing method, namely injection molding. Although injection molding
was evolved as an art the understanding of the mechanics of the process has
considerably improved over the years. The process begins by melting polymer pellets
and extruding the molten polymer into a cavity. After extruding a specified amount, the
extruder screw is brought forward forcing the melt into a mold cavity. After filling the
cavity the ram maintains a high pressure on the part until the polymer solidifies. After
solidification, further cooling is done so that dimensional stability is maintained. After
ejection of the part, the mold is closed and the cycle starts again.
Interesting problems of flow mechanics in injection molding include aspects of flow
under high temperature and pressure, and relaxation of stresses inherent to flow under
high pressure and high rates of cooling, which eventually control the product
properties.
The primary mode of deformation in injection molding is a non-isothermal shear
flow although extensional flow components do exist in the gate region and the melt

Table 1. Modellingof polymerprocessingoperations.

Processing operation

Typical modellingefforts

Screw~xtrusion
Injection moulding

Choo et al 1981
Williams and Lord 1975;Oda et al
1976; Dietz et al 1978
Pearson and Petrie 1970
Kamal et al 1981
George 1982
Castro and Macosko 1982
Kiparissides and Vlachopoulos 1978

Film blowing
Blow moulding
Spinning
Reaction injection moulding

Calendering

Whither polymer enoineerin0

663

front. Several studies of mold filling and flow through channels have been made so as to
provide a scientific base for injection molding which will assist in the design and
manufacturing. Such studies consider steady state viscous flow through circular and
tapered channels with viscous heat dissipation and heat transfer to the molds (Williams
and Lord 1975). An arbitrary and empirical viscosity model is chosen, which depends
upon the shear rate and the temperature. Although filling is predominantly a viscous
phenomenon and can be modelled by purely viscous considerations, elasticity does play
a critical role. Oda et al (1976) show that jetting might occur during filling in case the
melt swells insufficiently, and as such cannot contact the cold mold walls. As the part is
filled, stresses due to flow and the related orientation relax; such orientation has a major
controlling influence on the mechanical properties such as impact strength, dimensional stability etc. Therefore, prediction of the orientation or residual stresses as a
function of melt rheology is important. Dietz et al (1978) have modelled the residual
stresses for rectangular parts. The effects of melt temperature, mold temperature,
injection flow rate, and relaxation characteristics on the residual stresses have been
determined.
The foregoing discussion illustrates as to how the current understanding of transport
phenomena in polymeric media has been used by different workers to study the net
structural characteristics in injection molding. One of the inherent difficulties is the
simplicity of some of the models, and also the fact that various parts of the processes are
attacked in isolation. Completely integrated efforts to link the special process model by
eliminating such simplifications are essential. The impact strength or distortion under
load in the solid state could thus be predicted.
An up-to-date summary of computer applications in polymer processing is given by
Klein (1982). A number of processing operations such as extrusion, blow molding,
blowing, coating etc have been simulated and such efforts will decidedly grow in future.

7. Technology assimilation and improvement: the role of polymer engineering
In this section some of the major elements of polymer engineering are discussed. We
essentially demonstrate as to how a fundamental approach via polymer science and
engineering can lead to an improved understanding of the manufacture of polymers
and also the development of'super" polymers. We shall now indicate as to how a single
polymer can be taken and the entire history of its manufacture and final processing
traced and how it can eventually help in technology assimilation as well as product and
productivity improvement. Such efforts are particularly important in the Indian
context.
One such integrated programme has been launched at the National Chemical
Laboratory (NCL) which pertains to the modelling and simulation of polyethylene
terephthalate fibre manufacture and processing. Although polycondensation reaction
engineering will be dealt with more comprehensively elsewhere (Gupta 1983), a totally
integrated picture is presented in this paper together with some of the work in this area
to bring out clearly the modelling philosophy, the methodology and the achievable
results.
Polyethylene terephthalate (PET)is a major polymer with applications in both fiber
and engineering plastic industry. A flow-sheet for a continuous process for the
manufacture of P ~ and the subsequent processing is shown in figure 22. Its
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Figure 22. Manufactureand processingof polyethyleneterephthalate.

manufacture involves esterification of terephthalic acid (or transesterification of
dimethyl terephthalate) with ethylene glycol (stage I) followed by prepolymerisation of
bis.hydroxy ethyl terephthalate (stage II), and ends with polycondensation (stage III).
The fiber is subsequently spun (stage IV) and drawn (stage V) to produce a material
with the desired properties. There are many complexities which arise while trying to
mathematically model this process. Some of these are enumerated below.
7.1

