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I. INTRODUCTION

One of the unresolved problems of fluid mechanics with the greatest potential for important
applications is turbulent drag reduction induced via the addition of additives, usually minute
quantities of very high molecular weight polymer. This problem is unresolved in the sense that the
basic mechanism remains a matter of controversy, and thus, the ability to optimize the process is
limited. In part, this is because of the complexity of the base flow--i.e., turbulent flow near a solid
boundary--and a lack of knowledge about the structure and dynamics of this flow in the absence
of polymer. Equally, however, it is because of an incomplete understanding of the dynamical
properties of dilute polymer solutions. The quest to understand (predict) drag reduction, in either
qualitative or quantitative terms, holds the potential of pushing forward the frontiers in both areas--
if we can understand in general how minute quantities of polymer can influence fluid motions, this
may provide vital clues to understanding not only drag reduction, but also the underlying
turbulence. Likewise, understanding turbulence and the way that it may be influenced by additive,
can yield important insight into the dynamics of dilute polymer solutions.

We have been involved in a long-term study, based upon ONR support, that is aimed
primarily at the behavior of dilute polymer solutions. A comprehensive summary of this work was
presented as one of the keynote invited lectures at the recent IUTAM Symposium on Drag
Reduction in Zurich! (presented by Professor Sanjoy Banerjee). A written version of the talk has

been published and is attached to this report.

II. SUMMARY OF RESEARCH PROGRESS
Previous studies in this 1ab2-9 were focused on the behavior of dilute (well-mixed)
solutions of well-characterized polymer (known molecular weight distributions, etc.) in relatively

simple, steady extensional flows. These studies were initially aimed at understanding and




predicting the transition from a coiled to a stretched configuration in a spectrum of 2D strong
flows ranging from pure extension to a very close approximation of simple shear flow. More
recently,!0-12 we have obtained detailed measurements of the changes in the flow field which occur
as a consequence of this polymer conformation transition. Besides giving detailed data that can
ultimately be compared with theoretical predictions, these studies suggest that the coil-stretch
transition process must lead to a high degree of polymer-polymer interaction if the polymer in a
dilute solution is to have any effect on the flow. Further, the effect in steady, laminar flows is very
highly localized, corresponding to a decrease in strain-rate in a very narrow region along the
outflow axis that begins at the hyperbolic stagnation point of the flow.

In the most recent grant peﬁod, we initiated a number of projects aimed at the next step,
which is to obtain quantitative theoretical predictions for the non-trivial flows as a preliminary to
attempts at numerical simulation of turbulent drag reduction. We also began to consider
experiments, models for the polymer, and predictions for flows that are closer to turbulence. We
shall discuss the latter topics shortly. First, however, let us return to the ongoing efforts to obtain
predictions for the flows that we have already studied experimentally, beginning with a re-
statement of the motivation and goals for this part of our work.

In particular, it is important to recognize what we do know and what we do not know about
current theoretical models for the polymer and for the bulk flow properties of dilute solutions. As
long as we restrict ourselves to steady, strong flows, it is fair to say that the preceding work has
led to theoretical models that very successfully describe the conformation of the polymer in a
known velocity field, including the complete transition from a random coil to a fully stretched and
oriented state. The restriction to (Eulerian) steady flows is primarily a limitation on the time-

dependent flow history (Lagrangian) that is seen by the polymer. Basically, existing predictions of

—

polymer conformation work well in flows, which from a Lagrangian point of view, present

monotonic variations in strain-rate with no abrupt changes of either magnitude or flow type. Itis

important to recognize, however, that there is no assurance that the existing models will provide a

reasonable prediction of the changes in the flow (relative to the Newtonian fluid) that are caused by —
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the polymer. Indeed, our experiments10-12 have shown that the polymer only begins to influence
the flow in a dilute solution if it is sufficiently stretched to yield strong and extensive polymer-
polymer interactions, and the existing dilute solution models8.13-15 do not take polymer
interreactions into account at all--either in the polymer contribution to the bulk stress, or in the
dependence of the polymer conformation on the flow. The only way to test existing models and
assess their deficiencies from a bulk fluid mechanics point of view, is to compare numerical
predictions of both the polymer conformation and the flow field with experimental data in flows
where there is a significant measurable effect of the polymer on the flow, and a baseline of
experimental data. To date, this has not been done for any single flow! The problem is two-fold:
first, except for our recent measurements there is not a single set of experimental data with
simultaneous measurement of polymer conformation and flow; secondly, the solution of the full
fluid mechanics problem requires simultaneous numerical solution of the equations of motion and
the coupled nonlinear (dumb-bell) model for the polymer and this has proven to be extremely
difficult (though we are very close to achieving that goal--see A-1 below).

