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Abstract

This is a study of the coil-stretch transition of macromolecules in dilute so-
lutions which are subjected to extensional flows and of the effects of the polymer
molecules on the flow fields. The flow fields are produced in a four-roll mill, two-roll
mills of several different gap width to roller radius ratios, and a cylindrical Couette
device. These flows are laminar, and approximately two-dimensional linear flows
covering the range of flow types with different amounts of extension and vortic-
ity from pure extension to simple shear flow. The two-roll mills were constructed
to extend the previously accessible range of flow types to those with only slightly
more extension than vorticity, t.e., much nearer to simple shear flow. The flows are
characterized by using homodyne light scattering spectroscopy to directly measure
velocity gradients fields. The degree of polymer extension is monitored using flow

birefringence measurements.

Studies using 100 ppm polystyrene in viscous solvents show that the flow bire-
fringence data for all the different strong flows (simple shear is a weak flow) correlate
with the eigenvalue of the velocity gradient tensor. Extensional flow birefringence
data for the same polymer in different solvents correlate with the Zimm relaxation
time based on the intrinsic viscosity. When the polymers are sufficiently extended
there is a distinct onset of measurable decreases in the velocity gradients. A nec-
essary condition for this to occur is a very high level of domain overlap between
the extended molecules. If we estimate this by the volume concentration of circum-
scribed spheres, ¢eﬁ" (i.e., the sphere diameter equals the extended length of the
polymer), the onset of an effect of polymer on the flow does not occur until ¢ eff™
4000-6000. Nevertheless, our measurements show that dilute polymer solutions do
inhibit the development of large strain rates in regions of persistent extensional

flow.

Studies using sodium polystyrenesulfonate in glycerol with various amounts
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of added sodium chloride show the range of coil-stretch behavior that can occur
as a function of the equilibrium conformation of the polyelectrolyte. With high
ionic strength solutions, the polyelectrolyte behavior is the same as that of nonionic
polymers. As the ionic strength decreases and the equilibrium dimensions increase,
the onset of the coil-stretch transition shifts to much lower shear rates. With no
added salt, the expanded coil approaches free-draining behavior with a monotonic
increase of flow birefringence with increasing shear rate instead of the distinct onset
point usually observed. These low ionic-strength solutions also exhibit overshoots

in the birefringence on startup of simple shear flow.

The flow birefringence data have been compared with predictions of the nonlin-
ear elastic dumbbell model with various combinations of constant or conformation-
dependent friction laws, internal viscosity, strain-inefficient rotation, and Coulombic
charges on the beads. It seems that all of the models studied work well in pure ex-
tension where the coil-stretch process largely governed by the limited amount of
total strain (or finite residence time) in the flow. However, in flows with consid-
erable vorticity, the details of the hydrodynamic interaction between beads and
solvent and the rotational motion of the deforming dumbbell become very impor-
tant in determining the behavior of the model. Thus the birefringence data in
the flows near simple shear flow provide more stringent tests of the models than
flows with no vorticity. In flows slightly more extensional than simple shear flow,
none of the more advanced models gives entirely satisfactory comparisons with the
data. In this flow regime, the best comparisons with data are obtained with the
simple FENE dumbbell. Some evidence that the current modeling approach (and
conformation-dependent hydrodynamic friction) is basically sound was found. The
charged dumbbell model is able to describe the large difference in behavior be-
tween highly charged polyelectrolytes and those with excess added salt only if a

conformation-dependent friction law is included.
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INTRODUCTION

Several well-known and dramatic flow phenomena are observed in dilute poly-
mer solutions, including drag reduction in turbulent pipe flow, abrupt increases in
pressure drop in laminar porous media flows, and reduction of jet breakup and mist
formation. The solutions involved are often so dilute that they exhibit no measur-
able non-Newtonian flow behavior in simple shear flow. These important effects
are all believed to occur only when the solution is transformed by the flow to an
effectively much more concentrated solution as the polymer undergoes a transition
from the coiled equilibrium configuration to a greatly extended and oriented config-
uration. In order to fully understand the flow effects, one must understand both the

behavior of the polymer in the flow and the effect of polymer conformation changes

on the flow field.

In Chapter I, the flow birefringence technique is applied to measure polymer
conformation in laminar two-dimensional extensional flows with different amounts
of vorticity as produced in four- and two-roll mills. At the same time flow fields
are characterized by measuring velocity gradients via homodyne light scattering
spectroscopy, a technique sensitive enough to detect the highly localized effects on
the flow due to the extended polymers in very dilute solutions. The results are
used to estimate the degree of polymer stretching necessary for flow modification.
This information is best reported in terms of an effective concentration based upon
the volume concentration of spheres with diameter equal to the extended polymer

length.

The results of Chapter I afe applicable to any flexible, linear, high-molecular
weight polymer in poor to fairly good solvents. In Chapter III the behavior of
polyelectrolytes is investigated in extensional flows and also in simple shear flow.
Polyelectrolytes exhibit a wide range of equilibrium conformations as a function of

pH, ionic strength and charge density. By varying the ionic strength, the equilibrium
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coil dimensions of sodium polystyrenesulfonate in glycerol was found to vary by as
much as a factor of 5, with an accompanying change in behavior from non-free-
draining at high ionic strengths to nearly free-draining with no added salt. The
behavior of these solutions in extensional flows contributes to an understanding
of the coil-stretch transition in a wide range of polymer/solvent systems including

good solvent systems and semi-rigid or semi-flexible polymers.

The flow birefringence data are very useful for testing molecular models for
polymer dynamics in dilute solutions. The dumbbell model is applied throughout.
In Chapter II, the charged dumbbell model is developed specifically for polyelec-
trolytes in extensional flows. It is then compared with the data obtained in Chap-
ter III. Various other forms of the dumbbell model are also compared with the
data in Chapters I and III including features such as internal viscosity, anisotropic,

conformation-dependent friction, and strain-inefficient rotation.
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Dilute Polystyrene Solutions in Extensional Flows:

Birefringence and Flow Modification

by
P. N. Dunlap and L. G. Leal

Department of Chemical Engineering
California Institute of Technology
Pasadena, California 91125

Abstract: The coil-stretch transition in dilute polymer solutions has
been studied using four- and two-roll mills to generate two-dimensional
extensional flows. Flow birefringence measurements give the polymer con-
formation in the flow, while velocity gradient measurements using homo-
dyne light scattering reveal the effects of the polymer on the flow field.
When the polymers become sufficiently extended there is a distinct onset
of measurable decreases in the velocity gradients. A necessary condition
for this to occur is a very high level of domain overlap between the ex-
tended molecules. If we estimate this by the volume concentration of
circumscribed spheres, ¢ eff (i.e., the sphere diameter equals the extended

length of the polymer), the onset of an effect of polymer on the flow does
not occur until ¢ eff ™ 4000-6000. Nevertheless, our measurements show
that dilute polymer solutions do inhibit the development of large strain
rates in regions of persistent extensional flow. The present flow birefrin-
gence measurements also extend previous studies to a wider range of flow
types, thus providing new information that can be used in the evaluation
of molecular models for polymer flow dynamics. In the present paper,
we compare experimental data with predictions from the elastic dumb-
bell model with various combinations of a nonlinear spring, conformation-
dependent anisotropic friction (including strain-inefficient rotation), and
internal viscosity.



1. INTRODUCTION

In dilute solutions, flexible polymers have the unique capability of existing ei-
ther in a coiled configuration in which there is little if any effect of the polymer
on the rheological properties of the solution, or in an extended configuration which
can result in strong, measurable modifications of a flow. The coiled configuration
is the equilibrium shape, and it takes a flow with sufficient elongational content to
extend the polymer significantly. The abrupt onset process is commonly called the
coil-stretch transition and is believed to be associated with several dilute solution
flow effects. Among these are: an abrupt increase in the pressure drop for laminar
porous media flows,! capillary entrance flows,? and converging flows;3* drag re-
duction in turbulent pipe flows;5® flow birefringence in stagnation flows of various

6—11

geometries; mass transfer effects in flow around cylinders;!? and reduction of

jet breakup and mist formation.!3

In order to fully understand these effects, it is apparent that one must under-
stand both the effect of the flow on the polymer, and, conversely, the effect of the
polymer on the flow. Most of the examples cited above involve complex flows, and
we thus have only macroscopic indications of the flow modification by polymers,
such as changes in the pressure drop, rather than a detailed analysis of the flow
structure. The birefringence studies, on the other hand, provide a direct indication
of polymer extension, but only in relatively simpler flows.1* At the present time,
these two sets of studies experiments can be interrelated!:6:12 only by theories of
polymer behavior in flow.1%:16 Polymer conformation cannot be easily determined
in the flows with the largest aﬁd most easily measured macroscopic flow effects
(drag reduction, porous media, mist reduction, etc.). These are also flows whose
detailed structure is least well understood or documented, and which are not ac-
cessible at the present time to theoretical prediction even for a Newtonian fluid.

On the other hand, in simpler stagnation flows where polymer conformation can
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be determined, and theoretical prediction is conceivable, no significant effects of
the polymer on the flow have yet been measured in truly dilute solutions. In this
work, we combine the standard flow birefringence measurements in laminar, two-
dimensional stagnation flows produced in four- and two-roll mills with sensitive flow
field measurements using homodyne light scattering (HLS).1” Thus we produce the
first direct and simultaneous experimental measurement of both a flow field mod-
ification and polymer extension in a dilute polymer solution. This data not only
allows better understanding of polymer-flow interactions in a dilute solution, but
should also provide an excellent basis for comparison with theoretical attempts to
predict the flow via constitutive equations derived from "molecular” models such

as the nonlinear dumbbell.

There have been several previous attempts to measure flow modification ef-
fects in laminar two-dimensional flows of dilute polymer solutions, and these pro-
vide some background and useful insight for the present study. In the earliest
attempts in well-defined flows, streamline photography was used to characterize the
flow fields,5:8:18-20 while birefringence was used to characterize the degree of macro-
molecular extension and orientation. These latter measurements typically indicated
very localized regions containing highly stretched polymers, located along outgoing
streamlines emanating from the stagnation points of the flow. In general, however,
the streamline pattern is not much changed in two-dimensional extensional flows,
even for concentrated polymer solutions. For example, earlier workers using visual
observation®® in both a four-roll mill and a cross-slot device could detect no flow
modification due to the presence of the polymer, even for a 1% solution of Polyox
in water. Flow visualization studies showed an effect of polymer only in flows with

18—-20

appreciable vorticity, and then only in concentrated solutions (1-2% Polyox

in water).

Since streamlines are essentially an integral property of the velocity fields, they



are relatively insensitive to small or localized changes in a flow field. Furthermore,
in flows with a high degree of symmetry, such as the pure extensional flow in a four-
roll mill, the streamline pattern tends to be preserved even if velocity gradients
in the streamwise direction are changed. A more sensitive approach to study flow
modification in dilute polymer solutions is therefore direct velocity measurements
using the technique of laser Doppler velocimetry (LDV). Such a study has been
carried out by Gardner et al.,?! using a cross-slot flow device which simulates two-
dimensional extension near the center stagnation point (as does our four-roll mill).
The polymer conformation was monitored using flow birefringence. These investiga-
tors reported that the flow was affected when the polymers were stretched, but only
if the concentration exceeded the critical concentration, ¢*, where molecular inter-
actions are present even in the rest state. In this case, velocities were significantly
decreased along the outgoing streamline when flow rates were sufficiently high to
extend the polymers. These results suggest that intermolecular interactions are
necessary for flow modification, but also that a truly dilute solution will not exhibit
flow modification. This latter fact is difficult to understand in view of the strong
flow effects that are observed in such solutions for drag reduction, flow in porous
media, etc. Possibly, the lack of any measurable effect in the velocity field for dilute
solutions in laminar flow is a consequence of the extreme localization of the effect in
that case. Apparently, if we are to verify the modification of selected laminar flows
by dilute polymer solutions, an even more sensitive flow characterization technique

than LDV has to be used.

Therefore, in the present study we have turned to the homodyne light-scattering
technique of Fuller et al.}” (HLS) for direct measurement of velocity gradient fields.
Since the velocity gradients are first derivatives of the velocity field (and second
derivatives of the streamlines), small or localized velocity changes should show up

as much more dramatic velocity gradient changes. Furthermore, it is the velocity



gradients which produce polymer extension, and are therefore of greatest interest
to our studies. Fuller and Leall! did attempt such a study. They reported no flow
modification in a 100 ppm solution of 8 x108 M,, polystyrene in the four-roll mill.
As we will see, such solutions do exhibit significant flow effects. Looking back at
their data, one can see a slight effect that is very similar to what we have measured.
Improvements in the experiment since Fuller and Leal’s original work have made
the measurements much more accurate and reproducible. Fuller and Leall! also
filtered their polystyrene solutions several times, removing an unknown amount of
polymer (and thus yielding a true concentration less than the initial 100 ppm value).
Their solution may also have degraded during shearing and filtering before the HLS

experiments were performed.

In the following sections we will present the major result of the HLS theory
worked out by Fuller et al.,!” our specific application of it in four- and two-roll mills,
and detailed results of the flow birefringence and velocity gradient measurements
in dilute polystyrene solutions. Our results show a distinct onset for flow modifica-
tion. From this onset point, and the corresponding birefringence level relative to the
saturation birefringence for full extension, one can estimate the degree of polymer
extension that is necessary for each particular solution to change the flow. It is
convenient to report the polymer extension data in terms of an “effective” volume
concentration of spheres that are circumscribed around the polymer molecule, since
this provides a measure of the level of polymer-polymer interaction that exists at
the onset of a measurable effect on the flow. The flow birefringence results reported
here extend significantly the measurements of Fuller and Leal!! and thus provide a
more stringent and accurate basis for testing theoretical models for dilute polymer
solutions. We compare our results with theoretical predictions of the elastic dumb-
bell model, in order to evaluate the importance of such proposed effects as internal

viscosity, conformation-dependent friction, and strain-inefficiency of rotation.22-24



2. EXPERIMENTAL DETAILS
2.1 Materials

The two polystyrene samples used in this study were used in previous work.!!
One (PS8) was from Toyo Soda with a molecular weight, M,, = 8.42 x 10° and
polydispersity index of 1.17. The other (PS2) was from Pressure Chemical with
M, = 2 x 10° and polydispersity 1.3. The concentrations used were all around 100
ppm which is well below the critical concentration, ¢*, which is 700 ppm for PS8

and even larger for PS2.

The solvent used for most of the experiments was Chlorowax LV (LV), a chlori-
nated paraffin from Diamond Shamrock. In addition, some birefringence measure-
ments were done in tricresylphosphate (TCP) from Fisher Chemical. We also refer
to previous work in Pyralene 4000 (PCB), a chlorinated bipheny! from Prodelec,
France.!! The viscosity (7,), density (p), refractive index (n), and Maxwell constant

(M.) for each solvent are presented in Table L

TABLE I. Solvent Properties®

An,
Solvent N p n M. = 7—(5_—“
(poise) (gm/cc) x1010(s)
LV 11.2 1.12 1.52 13
TCP? 2.75 1.18 1.56 10
PCB 6.62 1.46 1.63 40

@ 20.0°C b 7.5°C

Characteristic relaxation tiﬁes, 7, for the polymer solutions were estimated
from measurements of intrinsic viscosities, 7 = [n]n,M,,/RT, with R the gas con-
stant and T the temperature. It will be seen that this parameter will correlate our
extensional flow data in the three solvents. The values of [n] and 7 are given in

Table II. The intrinsic viscosities in LV were very difficult to measure. LV seems
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to be a rather poor solvent for PS. Dissolution was very slow and phase separa-
tion occurs if solutions are warmed to approximately 40°C. The dilute solutions
used showed negligible viscosity increases, and we were unable to make homoge-
neous solutions of sufficiently high concentration in LV for accurate determination
of the intrinsic viscosity. The values reported in Table II for PS in LV were instead
obtained by measuring the hydrodynamic radius, Rp, of dilute PS in LV and in
TCP using standard dynamic light-scattering methods,?® and then estimating the

intrinsic viscosity in LV from the measured value in TCP, assuming [n] oc R3.25

TABLE II. Solution Properties®

Solvent [7] (cc/gm) 7 (s) Ry (A)
PS2 PS8 PS2 PS8 PS8
LV 229 472 0.21 1.83 780
TCP 202 600° 0.058% 0.60° 855
PCB 271 612 0.15 1.40 -~

@ 20.0°C % 7.5°C

2.2 Homodyne Light Scattering

The measurement of velocity gradients using homodyne light-scattering spec-
troscopy is described by Fuller et al.l1” We used 0.091 micron PS latex spheres to
seed the solutions. The solvents were carefully filtered to improve the correlations,
which were taken on a Brookhaven Instruments BI2030 correlator. The incident

light was from a Spectra-Physics 165 Argon ion laser at 488 nm.