Polymer synthesis

(i) The processes of direct esterification (or transesterification) as well as polycondensation (stages I, II and III) are accompanied by the formation of a number of side
products which critically control the product quality. For instance, diethylene glycol, a
side product, increases the dyeability of PET but at the expense of the other properties
such as melting point, tensile strength etc. Similarly, acetaldehyde results not only in
contributing to the colouration, but also in producing certain undesirable effects when
the molding grade polymer is used in soft drink bottles. The acid end groups promote
certain side reactions that determine the stability of the fiber. It is thus imperative that
not only the main reactions but also the side reactions are considered carefully. The
consideration of the entire kinetic network poses formidable problems.
(ii) In the finishing stages ofpolycondensation (stage III) diffusional factors play an
important role. The problem is therefore essentially that of desorption of a number of
volatile side products accompanied by a series of reversible reactions. This poses
formidable numerical difficulties in modelling.
A comprehensive effort was launched by Ravindranath and Masbelkar (1981, 1982a,
b, c, in press) to analyse this problem keeping in view the current state of technology in
India and abroad. Such computer simulations have not only been useful in improving
the productivity and product quality in some plants in India, but have also been useful
in obtaining some unusual and 'unobvious' results, which are at first sight anomalous.
For instance, figure 23 shows the results of some of the recent computations from a
comprehensive PEr reactor model proposed by Ravindranath and Mashelkar (in press).
It is seen that in the presence of side reactions, the rate of rise of degree of
polymerisation is actually hi#her compared to the case where the side reactions are not
present. This is essentially due to the intricate changes occurring in the polyconden-
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Temp. = 280~ Non-dimensional film thickness= 1. DP change with side reactions
[,. . . . -] and without side reaction [---] is shown.

sation reaction. The overall rates get affected through some of the favoured reactions in
the kinetic network. Further, the partial pressure of the primary component reduces
(ethylene glycol) due to the presence of other volatile side products. The resulting rapid
removal of ethylene glycol drives the main polycondensation reaction forward.
The model helps in simulating the effect of critical parameters such as the specific
interfacial areas and temperatures, both of which are key variables. Enhancement in the
interfacial area leads to higher rates of rise o f degree of polymerisation, whereas there is
an optimum in the temperature (figure 24) beyond which the polycondensation reactor
operation is undesirable due to the predominance o f side reactions.
Such models, although based on certain simplifications, do provide a valuable insight
into the complex interactions occurring in a polymerisation reactor. Some of the other
intricacies have been discussed by Gupta (1983).
7.2

Polymer melt blendino

Another critical question in PEa"manufacture concerns the blending of polymeric chips
produced in different batches. The flow diagram in figure 22 does not show this process,
which essentially follows stage III. In batch plants the solid polymer chips are produced
at this stage, dried and subsequently melted in an extruder and spun. Such chips may
indeed emerge from different stocks. During melting and flow through a screw extruder
to melt spinning (stage IV), a number of interchange reactions might occur and there
will be an approach towards the attainment o f certain equilibrium molecular weight
distribution. Such homogenization becomes important from the point of view of
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Figure 24. Effectof temperature on the finishingstagesof polycondensationsimulated by
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avoiding the subsequent spin-line problems arising out of the feed variation. The key
question that arises is ascertaining the residence time in the extruder that enables the
establishment of such equilibrium.
In view of the very large number of side reactions and interchange reactions
occurring during polycondensation, the evaluation of the molecular weight distribution becomes formidable. However, Ravindranath and Mashelkar (1982c) examined
this problem using certain special techniques for evaluating the moments of the
molecular weight distribution (figure 25). Here polymeric chips having an initial oP of
43-64 and 99 were blended together (assuming complete dominance of a kineticallycontrolled process) and the change in molecular weight distribution followed. Not only
is the process analysed quantitatively but also the time scales deduced on the basis of the
evaluation appear to match with the industrial experience.
7.3