A. QUANTITATIVE THEORETICAL PREDICTIONS OF FLOWS THAT ARE
STEADY FROM AN EULERIAN POINT OF VIEW

A summary of recent progress related to the goal of predicting the flow behavior in steady,

strong flows is as follows:

1) NUMERICAL CALCULATIONS FOR THE MOTION OF A DILUTE SOLUTION OF
DUMBBELLS IN A TWO-ROLL MILL

We are currently in the midst of a major effort to obtain numerical solutions for the
motion of a dilute polymer solution, modelled via the nonlinear dumbbell with
conformation-dependent friction, in a two-roll mill with the same ‘geometry as used in
previous experimental studies from our laboratory.

The chief difficulties with this numerical problem are two-fold: First, the “minor”

problem is to deal with the complex geometry of the experimental two-roll mill (two




rotating cylinders in a box); second, there is the intrinsic difficulty of obtaining numerical
solutions for non-Newtonian fluids. The first problem has long-since been resolved, and a
paper is being written to report on the interesting fluid mechanics of a Newtonian fluid in
both steady and time-dependent versions of the two-roll mill. The second problem is, in
some sense, generic to all efforts to obtain numerical solutions for viscoelastic flow
problems (the so-called “high Deborah number problem™)16 and is manifested by the
appearance of regions within the flow domain (i.e., not usually at the boundaries) where
the stress and stress gradients become very large. This is exacerbated in the dilute soiution
case by the fact that the changes in polymer conformation (and in fact the whole interaction
between the polymer and flow) are extremely localized. Modest success in obtaining
numerical solutions has been achieved for constitutive models that are intended to apply to
concentrated systems by either introducing “ad hoc” modifications in the models to smooth
large stress gradients,!7 or by using multi-grid systems with a much greater spatial
resolution of stress than of velocity.}8 In the present case of dilute solutions, we are loathe
to introduce “non-physical” modifications of the models, and have been working primarily
via enhanced spatial resolution for the representation of polymer conformation (i.e., for the
second-moment tensor) < >, where [ is the end-to-end vector, as in other recent work.19
Strangely, however, we have also discovered that one of the fundamental assumptions that

underlies the classic dumbbell model derivation breaks down in regions of large

conformation gradients, and this has also led to the recent development of a fundamentally 1
new version of the basic dumbbell theoryls (described below) which actually minimizes the
presence of these gradients and suggests that their origin (perhaps in all viscoelastic model

fluids) is aphysical (i.e., that our numerical difficulties with non-Newtonian flow

calculations reside at least partially inadequate models).
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(2) IMPROVED POLYMER (CONSTITUTIVE) MODELS FOR DILUTE SOLUTIONS

As indicated above, we have made what we believe to be a very significant
breakthrough in the development of model equations for the dynamics (and bulk
rheological properties) of dilute polymer solutions. This development had its origin in the
numerical work described above. Specifically, in view of the extreme difficulty of
obtaining reliable numerical results (and the similar difficulties experienced by all major
research groups who were trying to compute any kind of non-Newtonian flow), we felt
that it would be desirable to establish a rigorous mathematical proof of the conditions for
the existence of steady solutions of the equations of motion for our dilute polymer model in
a bounded domain. With such a proof in hand, it would be possible to distinguish between
difficulties of a strictly numerical character, and “difficulties” associated with the lack of
existence of steady solutions for our model system (i.e., presumably of non-physical
breakdowns of the model).