Figure 1 shows the orientation of the incoming light k;, the scattered light k,,
and the scattering vector q = k; —k,. The flow is in the zy-plane, and ¢ denotes
the angle between the scattering vector and the z-axis. Thus q = g(cos ¢,sin ¢),

4nrn

where ¢ = —)G-sin %, with Ag being the incident wavelength and 8 the scattering

angle. The homodyne correlation function in an arbitrary linear flow, according to
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the theory of Fuller et al.,}7 is
2
$

(1)

Fy(q,t) = I[[/ d®x I(x)exp{—iq-T -xt}

where I(x) is the intensity distribution of the incident laser light, and T is the
transpose of the velocity gradient tensor for a velocity field v = T'-x. We have

applied equation (1) to the general two-dimensional linear flow with

I‘=7<g é) (2)

where ~ is the magnitude of the velocity gradient, and A is the flow type parameter
which ranges from -1 to 1. Pure rotational flow corresponds to A=-1, simple shear
flow to A=0, and pure extensional flow to A=1. Figure 2 shows the streamlines of
these limiting, theoretical flows and how they can be obtained in our flow devices,
in principle.

We assume the same Gaussian intensity distribution as Fuller et al.,!” namely
I(z',y/, 2') = exp{— (2" + y'?)/L? — 22 [P L? csc? 8}, (3)

The 2’ direction is that of the incident beam and thus makes an angle of /2 with the
z-axis shown in Figure 1. « is the ratio of a characteristic length of the scattering
volume in the 2’ direction to L, a measure of its width. An explicit result for
the time correlation function F3(q,t) can be obtained by substituting equation (3)
into (1). The result, after transforming flow coordinates to primed coordinates and

integrating over x’-space, is

227242
Fa(a) =y e { - L
2 ‘21
=0
(iﬂ) sin? 2¢ cos? % g+ a? s 22 + ((:OS2 ¢ — Asin? ¢)2 .
2 sin” ¢

(4)
In further use of equation (4) the preexponential factor will be dropped for conven-

ience.
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Two special cases of equation (4) are obtained when q is aligned with either
the z or y-axis, t.e., =0 or 90°, respectively. In particular, when ¢=0 the time-

correlation function becomes
Fp = exp{— 1 ¢*+*L?t?}, (5)

and is dependent on the velocity gradient, ~, but is independent of the flow type,

A. If, on the other hand, ¢ = 90°, one obtains
Fy = exp{— 1 ¢*v*\2L%?} (6)

for any arbitrary value of A, —1 < XA < 1. It is evident from equations (5) and
(6) that independent measurements of the correlation function for ¢=0 and ¢=90°
provide a way of determining both X and + in the four- and two-roll mills. The
data of Figure 3 demonstrates this. The line with steepest slope passes through
measurements of v (with ¢=0) versus w and for various values of A. The slope, which
represents the proportionality between the decay rate of the correlation function and
7, is independent of A as predicted by equation (5). The other data points in Figure
3 provide measurements of yA (with ¢=90°). Data for a given value of A fall on a

line with slope proportional to A just as predicted by equation (6).

There are two sources of uncertainty which limit the usefulness of this light-
scattering technique for determination of absolute velocity gradients. Omne is the
intensity profile of the incident beam. This is known to fluctuate on time periods
of the order of a day. This leads to uncertainty in the true functional form of the
correlation function as discussea by Fuller et al.l” Therefore, instead of using a
least squares fit to a Gaussian or some other shape-dependent fitting procedure, we
simply determine the half-height time of the correlation function, ¢t5. Then equation
(5) gives v = v2In2 /gLt,. The correct L to use for the characteristic scattering

volume dimension is hard to determine a priori. The best solution is to use t;l as a
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relative velocity gradient and calibrate the measurements from day-to-day by using
a known flow field to determine an effective L. This effective L eliminates the need
to know either the intensity distribution or the scattering volume dimensions. We
have found the results to be quite reproducible, and L is typically about half the

beam width, or about 70 um.

In the velocity gradient data presented throughout this paper, each point rep-
resents an average of several correlations, whether plotted as a relative gradient
(t;l) or an actual shear rate 4. When no error bars appear, the error (standard

deviation of the averaged values) is less than or equal to the symbol size.

Another limitation of the light-scattering experiment is that the theory has
been worked out in detail only for two-dimensional flows, yet any additional com-
ponents of I' which might occur in a real flow device will contribute to the correla-
tion. The main causes of such effects in our flow devices are end effects due to the
bottom and top covers and misalignment of the scattering vector. Since such effects
could obscure the effects of dilute polymer on the flow field, we have done extensive
studies to characterize the flow fields with Newtonian fluids. These results will be
reported next with special emphasis on the effects of deviations from the idealized,

linear flow, equation (2) with v = I' - x, that can occur in Newtonian fluids.
2.8 The Four-Roll Mill

The four-roll mill has been described in previous papers.?” For measuring the
flow birefringence, An, in order to determine polymer conformation changes in
flow, the essential feature of the device is that it simulates the general linear two-
dimensional flow?® which has aAvelocity field v = ~(y,Az). This flow field is the
one that is usually considered in theoretical work. The stream function, %, for
these flows is given by ¢ = ~4(y? — Az?)/2, and the streamlines are sketched for
some selected values of A in Figure 2. The flows with 0 < A < 1 are called strong

flows and have a stagnation point and hyperbolic streamlines. Strong flows with
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0 < A < 1 are generated in the four-roll mill by slowing down the pair of rollers on
the z-axis with respect to the pair on the y-axis. The limit of simple shear flow,
A=0, is approached, in principle, when one pair of rollers is stopped altogether. In
practice, however, the flows with |A] < .2 are not reliable because of constraints
on the flow geometry due to the presence of the stationary (or nearly stationary)
pair of rollers. We have therefore constructed three new pairs of rollers of different
size which approximate the flows A=.094, .049, and .019 when the flow device is
operated as a corotating two-roll mill (i.e., with the second set of rollers removed
altogether). Flow types near the simple shear flow limit are important for testing

some proposed features of dumbbell models, as will be shown later.

The main requirement for flow modification studies is that the flow field in the
absence of polymer be very well characterized. As discussed in the introduction,
dilute solutions can be expected to produce very localized flow changes which can
be resolved only by measuring velocity gradients. We therefore carried out exten-
sive “calibration” measurements in Newtonian fluids (glycerol and LV) using the
HLS technique. The purpose of these measurements is to provide a baseline for
Newtonian fluids in order to be able to recognize the distinct non-Newtonian con-
tributions for dilute polymer solutions. In particular, deviations from the idealized
linear, two-dimensional flows will occur even in Newtonian fluids due to “end ef-
fects” and other factors, and it is essential to be able to distinguish these changes

from changes that are caused by the addition of polymer.

The initial (HLS) studies of the four-roll mill by Fuller et al.17 showed the
characteristic shape of the velocity gradient profile along the “limiting” incoming
and outgoing streamlines which emanate from the stagnation point for the purely
extensional flow, A=1. As long as the measurements are taken on the center plane
between the top and bottom of the flow device, the profile is symmetric. Fur-

thermore, as long as the angular velocity of the rollers, w, is low enough, velocity
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gradients at any point are directly proportional to w. The flow visualization study
of Lagnado?® showed that end effects in the form of vortices generated at the top
and bottom of the flow device become important at a Reynolds number, Re ~ 5,
where Re = 2wRh/v with R being the roller radius, 2k the gap width between
adjacent rollers, and v the kinematic viscosity. These end vortices are undesirable
for our experiments, because all of the analysis of birefringence data assumes that
the flow is uniform from the top to the bottom of the flow device. At Re~ 38 the
flow became fully three-dimensional and totally unsuitable for our studies. HLS
measurements also showed these effects. Figures 4 and 5 show typical HLS meas-
urements at the center stagnation point when end effects are present. The end
effects begin in Figure 4 as an upward curvature in the otherwise linear ~ versus
w relationship at w=20, approximately Re=5 for this glycerol/water mixture with
n~10 p. At about Re=36, (w=20 in Figure 5 for glycerol/water with n ~ 1.4 p.)
the measured velocity gradient increases dramatically or goes through a maximum
depending on the orientation of the scattering vector, q. Figure 6 shows how end
effects appear in the velocity gradient profiles along incoming and outgoing stream-
lines. Two values of Re are considered, .37 and 3.7, the latter being the upper limit
reached in the solutions of PS8 in LV that we have studied. Both are in the range
where «y varies linearly with w at the center. It is seen that small changes in the
profile shape occur away from the center as w increases, and the incoming profile
differs slightly from the outgoing profile for the higher roller speed. We have in-
cluded these data in order to show that the polymer effects to be presented shortly
are easily distinguished from the “non-ideal” flow effects seen in Newtonian fluids
with non-negligible inertia. Finally, Figure 7 shows the variation of velocity gra-
dient with position as we move normal to the outgoing streamline in a Newtonian
fluid. The z values indicated in Figure 7 are distances from the center stagnation

point measured along the outgoing streamline and thus correspond to the abscissa
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in Figure 6. These cross-flow profiles are all smoothly varying with either upward
or downward curvature, depending on location with respect to the positions of the
maxima in Figure 6. As we will see, dilute polymers cause dramatic deviations from

these velocity gradient profiles.
2.4 The Two-Roll Mill

The flows in the two-roll mills were characterized using both flow visualization
and HLS to determine the angle of crossing of the asymptotic streamlines at the
center (i.e., the flow-type parameter 1), and HLS to measure the velocity gradient
fields. An advantage of two-roll mills over the four-roll mill is the existence of
an analytical solution of the unbounded creeping flow problem in this geometry.
This allowed us to predict the complete flow pattern for the dimensions of our
two-roll mills, assuming, of course, that the real flow is two-dimensional. These
predictions were used in designing the two-roll mills and also in testing the reliability
of the HLS measurement. The general form of the creeping flow solution for two
cylinders of arbitrary radiué and arbitrary center-to-center separation distance was
given by Jeffery in 1922.3° The particular case of a counter-rotating two-roll mill
was evaluated by Jeffery and has also been presented several other times in the
literature. We are interested here in the solution for corotating rollers, which, to

our knowledge, has not been given elsewhere.

Jeffery’s general solution is expressed in bipolar cylindrical coordinates, (e, B),

which are related to (z,y) coordinates by

asinf3 asinh o
= and y=
cosha — cos 8

. 7
cosha — cos 3 (7)
Figure 8 shows the coordinate curves of constant o and 8. The rollers are curves of
constant a=xa; positioned with their centers on the y-axis as shown in Figure 2.

The constant a is essentially a scale factor. The two constants @ and «aj are related
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to the roller radius R and the gap width 2A via the relations
h .
1+ = cosha; and a = Rsinha;. (8)

The stream function for corotating rollers is found to be

2

Y= —I Z —wcos 3 (A cosh @ + Dasinh a)
. (9)
) oy —coth oy
th A= d D= ,
wi a; + sinh ay cosh a; an «ay + sinh o cosh ay

where w is the angular velocity of the rollers. In the region very near the stagnation
point, the flow fleld is asymptotically a linear flow with the flow-type parameter A
independent of roller speed.

—1
)= (4 cotha; 1) (10)

23]

The acute angle of crossing, 2¢, of the center streamlines is related to A by the
equation A = tan?p. The magnitude of the velocity gradient in this region is

proportional to w.

7= By (11)

We found that values of A calculated from the measured angle of crossing of the
center streamlines agree very well with the theory. Figure 9 shows a photograph
of streamlines for a particular pair of rollers (which give A=0.135 according to
equation 10), compared with the exact streamlines calculated from equation (9)
and with the linear flow approximation of equation (2) with A=.135. It is apparent
that streamlines are inadequateAfor resolving quantitative differences between the
two analytic representations of the flow. Figure 10, on the other hand, shows
a quantitative comparison between velocity gradient profiles measured along the
centerline of the gap by HLS and calculated from the exact creeping flow solution.

There is good agreement over a reasonable distance. But the region of linear flow
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where « is constant is relatively small, on the order of the gap width. Another
important characteristic of the experimental system is the relationship between
roller speed and velocity gradient, v which should be linear according to equation
(11). Figure 11 shows typical results for the measured velocity gradient at the
stagnation point of the flow versus roller speed. Our experimental studies verified
that « varied linearly with roller speed for Newtonian fluids over the range of speeds

used in our experiments for all realizations of the two-roll mill.

We have noted earlier that the critical condition for onset of end effects and
three dimensionality in the two-dimensional extensional flow, A=1 (as realized ap-
proximately in the four-roll mill) is Re=5 and Re=38, respectively. The recent
theoretical stability analysis of Lagnado et al.3! for a general, unbounded linear flow
suggests that these critical conditions should vary with flow type, A as yV/A irre-
spective of whether the flow is produced in a two- or four-roll mill. In practice,
however, the flows produced in the two-roll mill are stable and two-dimensional to
significantly higher values of yv/A than in the four-roll mill. We believe that this
is because the gap width in the two-roll mill for the smallest values of A is much
smaller than in the four-roll mill. If we use Re+/A (with the same definition of Re as
before) instead of 4v/}, it does seem from limited flow visualization experiments3?
that the critical conditions in both the two- and the four-roll mill vary as Re v/ A &5,
and 38. Regardless of the reason, however, the capability of achieving larger values
of ¥v/A while maintaining a two-dimensional, stable flow is a definite advantage of
the two-roll mill. The actual dimensions and the measured and predicted shear rate
proportionality constants of the flow devices are given in Table III. (The two-roll
mill with A=.135 which was photographed for Figure 9 is not included. It is actually
two adjacent rollers in the four-roll mill and was not used in the present HLS and

flow birefringence studies.)
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TABLE III. Characteristics of the Flow Devices

Device Re Measured From Theory

(cm) A v/ w A v w

2-Rolls #1 2.906 0.09 4.7 0.094 4.66

#2 3.170 0.05 9.5 0.049 9.64

#3 3.361 0.02  25. 0.019 26.12
4-Rolls 1.905 2-1 0.64 - .678

® h+ R = 3.488 cm in each case (diagonally in 4-roll mill)

2.5 Flow Birefringence

The most direct and widely used experimental probe of the polymer behavior in
strong flow seems to be the flow birefringence (FB) experiment.!4 It has been used to
study various aspects of the coil-stretch transition in well-defined flows.6—11,18—20
It can be used to test predictions of molecular theories of polymer behavior. A
schematic of our experimental setup is shown in Figure 12. The flow device can
be moved independently of the optics so that almost any position in the flow field
can be studied. The same optics are easily realigned to do the HLS experiment
described above. The relative orientations of the polarizer, analyzer, solution optic
axes (indicative of the orientation of the elongated polymer molecules), and flow
field are also shown in Figure 12. The intensity I measured by a laser power meter
is related to the incident intensity Iy, wavelength \g, the solution thickness d, the
birefringence An, and the angle ¥ between the polarizer and the optic axis of the

solution.
o TdAn

0

I = Ipsin? 24 sin (12)

By finding the position of maximum intensity, ¥ = 45°, the polymer orientation
angle, x, can be determined. This angle x is defined to be consistent with the
classical extinction angle from simple shear flow experiments.}4 For all flow types,

X is 45° at low shear rates and approaches the flow direction, ¢, at high shear rates.
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The birefringence of the solvent LV had to be measured and accounted for
when calculating the polymer contribution to the birefringence. The relations rec-
ommended by Philippoff®3 were used to subtract off the solvent contribution.