Melt spinning

The production of PEr fiber or filaments involves the melt spinning of the molten
polymer followed by solid state drawing. The final fiber properties such as shrinkage,
dyeability, elongation, tensile strength etc., are determined by structural parameters
such as orientation and crystaUinity. The process of melt spinning (stage IV) and
drawing (stage V) (figure 22) is thus of critical importance. Mathematical analysis of
both these processes has been undertaken at NCL.
Dutta and Nadkarni (in press) analysed the process of PEa-melt spinning. A schematic
model diagram of melt spinning is shown in figure 25. The molten polymer is fed
through a spinerette and is taken up on a winding-up device at a velocity which is much
higher than the melt velocity. Molten polymer is extruded through a spinerette in a
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quench air stream which blows across the spin line. The spin line, cooling and
solidifying at some distance from the spinerette, is known as the freeze line. The
solidified filament is wound up on a take-up roll at a speed much greater than the
extrusion velocity. Stretching the filament implies reduction in cross-sectional area and
considerable orientation. This problem represents a non-isothermal elongational flow
and considerable efforts have been made in the past to analyse it mathematically.
However, such mathematical analyses are formidable and simpler assumptions such as
a steady state, independence of temperature and velocity field on radial positions,
neglect of inertia, gravity, surface tension, air drag etc are necessary. The final analysis
with such simplifications may not be precise but gives results with admirable predictive
abilities.
Dutta and Nadkarni (in press) identified the critical operating conditions and
material properties for melt spinning of PET. For PEa- spun below 3000 m/min, the
molecular orientation of a spun fiber is uniquely determined by the spin-line stress at
the glass transition temperature. Figure 27 shows a typical curve which correlates the
birefringence (which is a measure of orientation) with the difference in the principal
stress for i,~'r fiber. The experimental data show a unique correlation between the
critical properties such as shrinkage, elongation and the spin-line stress. Dutta and
Nadkarni's analysis has helped not only in identifying the key variables (such as
extrusion temperature, melt intrinsic velocity, feed rate and the take-up velocity), but
also in bringing out concrete suggestions to eliminate downstream operational
problems regarding dyeability, unexpected breaks, product non-uniformity etc.
7.4

Fibredrawing

The final stage (stage V) involves the drawing of the melt-spun fibre, a process of
aligning the molecular chains to increase load-bearing efficiency of the fibre. The fibres
are essentially heated and stretched on a draw-roll. However, it is critical to know the
history of filament deformation to obtain the optimum drawing basis for maximum
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Figure 26. A schematicdiagramof singlefilamentmelt spinning.
fibre strength in terms of filament temperature and filament formation. A mathematical
model, which can rationally describe the history of deformation and temperature is
needed.
In practice, the drawing conditions in the processes are described in terms of heating
element temperature (draw temperature and draw ratio), which is calculated from the
relative speeds of the take-up and feed roles. There is no obvious answer to simple
questions such as whether one should use a higher drawing rate at a lower temperature
or a lower drawing rate at a higher temperature and also as to the number of stages in
which such drawing could be accomplished. Recent efforts on mathematical modelling
have been useful in identifying the critical processes. Mathematical modelling involves
determination of the axial and temperature profiles as well as the accompanying
deformation and structural build-up aspects. The efforts at NCL have been currently
focussed on modelling this intricate process.
The foregoing study has illustrated the important role of polymer engineering to
understand a complete process of synthesis to the finished product. It is hoped that
similar efforts will be launched in other areas too.
8.

Conclusion

So far we have reflected on a few key aspects of polymer engineering. A number of
frontier areas were clearly identified and recent developments traced. Some other
frontier areas of research in polymers are briefly mentioned below.
8.1

Enhanced oil recovery

Here the fine interplay between the rheological properties of dilute polymer solutions
and the resulting non-Newtonian fluid mechanics can lead to exceedingly interesting
phenomena which might have important repurcussions in enhancing the oil recovery, a
subject of undisputable importance.
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8.2

Membranes

The areas of challenge might essentially focus on difficult separations, bipolar
membranes and newer electrochemical processes using polymeric membranes.
8.3

Control release applications

Here the interplay between polymer reaction engineering, morphology and the
diffusional phenomena is exceedingly intricate. This is a rapidly growing field with
major applications in diverse areas such as control release of drugs, pesticides, fertilizers
etc.
It is hoped that the preceding discussion has emphasised the critical role that polymer
engineering can play in many vital areas. In the Indian context, not only is there a need
o f strengthening the current activity in polymer engineering but also a need to identify
polymer engineering as a major thrust area with major inputs. It is unfortunate that the
growth of this discipline in India has been dismal. Barring one or two centres of
excellence which have come up in recent years, there is no significant effort that one
could speak about. It is in this context that one might ask as to where is polymer
engineering in India? What is being done to strengthen polymer engineering in India?
One does hope that major interdisciplinary programmes will evolve in the not too
distant future which will lead to the establishment of many centres of excellence. It is
only when we embark upon such major programmes that we could hope to enjoy the
benefits of these marvellous materials which are rapidly pervading every walk of our
life.
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