The interesting thing is that we were able to actually complete a rigorous proof of
existence for steady flows in a bounded domain, for all Deborah numbers, but only if the
dumbbell model was modified to include one term in the microstructure evolution equation
that is normally neglected. Further, although this added term was originally suggested
strictly on mathematical grounds, a very careful re-evaluation of the derivation of the
model!3 showed that it represented a physical effect that should strictly be present, but is
usually neglected as an approximation in the model. This effect corresponds to spatial
diffusion of the polymer which tends to smooth gradients in polymer conformation. The
classical assumption is that spatial diffusion can be neglected (i.e., “local homogeneity™)
but we find in reality that the relevant term in the model is actually multiplied by a small
(but nonzero!) paramerer so that it is negligible in normal circumstances, but becomes
significant in regions of large gradients of polymer conformation (i.¢., just in those regions
where numerical schemes have typically experienced extreme difficulty!) We feel that our

discovery of the “missing term” in the dilute solution model is a major breakthrough, which
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(3)

most likely has profound implications for a much wider class of constitutive equations
since these all experience similar numerical difficulties.
Our work on this problem, including both the modified model and the proof of

existence, has been published in the Journal of Non-Newtonian Fluid Mechanics.15

POLYMER-POLYMER INTERACTION EFFECT IN DILUTE SOLUTIONS
(EXPERIMENTAL)

We have noted above that polymer effects appear in the motions of dilute solutions,
only when the polymer is sufﬁcie'ntly stretched to induce a high level of polymer-polymer
interaction. In the drag reduction context, however, this observation is somewhat puzzling
because it is well known that there is a critical concentration of polymer above which the
degree of drag reduction actually begins to decrease.2021 The usual “explanation” for this
is that the polymer concentration has been increased to the point where the shear viscosity
is increased by the polymer, and the prefereﬁtial damping of extensional deformations that
is the key property of dilute solutions, begins to be overshadowed by this increase.
However, this does not seem to be a very convincing argument, especially in view of the
fact that we need a transition to an effectively non-dilute system (i.e., highly interacting) to
get any flow effect at all.

Hence, in the present work, we have carried out a systematic series of experiments
to examine the influence of polymer interactions on flow-induced extension in strong
flows, including an attempt to compare experimental observations with modified versions
of the molecular (dumbbell) models that are intended to account for polymer-polymer
interactions. This was done by considering the behavior of polystyrene solutions of MW ~
2x106 at three concentrations —100 ppm, 1500 ppm and 4500 ppm. The latter two

concentrations correspond approximately to 1/3 C* and C* where C* is the concentration at




which polymer-polymer interaction first becomes discernable for the polymer in its
equilibrium configuration.

The results of this study were initially surprising to us (although, in retrospect,
perhaps they should not have been in view of the drag reduction and other results
mentioned above). Our measurements showed that the degree of polymer extension (and
orientation) was highly inhibited by polymer-polymer interactions, including the final
“asymptotic” level at high strain rates. This, in itself, is not so surprising. However, the
magnitude of this inhibition is such that the total effect of the polymer on the flow actually
decreases when the concentration is increased from 1500 to 4500 ppm, and this (to us) was
totally unexpected. Subseciucntly, we have investigated a number of theoretical models that
are intended to account for particle-particle interactions.22-23 Among these, we found that a
semi-empirical model due to Hess23 provided the only predictions that were in qualitative
accord with our measurements, including the observed C!/2 dependence of birefringence

on concentration. This work is currently being submitted for publication.2#

B. TIME-DEPENDENT AND HETEROGENEOUS FLOWS

The second major goal of current research has been the initiation of studies that are intended
to explore polymer behavior in rransient flows that provide a more realistic assessment of current
models for application to turbulent flows (e.g., via computational simulations). The essential
motivation for these studies is the simple question of whether the “molecular’ models derived for
application to steady strong flows, can provide realistic predictions when the variations in the flow
are much faster and more complex. An attempt to address this question must ultimately involve a

number of complicated and seemingly disparate problems.