Ang =An? + An? - 2An,Ansin2x

n (13)
cos 2
Tp

cos2xp =

Here the subscript p refers to the polymer, s to the solvent, and no subscript for
the measured solution property. The Philippoff relation assumes that the solvent
orientation angle is always 45°. This was found to be true for LV. The An of LV
in the four- and two-roll mills is plotted in Figure 13 versus the Newtonian rate of
strain 4(1+ A)/2, which is proportional to the stress. Since the data fall on a single
straight line, the stress-optical law is valid for these Newtonian liquids and can be
generalized for the class of two-dimensional linear flows. The Maxwell constant or
“dynamo-optic” constant,'4 M., has been customarily defined for simple shear flow.

It can be defined more generally by the equation
Ang = M~(1+ A). (14)

In Reference 11, the An of PCB was plotted versus 41/}, the eigenvalue of T or the
persistent strain rate,’® rather than the actual rate of strain. Since vA = (1+1)/2
for A ~ 1, the data seemed to correlate only because the two possible correlating
parameters differed by at most 20% for the lowest A value of 0.25 that these authors
could acheive. For the range of A considered here, there is no such ambiguity in
the data, since the two possible correlating parameters differ by a factor of almost
4 for our lowest value of A=0.019. The Maxwell constants for the three solvents are
given in Table I. These turn out to be ~ 102 times larger than values reported for
typical organic solvents.1* This is as one would expect because M, « 7, for solvents
of similar molecular structure, and the solvents we use have viscosities ~ 10% times

larger than the viscosities for typical organic solvents.
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3. RESULTS

We now turn to the results of our flow birefringence and velocity gradient meas-
urements in dilute solutions of polystyrene. Before presenting detailed comparisons
between FB and HLS, we present extensive FB data showing the general behavior
of the polymer in different solvents. Previous published data from our laboratory!!
had considered only a single, viscous solvent. The present birefringence data also
extend previous work!! to lower values of the flow type parameter, A. Follow-
ing the birefringence data, we show extensive velocity gradient measurements for

polystyrene in Chlorowax LV.
8.1 Flow Birefringence

The primary purpose of the FB measurements in this study is to connect the
coil-stretch transition with the flow modification results that are reported below.
However, we have also extended previous FB studies!! of polymer extension to
include several solvents and much smaller values of the flow-type parameter A. The
importance of lower A values was stressed by Fuller and Leal! in connection with
the evaluation of internal viscosity contributions for dilute solutions. In this region
of flow types, the behavior must change qualitatively from the small deformations
produced in simple shear flow to the nearly complete extensions obtained in flows
with only slightly more extension than rotation. A fully successful model should
be able to describe not only simple shear flow and pure extension, but also the

“transition” for flow types in between.

We measured the FB of PS8 at a weight concentration of 100 ppm in TCP
and in LV at the center stagna;tion point of the three two-roll mills and of the
four-roll mill for different values of A. Similar measurements using PS2 at the same
100 ppm concentration in LV were also done. The data are plotted as An versus
~4v/A and presented in Figures 14-16. (Here we initially use the values of A and ~

calculated from measured roller speeds, w, using the Newtonian relationships from
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Table II1.) In these plots, the solvent contribution to the flow birefringence has been
removed using equations (13). It is typically an insignificant fraction of the total
birefringence except at the highest shear rates which occur in the two-roll mills of

smallest gap.

The main result of varying the flow type was previously found to be the exis-
tence of a correlation between FB and vv/A, the eigenvalue of T', for all A in the
range .2 < A < 1. The effect of including smaller A values is obviously to show that
this correlation of An with the eigenvalue vv/) is still excellent down to very much
smaller values of A. Though A = .019 implies a ratio of extension to vorticity of
only 1.039, the flow still acts qualitatively similar to pure extension insofar as its
effect on the polymer is concerned (i.e., it is still a strong flow). Based upon these
new data, a target for any theoretical model would seem to be an ability to predict
a correlation of the onset of the coil-stretch transition process with 4v/A down to

at least A = .019.

All of the PS8 data in tlhe two-roll mills as well as that for A = 1 in the four-roll
mill are replotted in Figure 17, this time versus the dimensionless eigenvalue, 7yV/),
based upon the characteristic solution relaxation time scale, 7, that is determined
from intrinsic viscosity measurements. Also included are the data of Fuller and
Leal in PCB.!! The characteristic times, 7, are given in Table II. It is not surprising
that the data for the three solvents correlate when plotted in this way, but this fact
has not previously been demonstrated in the literature for strong flows so far as
we know. The characteristic relaxation time, 7, should account for differences in
temperature, solvent viscosity, and solvent quality among the three solvents. The
fact that the birefringence correlates with 7yv/A suggests that the onset point for
the coil-stretch transition scales as r does, t.e., with [n]M,,. The data in Figure 17
can (after correcting for velocity gradient effects as described in the next section)

be considered to be a master birefringence curve for this particular polymer in any
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strong two-dimensional flow. It is probably only representative of this particular
polystyrene sample, however, because the molecular weight distribution affects the
shape of the data significantly.!® Though 7 accurately correlates the onset point
for birefringence, the degree of apparent smoothing of the coil-stretch transition is
determined directly by the spread in the molecular weight distribution. Therefore,
7 alone cannot be expected to correlate the shapes of the birefringence curves of
polymer samples with different polydispersities. In fact, we found that the PS2 and
PS8 data in the same solvent and same flow do not correlate with each other as

well as the PS8 data for different solvents.

The saturation behavior of the birefringence is surprisingly complicated. Ex-
amining Figure 17, we see, first of all, that different apparent saturation values of
the birefringence are obtained in the three solvents and in the two kinds of flow
devices. This was not expected because if the maximum, An.,, represents fully
extended polymer chains, it should only depend on the total amount of polymer in
solution and the total intrinsic optical anisotropy of the polymer, (NAa), both of

which are constant in these experiments,

_ 21 (n?+2)2 Nye
Ang = o - A7 NA«a (15)

where N4 is Avagadro’s number and N is the number of statistical (Kuhn) segments
in the polymer chain. The highest measured value for An,, ~5x10~8, was obtained
in the two-roll mills for both PS8 and PS2 in LV. This asymptotic value is about
twice what Fuller and Leal obtained in the four-roll mill with the PCB solvent.1! If
we assume that the present measurement represents 100% extension of the polymer
and that Ao = —145 X 10”25c§,34 equation (15) gives a value of N ~ 5000 for
PS8 and 1200 for PS2. This corresponds to ~16 monomers per statistical segment
and stretch ratios of ~70 and 35, respectively, at full extension. The same Ang
was reached in TCP in the two-roll mill with the smallest gap (#3). Since it is

independent of M,,, 1, and flow type for the two-roll mills, it seems certain that
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this saturation value represents the complete (or very nearly complete) extension

of the polymers.

The saturation values in the four-roll mill do not reach the same high value and
they are strongly dependent on solvent viscosity. Ane is lowest for TCP which has
the lowest viscosity and almost reaches the two-roll mill value for LV which has the
highest viscosity of the three solvents. The dependence of the “apparent” asymp-
totic birefringence level on solvent viscosity (in the flows with A = 1) seems to be
Angy ~ 773/3. The corresponding Reynold’s numbers are 22 for TCP and 3.8 for LV
at saturation. Thus, according to the results of Lagnado’s recent flow visualization
study of the four-roll mill,?® the effects of the secondary flows, induced at the top
and bottom of the flow device, may be a major contributor to the appearance of
an “apparent” asymptotic level for An in the four-roll mill, which is dependent on
solvent viscosity and is lower than the actual asymptotic value that is attained in
the two-roll mill. We may recall from Lagnado’s work that end effects in Newtonian

fluids become increasingly important above Rea5 in the four-roll mill.

There is something more happening in the polymer solutions, however. Even
in the more stable two-roll mills the last data points reported represent the highest
shear rates for which a stable birefringence value could be measured. For higher
shear rates the birefringence intensity fluctuated wildly, indicating a very unstable
flow. This always occurred, even when the Reynold’s number at An, was only
0.2 (for LV in two-roll mill #3). Also, flow visualization revealed no changes in
flow structure similar to the large vortices observed in “unstable” Newtonian fluids.
Figure 18 shows a series of vertical sections of the flow for a 118 ppm solution of
PS8. End effects appear to be minimal in these photos, even at shear rates more
than twice the shear rate at which the FB becomes unstable (t.e., up to Re = 10).
Thus the unstable flow evidenced in the FB data must result from a different type

of localized, or smaller scale flow instability than occurs in Newtonian fluids for
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which larger values of Re are required for instability.

It may be noted that recent experimental studies of concentrated polymer solu-
tions flowing through a contraction have identified a localized, distinctly viscoelastic
instability which also occurs at low Reynold’s numbers in the extensional region of
flow.3% Furthermore, a recent analysis of the stability of extensional flow, based
upon a constitutive equation of the “Oldroyd-type,” has predicted a “viscoelastic”
instability to short wave-length disturbances at a finite, O(1) value of the dimen-
sionless strain rate (i.e., of the Weissenberg number).3® It is not known, at the
present time, whether either of these observations is related to the (apparently)

short wave-length instability that our FB data exposes in dilute solutions.
8.2 Velocity Gradient Measurements

Using the light-scattering technique previously described, we have examined the
velocity gradient fields in the four- and two-roll mills for 80 and 100 ppm solutions of
PS8 in LV and for a 118 ppm solution of PS8 in an LV/TCP mixture with 1,=8.3
p- In this section, we report the variation of velocity gradient with roller speed
and with position in the flow, and compare these data with measurements of flow

birefringence at the same positions and shear rates.

Figure 19 shows typical velocity gradient data for a number of different flow
types measured at the stagnation point of the four-roll mill. The data are plotted
as measured versus theoretical (Newtonian) values of v4/A for the same 100 ppm
PS8 in LV solution that was used in obtaining the FB data in Figure 14. In the
case of pure solvent, measurements described earlier show a direct proportionality
of shear rate to roller speed exéept when “end effects” set in from the top and
bottom of the flow device. This linearity holds true at each position in the flow for
a Newtonian fluid and is represented by the straight line in Figure 19, as well as
in Figures 20 and 21 which we shall discuss shortly. At low roller speeds, it can be

seen from Figure 19 that the same linear relationship between v and w is followed
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in the polymer solution as for a Newtonian fluid. However, at a certain value of
w, a rather sharp transition is observed. From that point on, the velocity gradient
in the polymer solution is significantly (up to 20%) less than in pure solvent at a

given roller speed.

Several points should be noted with regard to this measured effect of the poly-
mer on the flow. First, we shall see shortly that the magnitude of the effect, for a
given roller speed and flow type, increases significantly with position as we move
along the outflow axis away from the stagnation point. Thus, the magnitude meas-
ured at the stagnation point provides a conservative indication of the decrease in
the velocity gradient. Second, the onset of a measurable effect of the polymer on
the velocity gradient appears to correlate with the eigenvalue of T (i.e., with '7\/X)
Since the FB data also correlates with 44/, and is indicative of the degree of poly-
mer extension, we infer that the onset point for flow modification occurs, for any
flow with A >0, at a critical level of polymer extension which depends on the con-
centration and M,, for a given polymer. Finally, we note that the weaker flows in
the four-roll mill (s.e., those with lower values of A) show larger decreases in velocity

gradient at higher shear rates than pure extensional flow (A=1) at equal values of
SN

The magnitude of the velocity gradient decrease shown in Figure 19 is larger
than found by Fuller and Leal'! for a 100 ppm solution of PS8 in PCB. We believe
that their measurements show smaller effects than ours because their solutions
were filtered several times (to eliminate the adverse effects of dust on the HLS
experiments), thereby reducing the polymer concentration and possibly degrading
the molecular weight. To test this hypothesis, we filtered a 100 ppm solution of PS8
in LV once (using a 5 pm Millipore filter) and compared HLS and FB data with the
data for the original solution. Figure 20 shows HLS and FB data (at the stagnation

point in pure extension) for both the unfiltered and the filtered solutions. The FB
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data shows a significant difference between the original and the unfiltered solutions.
The shift in the onset point of the FB is indicative of about a 15% decrease in
M,, during filtering. The decrease in the apparent value of An, indicates that the
actual concentration of polymer is only about 80 ppm after filtering. The velocity
gradient data also show the effects of filtering on the molecular weight and/or the
concentration. The onset of the velocity gradient effect occurs at a higher shear rate
in the filtered (80 ppm) solution than in the unfiltered solution. The magnitude of

the effect is also less after filtering.

In Figure 20, it can also be seen that the onset of the velocity gradient decrease
results in a change in slope in the birefringence data, and that this change in slope
occurs approximately midway through the coil-stretch transition process for these
particular solutions. Thus the FB data alone can be useful in showing flow effects
for very dilute polymer solutions. For example, the smoother appearance of the FB
data for PS2 in Figure 16 agrees with the absence of any measurable flow effects in
this solution. Knowing now what to look for, we can detect these same FB and HLS
effects (though less dramatic) in the data of Fuller and Leal (Reference 11, Figures
10 and 21). Since the actual shear rates have now been measured, the FB data can
be replotted versus true shear rates. This has been done, and the resulting data

will be used to test various forms of the dumbbell model.

The 118 ppm solution shows the largest changes in the flow field due to the
polymer. Figure 21 shows the flow birefringence for this solution at the center of
two-roll mill #2 and at three positions (0, 0.3, and 0.6 inches from the stagnation
point) on the outgoing streamline of the four-roll mill (with A=1). The nip of
the rollers is about 1 inch downstream, and the .6-inch position coincides with
the location of the maximum velocity gradient in the Newtonian profiles of Figure
6. The corresponding velocity gradients measured by HLS are shown in Figure

21 as vv/A versus w. The straight lines (representing Newtonian behavior) have



28

different slopes for different positions in the four-roll mill, the steepest being at 0.6
inches from the center. Figure 21 shows that the reduction in shear rate by the
polymers can be significantly more 0.6 inches from the center than at the center.
The flow effect is also seen to commence at lower roller speeds at X=.6" than it
does at the center. The birefringence indicates that the polymers are slightly more
extended downstream of the stagnation point, but not nearly as much as would be
expected, since the peak velocity gradient is about 45% higher than that at the
center for a Newtonian fluid. In other words, the reduction in « coincides with
reduced macromolecular extension, with the greatest effects occuring where the

shear rate is the greatest.

We have also measured velocity gradient profiles along the outgoing streamline
of pure extensional flow in the four-roll mill for the 80 ppm solution of PS8 in
LV. The data are plotted in Figure 22 as a ratio of the measured t;l to that of
a Newtonian fluid at the center position. This allows a direct comparison of the
shape of the profile at different roller speeds. The profile for the polymer solution
coincides with that of the pure solvent (Figure 6) at roller speeds below the critical
value for onset of a measurable effect of the polymer on the velocity gradients.
Typical profiles for roller speeds above the critical value are also shown in Figure
22. The shear rates are found to decrease all along the outgoing streamline. As
in the 118 ppm data of Figure 21, the effects are seen to begin at lower w in the
regions of the peaks than at the center of the flow device. Thus, the locations
of the flow with the greatest strain rates are influenced the most by the polymer.
It will be seen, however, that velocity gradients on the incoming streamlines are
not reduced nearly as much as on the outgoing streamline, even though in this
symmetric flow the shear rates are equally large (in a Newtonian fluid). This is
because the residence time in the region of high shear rate must be long enough to

allow sufficient extension of the macromolecules before the flow will be measurably
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affected. The incoming streamline does not usually meet this requirement.

We have also measured the spatial variation of velocity gradient away from
the center streamline of the four-roll mill flow with A=1 at fixed roller speed in
order to determine the spatial extent and magnitude of the polymer-induced flow
modification. The cross-flow velocity gradient profiles in the pure solvent have
already been discussed, and this data will now be compared with the results for
dilute polymer solutions. One well-known characteristic of the birefringence is its
localization in a very narrow region near the outgoing streamline of the flow. We

find that the velocity gradient field can be modified over a significantly larger area.

The variation of the velocity gradient perpendicular to the outgoing axis and
at various positions along it is plotted in Figures 23 and 24. The two graphs of
Figure 23 are for the 118 ppm solution at two roller speeds. The top one is for
w=3.5s7!, which is below onset of the low modification effect. The bottom graph
is for 10.5 s~1, and the modification of the flow by the polymer is quite dramatic
in this case. Figure 24 shows data for the 80 ppm solution at many positions
along the outgoing axis (solid lines). The dashed lines are the measured profiles
perpendicular to the tncoming streamline, which show little or no difference from
the Newtonian profiles of Figure 7. The most important “new” observation from
this data is that the influence of the polymer on the velocity gradient field extends
well beyond the region of large polymer extension and high FB. The width of the
measurable birefringent region is typically < 0.05 cm while the velocity gradient
field is altered over ~0.5-0.8 cm. We believe that this is completely reasonable. If
the birefringent region is considered to act as a line of much higher viscosity than
the bulk of the fluid (or even as a solid wall), then the extent of influence of this line

will be the length scale, I, for vorticity diffusion on time scale of order 1/~. Thus,

l ~ y/v/v, which is about 1 cm for LV at v = 15571,

In Figure 25, we attempt to provide a better picture of the overall appearance
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of the velocity gradient fleld in the four-roll mill. The cross-axis profiles from Figure
24 are plotted with their center points positioned at the location of the measurement
in the flow. The incoming and outgoing cross-profiles are combined for comparison.
Also shown are the profiles along the incoming and outgoing axes (rotated 90°).
The same velocity gradient scales apply to all points so the relative size of the dips
is not exaggerated. The cross-profiles located beyond the nip of the rollers are

negative shear rates.
3.8 Degradation

One more set of observations should be mentioned here. Mechanical degra-
dation of the polymer was observed in the PS8 solutions. It was evidenced by
irreversible decreases in birefringence after running the rollers for a few minutes at
a high enough speed to produce nearly complete extension of the polymers. Figure
26 shows the changes in FB typically observed for a 100 ppm PS8 in LV solution.
After about 23 hours of extensive HLS and flow visualization studies at values of
~v/A up to about 40 s~ 1, the birefringence versus shear rate curve strongly resembles
what we would expect for a sample with M,, = 4 x 108. Thus the polymer chains
break at or near the center bond after being completely stretched out by the flow.
The same conclusion was reached by Odell et al. on the basis of FB measurements
in a cross-slot flow device.” Mechanical degradation probably contributes to the
scatter in plots such as Figures 14-17 and 19 in which many data points taken over
a period of hours or even days are included. We always attempted to minimize the
possible influence of degradation by using the shortest correlation duration times
practical in the HLS experiments and only running the rollers long enough to get
a steady intensity measurement in the FB experiments, but degradation cannot be
totally avoided: if the polymers are extended, then they are likely to be broken

eventually!
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4. DISCUSSION

4.1 Flow Modification Onset

As shown above, the onset of flow modification occurs at a higher shear rate
than the onset of the coil-stretch transition and at a lower shear rate than the on-
set of instability in the birefringence, which in turn occurs well before significantly
three-dimensional flow would be seen in a Newtonian fluid. The effect of polymer
on the flow can be thought of as correlating with an increased effective volume
concentration as the polymers become greatly extended. A dilute solution of hy-
drodynamically isolated polymer molecules would not be expected to affect the flow
macroscopically. A flow effect is not expected at least until neighboring polymer
molecules begin to influence each other hydrodynamically. From the birefringence
measured at the critical roller speed for onset of a flow effect in the 100 ppm so-
lution of PS8 in LV, we estimate that the polymers are extended to about half
their total contour length when an effect on the flow first occurs. Calculating the
effective volume concentration, ¢, = %wrqu ac/M, of spheres with a radius equal
to one-half the total contour length, L, using req = %\/W, gives a critical
effective volume concentration ¢, &~ 3900. This very large value suggests strongly
that very extensive interactions are necessary before the polymer solution exhibits
measurable flow modification due to the presence of the polymer. The same type
of behavior was seen in the 80 ppm solution, except that the critical roller speed
(t.e., the critical velocity gradient) is somewhat higher, because greater extension
is required to give the same effect when ¢ is lower. In this case, the polymers are
estimated to be at ~60% of full e-xtension at the onset of a measurable change in the
velocity gradient, giving ¢¢pi¢ & 5600. For the 118 ppm solution, ¢¢,q: is estimated
to be ~10* at the stagnation point, but only ~5500 at the location of the maximum
in 7 (.6 inches from the center). In 100 ppm PS2 in LV no flow effect was observed.

The calculated effective volume concentration at full extension for this solution was
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only ~1800, or less than half the critical value estimated from the PS8 data for onset
of measurable flow field effects. Thus from these limited measurements the critical
effective concentration seems to be on the order of 4000-6000 for the appearance of

a flow effect in the four-roll mill.

An alternative though related interpretation is that the presence of a measur-
able flow effect correlates with an increased elongational viscosity in the narrow
region of high birefringence. An equation proposed by Batchelor®® may be used
to estimate the ratio of the polymer contribution to the stress, o, to that of the
solvent, 0,, when the polymers are nearly completely stretched and aligned in the

flow. Here,

1
4r Nac 3 2
i 2L 2N4cL
% - > M and h:( o ) : (16)

0, log 2k log BE2L _ 3 M

where L/r is the polymer axis ratio, and k is the lateral distance between polymers.
Using the measured birefringence to estimate the length of the polymer, one obtains
a critical stress ratio of 421 for the 100 ppm PS8 solution and 577 for the 80 ppm
solution. The 100 ppm PS2 solution gives a stress ratio of 171 at full extension.
Thus the critical stress ratio appears to be 400-600, an order of magnitude less
than the effective volume fractions estimated. This reflects the fact that when the
elongated polymer molecules are all oriented in the same direction the effective
volume concentration should be based on the volume of circumscribed cylinders
rather than spheres.®® At this point it is not clear why either the large volume
fraction or the high stress ratio is an appropriate criterion for an order one flow
effect to occur. One possible exp‘Ia.nation is that the direct influence of polymer on
the flow is so localized that it does not show up, when the data is effectively averaged
over the finite width or the scattering volume, until there is a very strong effect on
the outflow axis (presumably, well beyond the point of actual onset) which can be

propagated via vorticity diffusion. However, a satisfactory quantitative explanation
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may require an analysis of the flow field using an appropriate constitutive equation

for dilute polymer solutions, and efforts in this direction are now under way.

The value of ¢.rt for flow modification, estimated above, may be used to es-
timate the minimum weight concentration of polymer that is required to affect
the flow for a given molecular weight, assuming that the polymer becomes fully ex-
tended. The results are ~12-18 ppm for PS8 and 200-300 ppm for PS2. Conversely,
we can also estimate the minimum molecular weight which will affect the flow when
the polymer is fully extended, and for a 1000 ppm solution the result obtained is
Mpin =~ 1 x 108, These estimates both seem reasonable in light of general trends

in drag reduction and other dilute polymer solution flow phenomena.
4.2 Dumbbell Models

The final question that we would like to address is whether anything new can
be learned about molecular models for dilute solutions with this new flow birefrin-
gence versus velocity gradient (or eigenvalue) data. From the point of view of fluid
mechanics, the object of modeling is to describe the rheology of the dilute poly-
mer solution and ultimately to derive a constitutive equation that is useful for a
complete fluid mechanical description of flows of these liquids. In a dilute polymer
solution, substantial differences from Newtonian behavior occur only when the flow
conditions produce a transition in the polymer conformation from the equilibrium
coil to a highly unraveled or elongated state. The initial goal of our modeling is,

therefore, a proper description of the dynamics of this coil-stretch transition.

The essential features of any polymer model for strong flows are deformability
and orientability. In other worvds, the model must properly describe the finite,
but very high degree of extensibility of a high molecular weight polymer and its
hydrodynamic response to the flowing solvent over the whole range of accessible
conformations, from the equilibrium coil to the fully extended state. The elastic

dumbbell model, which has been widely adopted for dilute solutions, is basically a
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vector model in which the polymer conformation is represented by a vector, r. The
magnitude of r represents the end-to-end distance of the polymer (or some measure
of its largest dimension when in a given conformation). The restriction to a single
relaxation time should not be bad for the large deformation, low-frequency type of
dynamics that occurs in extensional flow. Though the dumbbell model is typically
pictured as twospherical beads connected by a spring,?2 with a proper mathematical
description of the spring-force law and the hydrodynamic behavior, the motion of
r can, in principle, be dynamically similar in behavior to any deformable or rigid

hydrodynamic object, including flexible polymers.?4

The form for the spring force, F;, can be derived from statistical mechanics
for a given theory of the equilibrium statistics of the polymer. It is obtained from
the distribution function for the end-to-end distance of the polymer.2® Thus the
equilibrium end-to-end distance, the dependence of the entropic “spring” force on
end-to-end distance, and the finite extensibility of the polymer can be derived for
the dumbbell model using the “best” statistical theories available. However, the
essential correct qualitative behavior in strong flows will result as long as the spring
force increases linearly with r at small deformations (this corresponds to Gaussian
chain statistics) and increases very rapidly as the full contour length of the polymer,
L, is approached (e.g., Langevin statistics).Of the various spring laws proposed in
the past,?? the simplest one that also has some statistical mechanical justification?!

is the Warner spring,4°

F,=—¢H(r)r =— 2 T a (17)
We have used the Warner sprin-g exclusively in the calculations to be presented.
It is not surprising that a nonlinear spring law of this type is an essential fea-
ture for modeling polymer behavior in any flow which produces significant polymer

deformation, since a linear spring law allows the unrealistic prediction of infinite

extension.
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The hydrodynamics of the dumbbell is not so simple an issue. In general, the
friction force, Fy, is proportional to the difference between the bead and solvent

velocity,

F;=¢(T-r—i). (18)

The problem of deriving the correct friction coefficient, ¢, for a polymer has not
been completely solved. The simplest approach is to use a Stokes’ law frictional
force for each bead, with ¢=¢g, a constant. The dumbbell model with the Warner
spring law and constant bead friction coeflicient will be referred to as the CF model.
We will present the predictions of the CF model (also called the FENE dumbbell)
since it has been used widely in the literature and has been shown to give reasonable

large-deformation behavior.?2

However, during a coil-stretch transition a polymer goes from a nearly spherical
configuration to a very long, slender configuration. It seems clear that completely
different frictional behavior must result at these two extremes because of the dra-
matic increase in length scale and the change in polymer shape. Two approaches
have been taken to handle this change in hydrodynamic interaction with the sol-
vent. The oldest and most common imagines the frictional centers of resistance of
the polymer to be literal spherical beads. The exact fluid mechanical description of
the flow about neighboring, hydrodynamically interacting beads is then attempted.
This approach might be expected to provide reasonable results for the limiting
case of many beads fairly close together (i.e., a physically realistic model). How-
ever, the only rigorous attempts with many-bead models have used far-field (Oseen)
interactions (and linear springs); resulting in only a very weak dependence of hy-
drodynamic interaction on conformation. The next logical step in this approach
would be near-fleld interactions and nonlinear springs, but such a model would be

hopelessly complicated and unsuitable for subsequent analysis.

Thus, we advocate a completely different approach to describing the hydrody-
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namic friction between solvent and polymer. The convenient dumbbell (or bead-
spring) imagery may be retained, but the hydrodynamics is modified from the usual
Stokes’ law so that the dumbbell (or r) moves in the solvent in a manner qualita-

tively similar to other deformable bodies of finite cross section.

The most obvious change needed in the dumbbell hydrodynamics is that the
frictional resistance must become dependent on conformation instead of being con-
stant. Since the frictional resistance between any particle and the solvent in a low
Reynold’s number flow is approximately proportional to the largest dimension of
the particle, a bead friction coeflicient, ¢ = ¢o@Q(r), which increases linearly with r
has been extensively studied.}5:16:23:42 This simple variable friction (VF) model is

the second version of the dumbbell for which detailed predictions will be given.

Another general feature of the motion of particles with any rigidity in Stokes
flow is an inefficiency of rotation in straining flow, (or, more accurately, in the
strain portion of any linear flow). This effect was introduced into the dumbbell
model in simple shear flow by Abernathy et al.#® who used the usual dumbbell
equation of motion for changes in dumbbell length, ¥, but prescribed the rotation
to be that of an ellipsoid of revolution with an axis ratio determined by r. It is also
apparent that the friction law should become anisotropic as the polymer elongates.
A nonlinear dumbbell model with full conformation-dependent, anisotropic friction
and strain-inefficient rotation was studied in strong flows by Phan-Thien, et al.?4
They adopted the hydrodynamics of rigid ellipsoids, for lack of any better choice,
but this choice probably overestimates the anisotropy and strain-inefficiency for a
macromolecule. This SI model is the third version for which detailed comparisons
with FB data will be made in the present work. To date the SI model is the most
complete attempt at dumbbell modeling of dilute solutions. This approach results
in a model for the deformation and orientation of the end-to-end vector of a polymer

with equilibrium statistics and relaxation behavior derived from polymer statistical
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mechanics, and hydrodynamic interaction with the solvent adapted from particle

dynamics in Stokes’ flow.

A fourth version of the dumbbell model will be discussed later, since it incor-

porates a different feature, internal viscosity.

The theoretical studies referred to above have shown that, qualitatively at least,
the dumbbell gives reasonable rheological predictions for polymer solutions. More
relevant to our work are its predictions concerning the coil-stretch transition and
particularly its dependence on flow type. These are the predictions which need to
be quantitatively tested and our data allow us to do just that. We will first describe
the relevant predictions of the model and the consequences of each of the features

and then show the quantitative comparisons with our data.

The dumbbell model always predicts a coil-stretch transition in strong flows
at an onset shear rate, 7. ~ O(1/745) where 74, is the model relaxation time at
equilibrium. This onset scales with v/A for two-dimensional flows with some ro-
tation. In the linear dumbbell model, the transition is a singularity in the model
since the resulting growth in r is unbounded. The nonlinear spring in the CF model
solves this problem by limiting the maximum amount of extension and smooth-
ing out the transition over a range of shear rates. A major result of adding the
conformation-dependent friction to the nonlinear dumbbell model (the VF model)
is a discontinuous jump in r at 7. to a nearly fully extended state. The increased
frictional grip of the solvent on the dumbbell allows it to remain in such a state when
~ is reduced below ~.. Thus, in the preaveraged form usually studied, the isotropic
variable friction (VF) model predicts a hysteresis in the steady-state end-to-end
distance in extensional flows. The hysteresis also appears in any other steady-state
property dependent on r, such as the birefringence or the stress. Since experimen-
tal realizations of extensional flow are always limited to a finite portion of the flow

domain, polymer molecules enter from regions of weak flow and spend only a finite
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time period in the extensional flow region. Thus polymer deformation is always
transient, and it is very difficult to verify or disprove the existence of such an effect.
More realistic “quasi-steady-state” predictions based on transient calculations with
a finite residence time!! predict that the coil-stretch transition would be smoothed
over a range of shear rates much as in the constant-friction (CF) nonlinear dumbbell
model. For this reason, steady extensional flow experiments can be modeled almost
as well by the CF model as by the VF model. However, the increased frictional grip
in the VF model also causes relaxation from an extended state to occur on a much
longer time scale than the near equilibrium relaxation of r, and there is clear exper-
imental evidence that polymer relaxation from an extended state is much slower,
as predicted by the VF model.1 This experimental result is also suggestive of the
existence of at least an effective hysteresis effect. Another experimental test of the
VF model is provided via FB measurements in steady two- and four-roll milling
flows of polyelectolyte solutions.#* The change in hydrodynamics and the resulting
shift in the critical shear rate for onset of birefringence due to the electrostatic
expansion of the equilibrium dimensions can be predicted by the charged dumbbell
model*® with VF (and nonlinear, or FENE, spring), but not by a charged FENE

model with only CF.44

Another effect of VF in the nonlinear dumbbell is that the model approachesfull
extension even in simple shear flow at not so very high shear rates, v ~ O(10/7as).
This directly conflicts with all available data, including FB data for our PS solutions
in a Couette device, which show no more than 20% of An., ever attained even at
shear rates where 47 ~ 200. This model prediction also shows up as an tncrease
in the shear viscosity with increasing shear rate, which also lacks any experimental
justification. Including the effect of strain-inefficiency in rotation is expected to
remedy this shortcoming.?4 The theoretical study of the anisotropic, variable fric-

tion, strain-inefficient dumbbell (the SI model) does show improved simple shear
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behavior, including, at least qualitatively, the expected rheological predictions for
polymer solutions, such as shear thinning and non-zero first and second normal
stress differences. We will present some quantitative tests of the SI model as well
as the simpler CF and VF forms of the model. Our data are particularly suitable
because they cover the range of flow types very near simple shear flow where the
VF model begins to break down and where it is hoped that the SI features will

improve the model predictions.