(1) POLYMER MODELS FOR APPLICATION TO EETEROGENEOUS AND TIME-
DEPENDENT FLOWS
First, and perhaps most important, is the necessity to understand the dynamics of a
single polymer molecule in heterogeneous and/or time dependent flows. Although this
problem might generally be presumed to be solved, all current theories are based upon the
approximarion of such flows via a sequence of homogeneous flows in which the velocity
gradient tensor at any instant is assumed to be a constant.13 Hdwevcr, in general, if we
account for the fact that the strain-rate and vorticity E and Q actually depend on time, the
usual equation for the dynamics of a stretchable, orientable macromolecule becomes non-
autonomous and the predicted dynamical behavior will generally be qualitatively different
from predictions obtained via the homogeneous (linear) flow approximation which leads to
an autonomous dynamical equation. This is very important at the level of individual
polymer dynamics. Further, in view of the fact that all dilute solution models (as well as all
other macromechanical models) are derived via the local homogeneous flow approximation,
we expect it to have profound implications for the rheological behavior of dilute solutions
in strongly heterogeneous or unsteady flows!
To date, we have considered only the particular case of a general dumbbell model in
a two-dimensional flow, for both aperiodic and periodic time-dependence as seen from the
viewpoint of the polymer.25 Even in this case, we can show that the strong-flow (“coil-
stretch™) criteria for a linear homogeneous flow (c.f., Tanner,27 Olbricht,er al.6 etc.) will
generally give the wrong answer, both qualitatively and quantitatively, when applied to a
heterogeneous flow. In particular, we have shown by example, that the usual strong-flow
criteria can be satisfied withour the polymer achieving any significant stretching and vice
versa. A key question, that we do not currently understand, is the implication of non-
autonomous behavior at the microscale, on the bulk constitutive models for dilute solutions

that are obtained from the microscale dynamics equation by taking moments and averaging.




(2)

These questions address deep fundamental issues associated with the application of
dilute polymer solutdon models to flows that are time-dependent from a Lagrangian point of
view. In particular, they hold the potential to radically change our understanding of the
dynamics of flexible-chain polymer molecules in flows with complex spatial or time-
dependent structure. This is precisely the necessary direction for research that is to be
aimed at either understanding or numerical simulations of turbulent drag reduction. Two
papers describing our findings have been published(25-26) but we have only truly scratched
the surface of this very important problem area.

EXPERIMENTAL STUDIES OF POLYMER DYNAMICS IN COMPLEX,
TIME-DEPENDENT LAMINAR FLOWS

The second major new initiative is a continuation of objectives outlined several
years ago for studies of polymer dynamics in more general time-dependent flows. It is
clear, if we are ever to achieve rneaningful numerical simulations of the influence of
polymer on turbulent flows that we must have a clear knowledge of the polymer model in
flows that vary in a much more rapid and complicated way than anything that has been
studied to date. There is a strong indication in recent dynamical simulations of bead-spring
chains in rapidly varying strong flows28 that the polymer may not stretch affinely, thus
contributing strongly to the solution rheology in both the “fully stretched” and “stretching”
modes. However, even if the current model (in a proper non-autonomous from) is
accepted as it stands, the application to rapidly varying flows requires that both the stretch
and relaxation dynamics be quantiratively correct, and this is not true of the flows that have
been studied to date. For example, the behavior of a polymer molecule in a flow that is
alternately “weak” and “strong” will depend critically upon the time scale of the polymer
relaxation process as a function of the degree of stretch,29 and to capture this correctly in
the usual dumbbell model requires not only that the spring law and the friction-law be

qualitatively reasonable, but also that they have the correct dependence in detail on the end-




to-end dimensic.i. None of the comparisons made previously between polymer
conformation predicted from the model and measured from experiments is sufficiently
sensitive to distinguish these details.

Current and proposed research includes two distinctive types of study. First,
during the past several years, we have built a completely new experimental system based
upon a computer-controlled two-roll mill, with two-color birefringence and dichroism, and
dynamic light scattering,30 to allow measurements of polymer conformation and fluid
dynamics (velocity gradients) in a variety of extremely well-controlled time dependent
strong flows. Achievable flow histories include stop-start, elaxation, double-step up or
down, ramps, or more complicated flows such as sinusoidal variations in strain-rate.

Secondly, we have initiated a study of polymer dynamics in a specially constructed
two-roll mill, that is designed to allow alternating variations in roller speed, including a
blinking mode (BTRM) which “simulates” a so-called blinking vortex flow.31 The point of
this work is to study polymer conformation and flow modification in a laminar, chaotic

flow.
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