The detailed development of the CF, VF, and SI versions of the dumbbell
model has been given in other references.22=24 Our nomenclature follows as closely
as possible that of References 23 and 24. However, the dimensionless shear rates
defined in these two papers differ by a factor of two. Here, we choose to define the
relaxation time to be ¢o/4€&o which gives a model consistent with those of most other
authors.22,23,40,42,47-49 With this choice of relaxation time, the model predicts the
dimensionless shear rate at the onset of the coil-stretch transition to be 7y, ~ % The

other choice sometimes used?4:45 gives v, ~1.

The calculations we present are based on the “preaveraged” equation for the

evolution of the second moments of r. We cast it in the dimensionless form

= L fex) o) LT 1 (7)) 4 s (19)

d (rr)
dt

in which r and r are now dimensionless variables, having been divided by the con-
tour length, L. In equation (19), I is the unit tensor, and L is the effective ve-
locity gradient tensor, L=74(T' —7\,—;;:3» D), with D the rate of strain tensor and
€o a parameter specifying the amount of strain-inefficiency present. The function
Q(r)=1 for the CF model, and Q(r)=+/Nr for the VF and SI models. The function
f(r) also depends on the particular choice of model features. For the CF model,

f(r) = H(r) = 1/(1 — r?). For the VF model, f(r) = (H(r) + 1/3Nr?)/Q(r). For
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the full anisotropic, variable friction, dumbbell with strain-inefficient rotation (SI),

f = L {H(r)+ 1 [1 1 <2r\/1—\7 +2(r\/ﬁ—-1))”.

T VNr|l-0 3Nr2 |7 p/N+1\r/N+1
(20)
The function 2Q(r) f(r) =X in the notation of Reference 24, and 6=1(1-1/rV/N).
The flow birefringence is obtained from the moments using the relation4®
An 1
A= [(z? — y?)? + 4(zy)?]2. (21)
o0

Two experimental “facts of life” must be included for quantitative comparisons
of the model predictions with our data. As mentioned above, extensional flow is al-
ways transient in nature from the Lagrangian point of view of the macromolecules,
because they follow streamlines which always connect regions of relatively weak ex-
tension with the stronger extensional flow regions. Only at a stagnation point will
there be true steady-state extensional flow, and no finite size particle (or polymer
molecule) will remain there indefinitely. We therefore integrate the moment equa-
tions from an initial equilibrium configuration for a finite transit time increment
which was estimated following the approach of Reference 11 with [/D=.003. In
addition we perform an average of all predictions over the molecular weight dis-
tribution using a log-normal distribution. These two steps have been shown to be
necessary to predict the shape of the data quantitatively, even for the fairly narrow

molecular weight distributions of our polystyrene samples.1:47

Besides the general shape of the flow birefringence data, the feature of interest
for model comparison is the dependence of the FB on flow type, especially for flows
that are only slightly more exteﬁsional than simple shear flow. The main feature
of the FB data is its degree of correlation with vv/A for .019 < A < 1. Since our
FB data show essentially perfect correlation at onset, and the scatter in saturation
behavior at high shear rates for different flow types is probably within experimental

uncertainty, we will use a single master curve taken from the PS8 in LV data of
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Figure 14 (correctly plotted versus measured velocity gradients) and a master curve

from the PS2 in LV data of Figure 16 for our comparisons with model predictions.

An attempt was made to make physically reasonable choices for the two pa-
rameters appearing in the dumbbell model, N and 74, which are the number of
statistical segments and the dumbbell model relaxation time, respectively. The
value for N was obtained from the measured value of Ang, using equation (15)
(with Aa = —145 x 107 2%¢c 34), and was found to be ~5000 for PS8 and ~1200 for
PS2. The relaxation time appropriate to the polymer can be estimated from Ta-
ble II using the Zimm formula 7; = .4227.4% The work of Peterlin4® showed that the
linear dumbbell model overestimates the relaxation time by a factor of 2.214 when
compared to the Zimm model.#® He did this by comparing the predicted amounts
of extension of the dumbbell, % — 1, in simple shear flow at small shear rates as a
function of dimensionless shear rate, § = 47, where 7 is the experimental relaxation
time from [7] measurements. The same calculation shows that the variable friction
models also overestimate the relaxation time, but by a factor of 4.067 with respect
to the Zimm model. Table IV shows the the predicted values of 74, to be used in
the CF and VF models for PS8 and PS2 in LV. These compare quite well with the
values which give the best fit to the data which are also given in the table. The
small differences observed are to be expected since these solutions are not exactly

at theta conditions as the Zimm formula implies.

TABLE IV. Dumbbell Model Parameters
PS2 PS8 Predicted 74

N N 71 PS2 PsSs8
Constant Friction 1200 .041 5000 .42 .040 .35

Variable Friction 1200 .025 5000 .19 022 .19
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First of all, we compare the model predictions for the CF (or FENE) dumbbell
with the FB data. Figures 27 and 28 show predicted FB curves for A = 1 and 0.019
and representative data for PS8 and PS2, respectively, in LV. The correlation of the
model predictions for different flow types agrees with the data and the quantitative
prediction of the shape of the FB curves is very good, too. This model also gives
reasonable simple shear flow predictions. Considering our arguments for using vari-
able friction, one may well wonder how the CF model can do so well in extensional
flow. These results suggest that the importance of increased frictional grip in an
unraveling polymer is secondary to that of the finite residence time for stretching
in the strong flows that we have studied. Since both models would be allowed the
same time increment, and therefore the same total possible deformation at a given
shear rate, they can be expected to give about the same FB predictions in “steady”

strong flows.

The solid curves in Figure 29 and Figure 30 show predictions for the variable
friction (VF) model with A = 1 and 0.019. It is apparent that the FB data for small
A correlates much better with the data for A=1 than this version of the dumbbell
model predicts. The model fits for A=1 but not for A=.019. This reveals a tendency
for the VF model to overestimate the polymer extension in flows that are slightly
more extensional in character than simple shear flow, as well as in simple shear
flow which was pointed out earlier. Fuller and Leal presented similar VF model
predictions!? for values of A down to 0.1 showing that this tendency begins to

appear at about A=0.2.

It seems that there are two possible explanations for the failure of the VF
model to properly describe flows with small values of A. In light of the success of
the CF model, it might be suggested that VF is simply wrong, or at best, that the
friction force is drastically overestimated. Though the linear form for the variable

friction coefficient which has been studied to date may be greatly simplified with
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respect to reality, the experimental evidence mentioned above (relaxation!® and
polyelectrolyte expansion?) and the sound physical reasoning behind conformation-
dependent friction, leads us to conclude that the model is neither invalid nor that
it greatly overestimates the friction. Rather, we feel that the failure of the model
reflects its lack of proper rotational behavior in simple shear and near simple shear
flows. This is exactly what the SI model seeks to remedy by giving the dumbbell
the same rotational motion as an axisymmetric particle with finite axis ratio, in low
Reynolds number flow.24 Unfortunately, however, the absence of a better alternative
led to the use of an equation of motion based on that of a fully rigid ellipsoidal
particle. As a consequence, we may anticipate that the “strain-inefficient” rotation
effect for a polymer will be overestimated by the SI model, but the importance
of this needs to be established by comparison of model predictions with data, as
presented below.

The amount of strain-inefficiency introduced is governed by the parameter £9.24

Phan-Thien et al. suggested as an initial estimate a value of €g=1 based on the
resulting predictions of no shear-thickening and a reasonable second normal stress
ratio. We have found that this value inhibits the stretching of the dumbbell in
extensional flows with flow type parameter A < .2. Since our FB data for smaller A
values do not show a similar inhibition, a smaller value of ¢ is suggested. Figure 31
illustrates predictions of the SI model for birefringence as a function of the eigen-
value of the velocity gradient tensor for A = 0.019 and various values of 5. Finite
transit time has been included (thus no hysteresis appears) but not polydispersity
which would broaden the coil-stretch transition. It is apparent from Figure 31 that
in order for the model to give full extension of the dumbbell for A = 0.019, &g
must be 0.3-0.4 at the most. Figure 32 compares the strain-inefficient (SI) model
(with €9=0.4 and with variable anisotropic friction) with the FB data for PS8 in

LV. Two values of A, 1 and 0.019 are included, and polydispersity has also been
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included in the calculation. At this value of €g, the correlation near the onset shear
rate is much improved over the VF (g0=0) model because the low A curves are
closer to the A = 1 behavior. In this respect the model is an improvement over the
VF model. However, the predicted saturation behavior seems to be different than
our FB results. For example, in Figure 14, the A=1 data fall below the A=.019
data at high shear rates, just the opposite of the predicted behavior. It should
be pointed out, however, that the previously mentioned instability in the FB mea-
surement at high shear rates, and the presence of “end effects”, combined with the
naturally more stable flow characteristics of the two-roll mill, may be responsible
for the apparent reversal of saturation values in the experimental data. The main
rheological ramifications of g ~ 0.4 are that the predicted normal stress ratio is
reduced to ~4% instead of 12%,2* and that there is a slight shear thickening in the
shear viscosity. The degree of shear thickening for various values of ¢ is shown in
Figure 33. At this point there are probably too little dilute solution data to judge
these rheological predictions further. It is likely, however, that the description of a
polymer’s hydrodynamic behavior could be improved over this first attempt, which
is based upon the predicted hydrodynamic behavior of a rigid axisymmetric particle
with a finite axis (or effective axis) ratio. It seems obvious that a polymer molecule
may act more like a viscous drop or some other particle with only partial “rigidity”
in its rotational motion than a solid particle. The development of a more realistic
hydrodynamic theory for macromolecular motion is likely to be a good topic for fur-
ther research on dumbbell modeling. Better relaxation data would be very useful
for further testing of these models, as well as steady-state data in flows even closer
to simple shear flow, or with “semi-rigid” polymer-solvent systems which might be
more likely to show inhibited stretching due to strain-inefficiency at the values of A

currently available.

One final proposed feature of polymer behavior which has been widely studied
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in dumbbell models is internal viscosity (IV).?® This is a force proportional to the
rate of stretching of the dumbbell and is intended to model the finite response time
which a real polymer probably exhibits in response to a deforming force. Large
values of the internal viscosity actually produce a reduced stretching effect in the
dumbbell model similar to that produced by the inclusion of strain-inefficiency.
Since the resistance to large stretch rates makes the response of the dumbbell much
slower, it can not be as greatly extended in extensional flows with considerable
rotation as in pure extension. It will tend to rotate away from the strain axis before
it can be stretched. However, a significant difference between internal viscosity and
strain-inefficiency is that IV has its largest effects in flows with values of A between
0.2 and 0.5, while SI affects simple shear the most with the effects decreasing as A
approaches ~0.2. The IV model thus seems to be less likely to produce the same

degree of correlation of extension in various flow types with yv/\ as the data show.

Predictions for 0.1 < A < 1 were given by Fuller and Leal!! for the dumbbell
model with conformation-dependent friction and several values of the internal vis-
cosity parameter, €. Their results showed good correlation only for A > 0.2 and
values of € <0.3. They also showed that the internal viscosity in the model had
a strong effect on the predicted correlation of FB with yv/A. It seemed that the
degree of correlation with the A=1 curve was made worse for values of A between
0.2 and 0.5, but for A=0.1 it improved, as € was increased. Extending the calcula-
tion to lower values of A shows that internal viscosity in general only improves the
correlation for a small range of A near .1, but worsens the correlation for the values
of A closer to 1 which are obtained in the four-roll mill. For the range of A very
near simple shear as obtained in the two-roll mills, the correlation is left unchanged.
The dashed lines in Figure 29 show that with conformation-dependent friction there
is a similar spread with or without internal viscosity between the A=1 and 0.019

predictions. Thus it appears that internal viscosity combined with variable friction
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cannot make the model show the same correlation as the data, and is therefore not
a necessary or even a desirable feature in the dumbbell model for flexible polymers

such as polystyrene.
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5. CONCLUSIONS

We have measured the flow birefringence of PS in viscous solvents in the four-
roll and two-roll mills. The data obtained correlate with the dimensionless eigen-
value of the velocity gradient tensor 7yv/A. The time constant 7 is based on intrinsic
viscosity measurements, 0.4227 being the longest Zimm time. Data taken over a
wide range of extensional flow types (A values) and the entire range of polymer
extensions collapse to a single curve for a given polymer sample. This master curve
is very sensitive to the molecular weight distribution of the sample and also to the

transient nature of the extensional flow field.

Various forms of the dumbbell model were evaluated for their ability to match
the shape of the FB data and the high degree of correlation over the wide range of
flow types, .019 < A < 1. The dumbbell model with nonlinear spring (FENE dumb-
bell) gives very good modeling of this approximately steady-state data in spite of the
fact that it does not include conformation-dependent friction which is believed nec-
essary to properly model the drastic changes in hydrodynamic interaction between
solvent and polymer as it undergoes the transition from coiled to stretched state.
The need for the correct form of conformation-dependent friction is most evident
in modeling the relaxation of a polymer from the extended state, and, in a more
subtle way, by birefringence studies of the effect of variable degrees of rest-state

expansion in polyelectrolyte solutions with various levels of salt.

All of the forms of the variable friction model predict the shape of the data
for A=1 (pure extension) very well, but the high degree of correlation with vV
for flow types close to simple shéar flow (A=0.019) is not well predicted by the VF
model. This is not improved by adding internal viscosity. Changing the hydrody-
namic behavior of the dumbbell to that of a rigid particle with finite axis ratio in
Stokes flow by adding a limited amount of strain-inefficiency?* (SI) does improve

the model comparisons with the FB data, though not as much as could be desired.
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This is not too surprising, in view of the fact that the polymer “particle” is not rigid
as effectively assumed by the SI model, and it is likely that more realistic behavior
for a polymer can be found, possibly by using results from the dynamics of viscous
drops or other (partially) deformable particles. Nevertheless, the strain-inefficient
dumbbell model is a reasonable first attempt at including all the proper fluid me-
chanics for the entire range of conformations involved in a coil-stretch transition.
Its predictions give very reasonable quantitative agreement with our FB data and

also qualitative agreement with currently available dilute solution rheological data.

The main accomplishment we report is having demonstrated that dilute solu-
tions produce significant, measurable changes in the flow fields in these flow devices.
The onset point for these changes corresponds in these PS solutions to an increase
in the stress of ~500 times that of the Newtonian solvent, but only in a very local-
ized region along the outgoing streamline. The local nature of the viscosity increase
is indicated by the flow birefringence, which also directly connects the coil-stretch
transition with the flow-modification effects. This was accomplished by measuring
velocity gradients directly instead of velocities or streamlines. The results support
the view derived from more concentrated solution studies and physical reasoning
that polymers in dilute solution can significantly alter flow fields by inhibiting the
development of high strain rates in extensional regions of the flow. Though the so-
lution is nominally very dilute, the flow modification seems to have its onset when

the polymers are stretched to an effective volume concentration of ~5000.

Further work is being directed at correlating this onset of flow field changes
with concentration, molecular weight, and method of solution preparation. Full
scale numerical calculations using dumbbell type constitutive equations are also
being carried out to try to understand and predict the flow changes observed. This
work may also allow us to determine whether the observed instabilities in the FB

measurements are related somehow to the well-known numerical problems at O(1)
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Figure Captions

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

1.

Schematic of the homodyne light-scattering setup showing angle defini-

tions, vector orientations, etc. The flow is in the zy-plane.

Streamlines of the various idealized, linear two-dimensional flows and

how they are obtained in four- and two-roll mills.

Relative values of 4 or 7\ measured at the center of the four-roll mill
with =0 or 90°, respectively, and plotted versus the angular velocity

of the faster pair of rollers.

Relative velocity gradient versus roller speed at the center of the four-
roll mill for a glycerol/water mixture with 710 p. For this solution,

Re~0.25w.

Relative velocity gradient versus roller speed at the center of the four-
roll mill for a glycerol/water mixture with n=1.4 p. For this solution,

Re~1.8w.

Velocity gradient profiles along the incoming and outgoing streamlines

in the four-roll mill in glycerol at two values of w corresponding to

Re=.37 and 3.7.

Velocity gradient profiles across the outgoing axis in glycerol. X is the
distance from the stagnation point (measured along the outgoing axis),

and Y is the distance from the center streamline.

Bipolar cylindrical coordinates used in the analytical solution for creep-

ing flow in the two-roll mill.



Figure 0.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Figure 15.
Figure 16.

Figure 17.

55

Comparison of top: plot of the exact streamlines calculated from equa-
tion (9); center: photo of actual streamlines in a two-roll mill with
A=0.135 according to equation (10); bottom: plot of the corresponding

theoretical linear flow field.

Comparison of velocity profiles measured along the gap centerline in
two-roll mills for glycerol with exact theoretical predictions. Inset shows
orientation of scattering vector and approximate location of the meas-

urements.
Measured velocity gradients for Newtonian fluid at two-roll mill stag-

nation points versus the angular velocity of the rollers.

Relative orientations of the polarizer, analyzer, flow field, and polymer

in the flow birefringence experiment.

Flow birefringence of the solvent LV plotted versus the rate of strain.

Data cover the range of flow types 1 > A > 0.019.

Flow birefringence of 100 ppm solution of PS8 in LV versus velocity

gradient tensor eigenvalue.
Flow birefringence of 100 ppm solution of PS8 in TCP.
Flow birefringence of 100 ppm solution of PS2 in LV.

Plot of flow birefringence versus dimensionless eigenvalue of the velocity
gradient tensor. The solutions are 100 ppm PS8 in three solvents and
in the two- and four-roll mills as labeled. The characteristic times, r,

are given in Table II.



Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.

Figure 23.

Figure 24.
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Flow visualization of a vertical plane of the flow at the center of the four-
roll mill for a 118 ppm PS8 solution. The Reynold’s numbersrange from

about 1.2 to 10.

Measured values of vv/X in the 100 ppm PS8 in LV solution of Figure

14 versus the Newtonian values for many values of A.

Flow birefringence and velocity gradients at the center of the four-roll
mill for a 100 ppm solution of PS8 in LV before and after filtering (which

appears to reduce the concentration to 80 ppm).

Flow birefringence and velocity gradients measured at the stagnation
point in two-roll mill #2 and at three positions in the four-roll mill
versus roller speed for 118 ppm PS8 in LV/TCP mixture. X is the

distance of the measurement downstream from the stagnation point.

measured velocity gradient versus position on the outgoing streamline
in pure extension in the four-roll mill for 80 ppm PS8 in LV and for

pure LV.

Variation of measured velocity gradients with position along lines per-
pendicular to the outgoing streamline (i.e., the y direction) at several
positions along it for 118 ppm PS8 in LV/TCP. Top: w=3.5 s~! and

Bottom: 10.5 s~ 1.

Variation of measured velocity gradients with position along lines per-
pendicular to the outgoing streamline (solid lines) and also along lines
perpendicular to the incoming streamline (dashed lines). These cross-
profiles are measured at several positions along the axes in pure exten-

sion in the four-roll mill at w=17.5 s~! for 80 ppm PS8 in LV.



Figure 25.

Figure 26.

Figure 27.

Figure 28.

Figure 29.

Figure 30.
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To scale plot of velocity gradient field in the four-roll mill. The cross-
profiles of Figure 24 are positioned so that the center point of the incom-
ing profile is at the actual location of the measurement. The profiles
measured along the incoming and outgoing axes for this roller speed
from Figure 22 are also included. All data are scaled properly for direct

comparison of shapes.

Flow birefringence at stagnation point of four-roll mill in pure extension
for 100 ppm PS8 in LV. Data was taken on a fresh solution, after a
complete set of FB measurements (about 3 hours of shearing at vV up
to 20 s™1), and after extensive HLS experiments and flow visualization

studies (about 20 hours more at up to 40 s~1).

Predictions of the FENE dumbbell with constant friction (CF) for A =
1.0 and 0.019 along with representative flow birefringence data for PS8

in LV in flow types ranging from A = 1.0 to 0.019.

Predictions of the FENE dumbbell with constant friction (CF) for A =
1.0 and 0.019 along with representative flow birefringence data for PS2

in LV in flow types ranging from A = 1.0 to 0.019.

Predictions of the FENE dumbbell with variable but isotropic friction
(VF model) for A=1.0 and 0.019 along with representative flow bire-
fringence data for PS8 in LV. Solid curves are with no internal viscosity

and dashed curves with the internal viscosity parameter €=0.5.

Predictions of the FENE dumbbell with variable but isotropic friction
(VF model) for A=1.0 and 0.019 along with representative flow birefrin-
gence data for PS2 in LV.



Figure 31.

Figure 32.

Figure 33.
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Model predictions of birefringence versus eigenvalue of velocity gradi-
ent tensor for A=0.019 with N=5000 and various values of the strain-
inefficiency parameter, €g. Finite transit time has been included but

not polydispersity.

Comparison of FB data for PS8 in LV with dumbbell model predictions.
Model includes variable anisotropic friction, and strain-inefficiency pa-

rameter, €9=0.4.

Shear viscosity (A=0) predictions of the SI model with N=5000 and for

various values of the strain-inefficiency parameter, £g.
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Figure 8.
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CHAPTER II.
The Charged Dumbbell Model for Dilute

Polyelectrolyte Solutions in Strong Flows
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The charged dumbbell model for dilute polyelectrolyte solutions in strong flows

P. N. Dunlap and L. G. Leal

Depariment of Chemical Engineering. Californiz Institute of Technology. Pasadena. Cahifornia (USA)

Ahbstract: A charged dumbbell model 1s used 1o investigate the behavior of dilute
polvelectrolvte solutions in a general linear two-dimensional flow. The model
studied has a nonlinear spring. conformation dependent friction and a Coulombic
repulsive force due 10 an effective electrostatic charge on the two beads. The relu-
tive importance of the electrostatic charge is reflected by an effective charge
density parameter. E. Equilibrium properues such as end-to-end distance and
intrinsic viscosity are strongly dependent on E. In strong flows. which produce a
dramatic increase in the dumbbell dimensions (& coil-stretch transiton). the onset
behavior is influenced by £. Increasing E causes the onset velocity gradient to shift
o much lower values. Large values of E change the qualitative behavior to that of
rigid (or slightlyv extensible) macromolecules or fibers. Results are presented for u
charged dumbbell at equilibrium. in steady flows. and in transient flows.

Kev words: Dumbbell model. extensional flow. polyelectrolyvie. dilute polymer so-

lution

1. Introduction

Dilute polvmer solutions exhibit macroscopically
observable effects of viscoelasticity only in flows in
which a strongly anisotropic conformation of the
macromolecules is induced by the motion of the sol-
vent. Recent studies of linear. flexible polymer systems
have thus concentrated on both the prediction and
measurement of conditions for the transition from the
coiled near-equilibrium state to a highly stretched and
oriented state [1. 2] For this purpose, bead-spring type
molecular models have proven particularly useful.
However. in order to mimic the polvmers’ behavior in
both the near-equilibrium random-coil configuration
and in the highly stretched state. such a model must
include both a nonlinear entropic spring (i.e. the pos-
sibility of non-Gaussian conformational statistics) and
a conformation dependent friction coefficient as first
suggested by de Gennes [3] and Hinch [4]. As a practi-
cal matter. this makes the use of many-bead “necklace”
tvpe models extremely difficult. and the majority of
recent theoretical work on the coil-stretch transition
has been focused on the simpler elastic dumbbeli
nodels. Although dumbbell models cannot reproduce
the small-scale. higher-frequency modes of deforma-
tion that occur. for example. in oscillatory shear flows,
the onset of strong non-Newtonian effects associated

as3

with the coil-stretch transition involves overall changes
in macromolecular conformation. and existing work
suggests that these “large-scale”™. lower frequency
nodes can be reproduced adequately by the dumbbell
model. Indeed. comparison between the dumbbell
mode! (with nonlinear spring and conformation depen-
dent friction). and experimental birefringence data for
narrow molecular weight distribution samples of poly-
styrene in Arochlor showed nearly quantitative agree-
ment for a variety of two-dimensional strong flows
when the model parameters were determined from
independent light scattering data [2].

In the present study. our goal is to understand and
model the behavior of dilute solutions of polvelectro-
[vies in strong flows. In this work, the polyelectrolyte is
represented by a generalization of the nonlinear dumb-
bell model. In addition to the nonlinear spring and con-
formation dependent friction, we include Coulombic
repulsion between the beads in an attempt to incorpo-
rate the effects of charge repulsion between ionizable
groups on the polyelectrolyte chain. In this model. each
bead is assigned an effecrive charge, ¢. that i1s chosen
for the particular polyelectrolyte/solvent/counter-ion
svstern so that the correct degree of rest-state expansion
is obtained (relative to the linear dimensions of the
same polvmer and solvent at very large counter-ion
concentrations). For the equilibrium (or rest) state. the
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qualitative influence of the degree of polvelectrolyie
jonization or of the levels of counter-ions in the solvent
is well documented. When the degree of ionization 1s
or the charge

oh concentrations of
the coil d only

pu’:\mex' behaves essentially a

3

sites are shielded from one another
counter-ions in the solvent.
slightly increased and the
$ a tyvpical nonionic poly-
there is often a concentraton of salt
ces theta conditions for a given polvelec-
These cases Correspand to low values of the

fow.
by hi

dimensions are

trolvte {5
effective charge. ¢. in the model. However. at low salt
concentrations and high degrees of 1onization. the poly-
electroivie is greatlv expanded. and its rest state con-

formation is modified from an essentially spherical.
random coil to a more anisotropic. elongated structure.

result. there is typically a large increase in the
intrinsic shear viscosity. These cases correspond to
larger values of the effective charge in the model. In
flows inmvolving some degree of extensional motion such
as porous media flow [6]. or orifice flow [7]. or even
turbulent pipe flow [&} the changes in equilibrium
conformation due to the addition of salts can lead 10
I changes in the behavior of dilute solutions.
. if charge repulsion is weak {1.e. salt con-
centration is high) the extensional flow property being
measured typically shows a sharp increase or onset at a
ritical magnitude of the velocity gradient. and this 18
similar 1o ﬂg\; le nonionic polymers ). If charge repul-
sion is strong. the critical onset point tyvpically disap-
pears und departures from near-equilibrium values of
the flow property are evident at all shear rates [6]. This
latter behavior is also tyvpical of fiber suspensions or
solutions of rigid mauo*no]ew]es [8].

The sttempt to simulate the behavior of dilute polyvelectro-
Ivte solutions by the use of an effective charge on the beads of
a dumbbell is not unique to this study. but has been used in a
number of earlier works. However, in all cases. these preced-
ing studies were confined to simple. linear shear flow. In the
first. King and Eisenberg [9] showed that the increase in
mzr*n\ac viscosity with increasing charge repulsion could be
icted via the dumbbell model, as well as a corTesponding
ise in the relaxation time. In addmion. using a three-

two-spring model. King and Eisenberg found that the

As &

quaiémmc
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btdd.
ratio between the two relaxation times increased with charge.
Further computer calculations by Nakajima and Wada [10]
and Fujpimort etal. [11] with up to nine beads revealed that all

the relaxauon times increased with charge. but that the Jongest

time eased n*opoﬂ ionately more. Fuj'imori etal. {11]
atiributed this to a transition from relaxation via conforma-
tional fusion to an end-to-end Brownian rotation of the
dumblt as the molecule becomes increasingly elongated

'y The critical velocity gradient depends upon the molecu-
L T‘nu:. a monodisperse system would show a dis-
us onset. while any spread in the molecular weight
ten*s {o smooth or spread the onset velocity gra-

range of values

far wer
onunuo
diiribution
dient over a
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due 10 ncreased electrostatic repulsion. These
Iinear viscoelastic measure-
ter [12] and for polystvrene

fand ngids

(S
dictions were xup'm.teu by
menis for pohvacnyvlic acid 1n wa
'
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1
sulfonate n m\cerol and water {13} The fact that the doms-
nant effect of Coulombic repumon in shear flow is 10 mcrease
the largest relaxation ime lends support to our use of the two-
bead dumbbell model in the present work.

The following sections describe the model. the
results of our calculations and qualitative compari-

son with data from the literature. An experimental study
of dilute polvelectrolyvte solutions using birefringence
in strong flows. similar to the earlier study of non-
ionic polystyrene solutions by Fuller and Leal [2]. will
be reported in a later publication. A related experi-
mental investigation has been published recently by
Miles. Tanaka and Keller [14].

The model

We begin with a description of the elastic dumbbell
model. modified (following Fuller and Leal [1] and
earlier workers) so that 1t vields proper behavior for
nonionic polvmers in the highly stretched state. but
also including an electrostatic repulsion between beads
with an effective charge assigned as outlined in the
preceding section. Indeed. apant from the Coulombic
repulsion between beads. the model used here differs
hide from that apphed very successfully for polyvsty-
rene/Arochior and other nonionic polymers by Fuller
and Leal [2]. This model includes the nonlinear Warner
spring {13]. and an isotropic but conformation depen-
dent bead friction coefficient with a magnitude which
is linearly proportional to the end-to-end dimension of
the dumbbell. The Coulombic repulsion effect is
modeled as point charges of magnitude ¢ (at the beads)
separated by a distance 1 (the end-to-end distance for
the dumbbell) and acting through a fluid with dielec-
tric constant. ¢ The charge g assigned to the beads is
an effective value intended to mimic for the dumbbell.
the charge repulsion between ionized sites that are
distributed all along the backbone of the real polyelec-
trolvte. The magnitude of ¢ is chosen so that the dumb-
bell model gives the correct degree of “coil” expansion
in the rest state. With the rest stale expansion given
correctly. it is hoped that the model will give at least
qualitatively accurate results for the same solvent/poly-
electrolyte system in flow. A simple Coulombic force
law is assumed to be applicable. independent of the
concentration of counterions in the solvent. Thus. any
influence of counterions, due to shielding of the

charges along the polymer backbone. can only be
accounted for in the charged dumbbell model by

decreasing the value of the effective charge g. Although
this is not strictly correct and a more appropriate
(Debye-Huckel} force law accounting for the inter-
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action of counterion charge clouds was determined
many vears ago. the use of the Debye-Huckel expres-
sion only complicates the analysis without producing
any qualitative differences from the simpler Coulombic
force law which we use here [9]. Whether or not the
drastic simplifications inherent in this approximate
description of charge repulsion effects can vield rea-
sonable results in flow will only finally be decided by
comparison with experimental data.

Following the usual procedure of deriving an “equa-
tion of motion” for the dumbbell from a simple force
halance on each bead (cf. Fuller and Leal. [1]). it can
be shown easily for the model described above that

-ler’ ) L ONAT r
e (P =) — .
P Na R- A
(7]
\R
2g°r
—2kTV Iny+ — = {) (1)

&l
where ¥ is the (dimensional) end-to-end vector for the
. R=Nu is the maximum length of the
dumbbell where N is the number of subunits of length
@ in the chain. kT is the Boltzmann temperature. [
the Stokes' law friction coefficient for the undeformed
dumbbell. o the magnitude of the velocity gradient.
and [ the transpose of the (dimensionless) velocity
gradient tensor. The first term represents the “fric-
tionul” interaction between solvent and macromolecule,
the second the effect of conformational diffusion
toward equilibrium (modeled as the effect of a non-
lineur. elastic spring). the third the smoothed effects of
Brownian diffusion in which  is the configurational
probability density function. and the fourth, and last,
the effects of the effective charge ¢ assigned to the wo
beads.

It may be noted that the nonlinear elastic dumbbell
model in the form of Eqg. (1) exhibits a conformation-
dependent relaxation time. Near equilibrium, with ¢
suitably small. the relaxation time is #= JoR/6 VAT,
namely the Zimm value for a non-free-draining coil. The
inclusion of conformation-dependent friction allows
the reluxation time 1o increase from 6 to 6N as the
end-to-end dimension is increased (due either to
Coulombic repulsion associated with increased g in the
rest state. or to flow-induced expansion). The molecu-
lar weight dependence of # is ¢~ (MW)**, while
#1°N ~ (MW and the inclusion of conformation-
dependent friction is thus seen as affording the pos-
sibility of a transition from a non-free-draining to free-
draining “coil” as the polymer molecule expands.
Finallv, in the limit of sufficiently large g, where the
dumbbell 15 locked into a fully expanded configuration
even in the absence of flow. the only relaxation process

in the model is rotational Brownian moton and the
characteristic relaxation time shifts to SN ~ (MW7,

We will use eq. (1) to determine the flow-induced
changes of conformation for the same class of two-
dimensional. linear flows that were considered earlie

for the case ¢ = 0 by Fuller and Leal. i.e.

0 1 0
r=\; 0 0}. (2)
00 0

The specific type of two-dimensional flow depends on
the magnitude of the parameter 4. The complete class
of linear. two-dimensional flows is encompassed for 2
in the range — 1=/ =1 with — | being a purely rota-
tional flow. +1 being the pure “hyperbolic™ straining
flow and , = 0 being simple shear flow. The motivation
for considering this class of motions is primarily that
thev can be simulated quite accurately in the four-roll
(and two-roll) mill. thus providing a basis for com-
parison of model predictions with measurements of
flow-induced birefringence (or other properties), cf.
Fuller and Leal [2. 16]. as a function of flow strength
=17 and flow tvpe /. It may be noted that the response
of the dumbbell in uniaxial elongution was also studied.
However. the results were very similar to those for
pianar extensional flow (. =1) and will not be con-
sidered here in detail (the interested reader may refer
to Dunlap [23]).

In order to complete the statement of the model.
eq. (1) for the rate of change of the end-to-end vector
must be combined with the continuity equation

YN =0 (3)

cr
representing conservation of configurational probabil-
ity. Thus, substituting (i) into (3) and introducing the
usual dimensionless variables r=r'/R, t=1¢/6, and
+=+"f, where 6 is the Zimm relaxation time CoRY/
6 NkT. we obtain the dimensionless dumbbell diffu-

sion equation

% R E g
P vV SO -
o N =2 e
i 1)
— TV (ry +~—.mv-(-vx . 4
V) )

The magnitude of the new term which arises from
Coulombic repulsion between the beads is character-
ized by the dimensionless “charge density” parameter

. (

ekTR
which can be viewed as a dimensionless measure of the
charge per unit length of the polymer. or as the ratio of
electrostatic to thermal energy. Not surprisingly. a

n
—r
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similar parameter appears widely in theories of poly-
electrolyte solutions (see e.g. the review by Manning
[17]. Its applicability to real solutions has been amply
demonstrated by Kowblansky and Zema [19] who have
used a charge dm\m parameter to correlate intrinsic
viscosity [18] and ditfusion data [19] for a number of
polvelectrohvte selutions. In the present study, we will
consider the solution of eq. (4) — or rather. of moment
equations derived from (4) — for a number of values
for E. In order to relate the predicted behavior in
strong flows to experimental observation. an indepen-
dent estimate of the effecuve charge ¢ (or, equivalent-
Iv. the parameter E) 1s necessary. As noted earlier, we
propose using a value of the effective charge (or.
equivalently. the parameter £). which yields the cor-
rect prediction for the equilibrium coil expansion for
{E*e particular solvent/polyelectrolyte/counter-ion sys-

em. The degree of coil e\pansmn at equilibrium can
be inferred experimentally from either light scattering
spectroscopy o intrinsic shear viscosity measurements.

It is not necessary to solve the diffusion equation (4}
. Instead, we can use the diffusion equation to
derive an equation for the second moments of the dis-
tribution function. {rry. From these moments. the
stress tensor and birefringence for the solution can be
calculated directly [2]. The moment equation is ob-
tained by simply muliiplying (3) by rr and then inte-
grating over the configuration space. assuming that
goes to zero exponentially at the limits of integration.
The result is

directly

d\l\;“r —r e+ / T
so2 1 E 1
- s = T — — + —~5 I rr
1 - INS O3NS/
2 1N
+ = {(— I. 6)
31\73"' N/ (©)
There are two differences between eq. (6) and the

moment equations used by Fuller and Leal [l], In
addition to the presence of the Coulombic force. First,
we have included explicitly the factor of two which
multiplies each of the forces except the friction force in
the equation of motion (1). Fuller and Leal essentially
absorbed this factor into their dimensionless velocity
gradient % which means that putting 2 = ;/2 will allow
a direct comparison with their results. The other differ-
ence is the presence of the term 1/3N7° on the right-
hand side of eq. (6). This arises from the Brownian
force with variable friction. but did not appear in the
moment eguations of Fuller and Leal because these
authors preaveraged the nonlinear spring and confor-
mation—depewdpm friction expressions in eq. (4) prior
1o derivation of the moment equations. Eq. (6) does not

make this preaveraging assumption and s strictly
correct. As might be expected, given the nature of the
preaveraging approximation. the new term has little
effect on the dumbbell when 1t 1s 1n a highly stretched
state. but 1t does change both the equilibrium behavior
and the onset behavior in strong flows. The re\uhim
differences from the results of Fuller and Leal wiil be
described in the next section.

Because of the nonlinear spring. the charge force.
and the variable frictuon coefficient. higher order
moments appear 1n eq. (6). Although the full configu-
ration space diffusion eq. (4) could be solved. 1t is
much preferable to deal with the moment equations.
and this requires use of the preaveraging approxinia-
tion which can now be used legitimately once (6) has
been derived. The preaveraging approximation is very
accurate whenever the distribution friction is strongly
peaked, approaching a delta function in the neighbor-
hood of the expected configuration of the dumbbell
(see Tanner [20]). This 1s the case for dumbbells with
nonlinear springs which are elongated to 50% or more
of their maximum length. This almost alwavs occurs in
the strong flows we are interested in and also occurs at
equilibrium for large enough values of the charge
parameter, £. When the preaveraging approximation is
applied. eq. (6) becomes a set of nonlinear ordinary
differential equations which are easily solved numeri-
cally for unsteady flows or for transients due to the
initiation or cessation of a steady flow, Steady solutions
for the second moments of the distribution function
can be solved largely analytically. The results are
presented 1n the next section. beginning with the
equilibrium configuration in the absence of flow.

3. Results
3.1 Equilibrium configuration

We begin by considering the predicted effect of
Coulombic repulsion on the equilibrium coil dimen-
sions. It should. of course. be recognized that much
more sophisticated models than the simple dumbbell
have been developed for polvelectrolytes in ionic sol-
vents in an attempt to describe equilibrium thermo-
dynamic and near-equilibrium transport properties.
One might expect a direct comparison with these
theories to provide predictions of the dependence of £
on added salt concentration, degree of ionization. and
lon binding (or equivalently. provide a more compli-
cated and detailed expression for the electrostatic force
between the beads). However, the goal of our work 13
not to describe equilibrium properties as such. but
rather 10 develop a model which gives at least a quali-
tatively correct description of the large deparrures from
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equiibrium con rations that can develop in strong
flows. The ,z‘i* any interest in the predicted equilib-
rium properties for our mode! is as a possible basis.
efringence experi-
g outl. to estimate
E. for a given
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) /3 1 combination.

The equilibrium root-mean-square end-to-end di-
mension for the dumbbell model can be obtained
casily from the moment eq. (6) with =0 and &{rr)/

7 = (. The resuitis the cubic equation

(AN=25¢ - (=
Precisely the same result is obtained for the most proba-
ble end-to-end distance by {irst caiculaung the equilib-

rnium distribution funcuon from the diffusion eguation
{4y with »and Cy/Cr equal to zero. and then solving for
r such that Cwe/Cr = 0. Thus. insofar as the equilib-
o1l dimenstons are concerned. the preaveragin
approximation (which corresponds to the assumption
of a delta funcuon configurational distribution) does
not introduce significant error for any value of £, This
Is not surprising in view of the highly peaked form of
the actual equilibrium probability density function
JI (=1
which is shown for various values of £ and N =100 in
figure 1. This distribution function becomes more high-
Iv peaked as N increases. It may be noted that previous
comparnisons of theory and predictions for flow-in-
duced birefringence of nonionic polymers (for exam-

rium ¢

“exp (= 3E/r) (%)

Wey =

B | .
E=0 h ple. polystyrene in Arochlor) would suggest that each
N i £ P . . s .
Ve i statistical subunit contains about 30 monomer units [2].
ie o . . .
2 10 Thus. depending upon the precise molecular weight of
. ks . o
o RS -9 a monomer unit and the number of monomer units in a
i Lo T I L . . - .
, | statistical subunit. a polvmer molecule with N =100
= 1 \', subunits corresponds approximately to a molecular
o.e i ! . - 5 . . . .
e : ‘ weight of O {107} Whlle N =1000 is equivalent to a
= Ly | ; molecular weight of O (
z P The vanation of the rms dmﬂ;nsxon of the dumbbell
o i 1]
T as a function of the charge density parameter E is
=70 : | shown for various values of N in figure 2. Evidently for
ol Lo P i sufficiently large E. the charge repulsion can drastically
o ; increase the equilibrium “coil” dimensions. in extreme
S0 1 L i cases causing the dumbbell to approach full extension.
R Lo ‘ It is possible 10 estimate the actual charge density of a
i i ' . .
- . { ' pohvelectrolvie if the number and average spacing of
- o - o— — , the charged groups is known. Indeed. typical values
. oo .20 C. 40 9.82 .8 1. 60 . R olon
5 ﬂa range from zero to three for monovalent vinyl polyelec-
Fie. . Equilibrium probabilitv density function of the Chdrued trolvtes [18]. However. in view of the fact that point
dumbhbell for N'=100 and £=0.0.1. 1.0. 10.0. UUUdnd charges at the ends of the dumbbell are intended to
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replace the complete charge distribution, considerably
larger values may be expected for the effective charge
density in our model [21]. At any rate, an a priori esti-
mate of the charge density parameter, E, for the
dumbbell model is not practical, as indicated previous-
lv. and E must therefore be determined by comparison
between some measurable macroscopic property and
model prediction.

One possibility, as already noted, 1s to use an experi-
mental measurement of the equilibrium coil expansion
to obtain an estimate for E. For this purpose, it is con-
venient to express the predicted equilibrium configura-
tion in terms of the so-called expansion factor =z
defined as

1 = <F“////l">0 (9)

where () is the equilibrium coil dimension in the
absence of any Coulombic repulsion. This expansion
factor can be determined directly via dynamic light
scattering measurements of diffusion coefficients. Re-
sults for the equilibrium expansion coefficient x from
the current model are plotted in figure 3 as a function
of E and N. It may be noted here that expansion
factors are also sometimes determined from measured
changes in the intrinsic shear viscosity according to the
formula 1,7 [7)/[7]o. and in general, the result may be
somewhat different from that determined by measur-
ing the radius of gyration. However, for the model
considered here x, = 2.

i

c. 00

LoG (E)
-1.00

~2.00

A

1,00 N 2.00 2,50 3.00 3,50 4. 00
LBG (N}

Fig. 3. Electrostatic expansion factor vs.
eq. (10})

E and N (from

An analvtic relationship can be obtained for x as a
function of £ and N by using the solution of eq. (8) for
{r*y and noting that {r*y; = 2/(3N + 2). The result is

3
22N+

(GN12-22) (10)

For 2 € N, this equation reduces tc the simpler form

[21].

E [3NVY
X —1=——(————)
242
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for which the term “third power” type coil expansion
has been coined [5].

It should be noted that x appears, for x € N, to be a
function of E |/ rather than E alone. Hence the prob-
lem of specifying E from coil-expansion measurements
1s somewhat complicated since both E and N for a
particular solvent and polyelectrolyte may be expected
to vary with the concentration of added salt. In the case
of nonionic polymers, Fuller and Leal [2] used the high
strain-rate saturation value of the flow-induced bire-
fringence 1o obtain an independent estimate for N. The
same procedure can be followed here, in principle. The
other independent model parameter § can also be esti-
mated from dynamic light scattering methods as out-
lined by Fuller and Leal [2]. The problem of obtaining
independent estimates for the three model parameters,
6, E and N for real polyelectrolyte/solvent/counter-ion
systems will be discussed in more detail in our forth-
coming experimental investigation of dilute polyelec-

trolyte solutions [22].

3.2 Steady flow behavior

We turn now to the predicted behavior of the
charged dumbbell model for steady flows. Previous
investigations of polyelectrolyte solutions have con-
sidered only the behavior in simple shear flows (i.e. the
special case 2 =0 of the general flow field, given in
eq. (2), which we study here). At steady state, the
moment eqs. (7) are solved easily for arbitrary 4 with
the results g

» 1 Y1+ )
(% =373 (‘+ SEINE
6Nrf\"  f—y4
1 ( 721(1+—z))
[PAN. _ 2 . ,
<} / 6N3/"rf \ f; . ./2 A
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where

The end-to-end distance (-, at several values of E is

nlotted in figure 4 as a function of the velocity gradient
e 0=, =1.and V= 1000.

~for i the rar

e 0 =
The results for E=0 in figure 4 were described
gualitatively by Fuller and Leal [1]. However. due to

the modifications in the moment eguation. described
previousiv. there are some quantitative differences
between the results in figure 4 and those obtained by
Fulier and Leal. In particular. the equilibrium coil
radius for E=0 is 2/(3N 4+ 2) for the present correct
version of the moment equation instead of 1/(N + 1) in
their case. Thus. for any large N. the radius in the
coiled state is slightly smaller for the present model.
the effective bead friction coefficient is reduced. and a
larger magnitude of the velocity gradient is required.
for amv flow tyvpe ~. for significant departure of the
end-to-end distance from equilibrium. The most strik-
ing feature in figure 4. which was also obtained by
Fuller and Leal [1]. is the existence of muluple solu-

1.00 1.%0 2.00 2.80 3.00 38.80 4.0C
T

. End-to-end distance vs. velocity gradient for various
nvpes (47 and for values of the charge density parameter.

v = 1000

tions for some range of ; and . > 0. In this regime.
three steady states are possible. but the middie one is
unstable. Thus. the predicted behavior. say for » = 0.]
and E=0. 1s a range of ; where a macromolecule
initiallv in the equilibrium coil configuration will
remain only slightly “deformed™ unul a critcal “onset”
value of 7= ;one (~ 1.7 for the case » = 0.1 and E=0
considered in figure 4 1s reached. at which there 1s a
discontinuous transition to the upper branch of stable
solutions which correspond to an almost fully extended
state. A polymer molecule in the extended state. on the
other hand. can be maintained in a highly stretched state
down to a value of 7= ;0 Which is considerably
Jower than one. 1his hysteresis in end-to-end distance
has extremely important implications for the behavior
of dilute solutions of flexible. coiled polymers (as dis-
cussed earlier by Fuller and Leal [1]. and by Leal.
Fuller and Olbricht [23] for the well-known “drag
reduction” phenomenon). and persists down to flows
which are only very slightly more extensional in char-
acter (» ~ 0.001) than simple shear flow (~=0). The
explanation for these effects in the model 1s the fact
that the bead friction coefficient is very much larger in
the extended state than it is for coiled, near-equilib-
rium configurations. As a consequence. the intrinsic
timescale characteristic of the model 1s much larger.
7.~ 6";'/:{" in the extended state than it is in the near-
equilibrium states corresponding to the lower branch
of stable solutions in figure 4, where 1. ~ 6.

The interesting new results from the present work
concern the effect of electrostatic charge repulsion on
the features outlined above for E = 0. These results are
Nustrated in figure 4 for E=0.1. 1.0, 10.0, 100 and
1000. For relatively weak Coulombic repulsion (E = 1).
the qualitative behavior is the same as that described
above for the nonionic case, E = 0. That is, there is still
a predicted critical onset point for extension to a fully
extended configuration. and the end-to-end dimension
still shows the hysteresis effect. However. it should be
noted that the critical velocity gradient. yonser. 15 shifted
dramatically to lower values for all values of /. This is
a consequence of the increase in coil dimension in the
rest state. coupled with the assumption of an increasing
bead friction coefficient with increase of end-to-end
dimension in the dumbbell. Since the Coulombic
repulsion increases the rest state end-to-end dimension.
the bead friction factor is increased and the velocity
gradient necessary for the coil stretch transition is
decreased. Once the dumbbell reaches about 20% of its
full extension. however. the effect of the Coulombic
repulsion for £= 0.1 and 1 is completely negligible and
the predicted end-to-end dimension vs. velocity gra-
dient curves are identical. This means that the critical
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1.2

s

velocity gradient for the transition from a stretched
state back to the near-equilibrium coil is unchanged
from the case £ =0, and the magnitude of the hystere-
sis effect is diminished (i.e. the difference between
“omer and Trecon 15 reduced by increase of E). It should
be noted that the shift in onset point with E for these
cases is entirely a consequence of the existence of
conformation dependent friction in the model. For
example. the effects of £ on coil expansion predicted
by the dumbbell model with a nonlinear spring. but
only constant bead friction, are shown in figure 5. It is
vident that there is some “smoothing” of the transi-
tion to a stretched configuration over a wider range of
velocity gradient. as E is increased. but no change in
the "mean” onset point (and. of course. the hysteresis
effect is entirely eliminated). Hence. experimental con-
firmation of the predicted decrease in the critical

[

1.00

03 2.50 3.0¢C

w
[
1

o e
T
Fig. 3. End-to-end distance vs. velocity gradient for various
values of » and £ when the bead friction coefficient is kept
constant

velocity g

as the polyvelectrolyte expands would constitute a sen-
sitive and convincing verification of the validity of the
conformation-dependent friction concept in the dumb-
bell model. Such experimental verification appears to
exist in the published work of Miles. Tanaka and
Keller [14]. These authors report critical strain rates for
onset of birefringence in a “cross-sht” flow device
which increase with increasing NaCl concentration in
1000 PPM solutions of sodium-polystyrene suifonate in
water. In addition. the critical strain-rates were found
to decrease as 1/(3\1\\")3 at low salt concentrations. bu
as I/(MW)"® with additional added salt. Measure-
ments at lower polvmer concentrations will be reported
by Dunlap. Wang and Leal [22].

If 1t 1s assumed that onset of the coil-stretch transi-
tion shoulder occur when 7, 5. = constant, where 7. is
a characteristic relaxation time for the polymer/solvent
combination, then the observed shift in onset point for
birefringence can be interpreted as an increase in /..
This appears to be consistent with the molecular
weight dependence of the onset strain rates reported by
Miles et al. [14]. and it is the point of view which they
adopted. It may be recalled that the relaxation time for
the dumbbell model undergoes a transition from # to
#)N with increasing end-to-end extension. This re-
flects the increase in conformation-dependent friction
as the mean-square end-to-end distance {r*» is in-
creased from O (1/N) to O (1). Indeed, the decrease in
-7 e (OT increase in 7.) with increasing charge repulsion
should be approximately proportional to the increase
in end-to-end distance according to our model. and
therefore to the expansion factor x (if x% 1s not large).
because the friction increases in proportion to x. The

oradient for onset of the coil-stretch transition
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extent to which this approximation is valid can be seen
: (\ where we hc\C compared the dependence of
on E]'N for several values
farge AN ihe expansion factor

N

For the larger values of £ illustrated in figure 4. the
similar in nature. but much more dramatic
in detzil. As the rest state end-1o-end dimension con-
onset velocity

tinues 1o increase with mcrease of £, the

gradient continues to decrease unul finally. for the
Jargest values of £ there is only a monotonic increase

in end-to-end distance with velocity gradient. For
E = 1000. the dumbbell becomes more nearly a slightly
extensible “rod-like™ particle and the effect on the flow

reflection of orientation of a nearh

Is prim arthv «

“rigid’ pamd“

-to-end dimensions. we have also

s IS
kFconnecv,orr

for the additional stress due to n dumbbells per unit
volumee (fess an isotropic contribution). In the dumb-
bell with E = 0. the only contribution to’ the effective
“comector” force between beads 1s due to the presence
of the 5& n: For £ = (. on the other hand. the force
transnitied between beads b\ the Coul onxbn repulsion
MUSL dixo h’ mcluded so tha

1 E

! 1
T § R ~3E"r
3kTn b= 3N

s
Thus. with the pre-averaging approximation

1 E |
- e (12)

I=r 3N/

o

AT

i

RO ——

The expression for the stress obtained in this simple
wan IS precisely equivalent to that obtained by sum-
ming the contributions due to the mechanical spring
and the Maxwell stress to account for the 1onic contri-
butions {241, including those contributions from the
counterion charge cloud in the solvent (these being
reflecied indirectly through the effective charge as-
signed to the beads).
The steady shear viscosity 1s shown in figure 7 for
an es of E. The expected in-
due to increased
arly evident. For
shear-thinning.

1d various val
rate \'iscom :
coll expansion with increas
very large £ the so‘zutzon 15 strictd

(n/ 3K 1)
1.

LG
LS00 0.00

1
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Fig. 7. Steady shear N =1000 and various values

of £

viscosity for

again reflecting the transiion toward an extended.
rigid rod. The increase in shear viscosity to a maxi-
mum value for E between 0 and 10 was also found by
previous imvestigators [1. 25]. and 1s a consequence of
the increase in bead friction with increased dumbbell
extension. Although this prediction 1s probably at odds
with reahitv. very few experimental studies of truly
dilute solutions are available and at least one of these
purporls to measure a similar peak in viscosity [26]. Tt
may be noted here that a recent study of an anisotropic
dumbbell model shows that the predicted maximum 1s
probably due to an oversimplistic fluid mechanical
description of the polymer. which can be removed by
inclusion of “strain inefficiency” of rotation in the
hvdrodynamic descripuion of the dumbbell [28] At any
rate. we are more concerned here with adequate
representation of dilute solution behavior in “strong
flows™ and this aspect of the model behavior i1s un-
changed by the modifications of the model which
would remove the shear-thickening of shear viscosity.
We report the shear viscosity result primarily for com-
pleteness in the present paper. It may be noted that the
first normal stress difference exhibits the same quali-
tative behavior as the shear stress in simple shear flow.
The second normal siress difference is zero.

Of greater interest in the present context is the
elongational viscosity (77 = 6,/7) in the planar exten-
sional flow given by eq. (2) with 2=1. This result is
shown in figure § for N =1000 and 0 = E = 1000. The
elongational viscosity for any given value of the exten-
sion rate ; 1s increased by the Coulombic repulsion
between beads. and this reflects the increased degree of
extension which the dumbbell exhibits. This inciudes
h hmumv case i — 0. where the elongational viscos-

is just two times the predicted shear viscosity (as is
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/3K

(R

also true for a Newtonian fluid at all extension rates).
The shape of the curves in figure 8 is a direct reflection
of the dependence of end-to-end dimension on the
velociny gradient. and shows all of the same features
including multiple steady values and a hysteresis for
some intermediate range of ;» The high extension rate
limiting value of jj is. of course, common for all values
of E since it is the value for full extension and align-
ment of the dumbbell with the principle strain axis of
the flow. There is not vel a clear consensus. from
experimental studies. of the expected asymptotic be-
havior of 7. even for more concentrated polymer solu-
tions. No data directly relevant to dilute solutions 1s
availuble. However. indirect indications of viscosity in
extensional flow are possible from such sources as
pressure drop/flow rate relationships for dilute poly-
mer solutions 1n a porous media.

The data of Durst. Haas and Kaczmar [6] are
particularly relevant. They have examined porous
media flow of dilute solutions of hydrolyzed polyacryl-
amide (HPAM). The effects of charge density. degree
of ionization. added salt, and solvent viscosity on the
non-Newtonian pressure drop behavior were reported.
Their results are in gualitative agreement with our
model predictions. For nonionic PAM there is an onset
of non-Newtonian behavior (increased pressure drop)
at a critical flow rate which seems to coincide with
'~ O0fl). This same behavior was observed for
HPAM with low charge density. low degree of ioniza-
tion. or very high salt concentration. Each of these
cases corresponds to our charge density parameter £
being very small. The increased pressure drop is
believed to be related to the extensional viscosity
which dominates the effects of the shear viscosity when
the polvmer chains are greatly stretched out by the
flow. Their data for moderate salt concentrations shows
a shift in onset behavior to lower flow rates and no sig-

nificant departures from Newtonian behavior for flow
rates less than the onset, in agreement with our model
predictions for E~0.1 to 1. The highly charged
HPAM in solutions of low ionic strength showed
departure from Newtonian behavior even at the low-
est flow rates used in the experiments. as is also
observed for the model with very large values of £ A
very similar qualitative correspondence can be observed
between the charged dumbbell predictions and the
drag reduction data for polyeiectrolyte solutions of
Virk [8]. A more quantitative test of the predictions of
this model in strong flows will require data from a
well-characterized flow experiment. with polydispersity
taken into account. To accomplish this. we are cur-
rently measuring flow birefringence of well character-
ized samples of Na-polystyrene sulfonate in four- and
two-roll mills which simulate quite well the flow field
described by eq. (2).

3.3 Transient behavior

The nonlinear dumbbell has been previously shown
to predict a stress overshoot during startup from rest of
simple shear flow [23]. both in the shear stress and the
irst normal stress difference. The presence of charges
on the beads enhances the overshoot dramatically as
shown in figure9 for N=1000. ;=1 and 10. and
several values of £. For ;=1 the uncharged dumbbell
(E = 0) shows no overshoot at all. but there is a signifi-
cant overshoot for E = 1. For some values of E. such as
E =10. there are also oscillations prior to the final
steady state. For large values of E and high shear rates
the stress overshoot reaches a level comparable to the
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Fig. §. Stress overshoot during startup of simple shear flow for
N = 1000. Solid curves are for v = 10 and several values of £
Duashed curves are for = 1 and several values of £
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stress 1n extensional flow, The mechanism for the pre-
dicted overshoot is that the parually extended polvmer
1s rotated through the orientation where it makes its
maximum contribution to the stress prior to achieving
1ts steady state orientation and extension. The larger
the extension when the orientation of maximum stress
i eved. the larger the overshoot. In view of the
weak extension due to the shear flow. the extension
due to increased E has a strong effect on the magnitude
of the stress overshoot. Unfortunately. there 1s cur-
rentiv a lack of appropriate experimental data for
dilute polymer solutions with which to compare these
predictions.

N0 overshoot 1s predicted or expected at inception
of extensional flow. since the orientation of maximum
stress contribution is also the axis of asymptotic orien-
tation for large times. Typical results for the elonga-
tional viscosity in startup of planar extensional flow are
shown in figure 10 for N =100. E=1.0 and various
Srain rates. The effect of increasing the charge
parameter 15 to reduce the time required to reach
steady state at a given elongation rate. Figure 11 plots

required for the charged dumbbell to reach
9(r. of s steady state end-to-end distance vs. strain
rate for various values of E. As shown previously by
Fuller and Leal [1]. there is a great increase in the time
required near g for E=0. This same behavior
occurs for any value of E for which the hysteresis is
also ohserved. This peak occurs because at the onset
point. two steady state configurations exist which are
far removed from one another. In both states. the
spring force and {rictional force are balanced. leaving
drovwnian diffusion as the only mechanism for reaching

"
(o]
< O

ERR I
f11)

Hn

f

o
noon,

'

. 0o

the vejocity gradient

[an)
o
=
:'-,
N=100°0
- N=locoo
S|
e
"
.
<
=
=3
o
fan)
o
S _ 1 1ey fon o
S C=U. U
[a®
~oe
I S
o 1.0
= P
wio ©10.0
Zo4q | /
— Yl
i 1
- - 100.0
7 PN N
o - /«xu‘Lu.U
=
T Y
o )
&
//
o i /
ot b /
o /
(=1 v
[
=
[
u
©
Cl
“0.00 0.20 0.40 0.60 0.
T

Fig. 11. Time required (in units of ) to reach 90% of the
steady state end-to-end distance for planar extensional flow
for various values of £ and N = 1000

the more extended steadv state configuration. and this
occurs on a much slower time scale than convection by
the flow. When £ is large enough to eliminate the
hysteresis effect or for ;7 > yopeer. frictional forces domi-
nate, and the required time to steady state is propor-
tional to 1/

It 1s apparent that for a polymer to be significantly
extended requires not only a sufficiently strong flow.
but also a sufficient transit time in that flow. The
transit ume 1s always finite 1in experimentally realizable
extensional flows (except at a stagnation “point”). In
general. the maximum time that a polymer molecule
will be subjected to the extensional flow is

e = 1%/ (13)
where the proportionality constant /* depends on the
flow type. ~. and the geometry of the flow device. The
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CUIVE ‘., = 6/ has been plotted in figure 11. This
value of 7* corresponds to the transit times actually
observed in the four-roll mill for 2 =1 near the stagna-
tion point {2} This curve typically intersects the peaks
of the dumbbell curves in figure 11. implying that the
dumbbell will fail to reach its steady state configura-
tion only for shear rates near jone:. 1hus. the finite
transit time of a real flow affects the onset of the coil-
stretch  transition. In partucular. the discontinuous
transition to an extended configuration seen in the
steady state behavior will be smoothed out over a
range of shear rates when only a finite time is allowed
for the dumbbell to extend. If 7* is small enough that
the 7., curve remains below the dumbbell curve for
©» .. the dumbbell will have insufficient time to
approach steady state exlensions no matter how large
the strain rate. Flows having such small transit times
will not produce large departures from Newtonian
behavier for dilute polvmer solutions. even though the
velocity gradients would be large enough to produce

such departures at steady state.

4. Conclusions

We have considered the charged dumbbell model
first introduced by King and Eisenberg as a model for
poheleclrolwc\ in a dilute solution. and included a
nonlinear spring and variable friction factor in order to
study its behavior in “strong” flows. The variable fric-
tion factor results in a dramatic onset to an almost fully
extended configuration (the coil-stretch transition) at a
critical value of the velocity gradient which depends on
flow tvpe. ~. The onset point shifts to lower velocity
gradients as Coulombic repulsion in the dumbbell is
increased. This coincides with an increase in the rest
state dimensions and an increase in the intrinsic viscos-
itv. For very strong states of repulsion, the model be-
havior becomes that of a slighuy extensible rigid
dumbbell. with an effect 1n flow similar to that
observed for highly extended or rigid macromolecules
or fibers.

These results are in gualitative agreement with data
on drag reduction in turbulent flow [8] and pressure
drop vs. flow rate data in porous media flow [6]. - These
data for dilute solutions show an order of magnitude
departure from Newtonian behavior at a critical flow
rate which depends on salt concentration or charge
density in a wayv consistent with the present model.
Comparisons of a more guantitative nature for weli-
defined two-dimensional flows (in a four-roll mill) are
currently being carried out. We intend to assess the

ability of the model o predict strong flow behavior
using values of E estimated from independent mea-
surements of equilibrium coil expansion via light scat-
tering spectroscopy.
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Abstract: Flow-induced changes in the conformation of polymer molecules
in dilute polyelectrolyte solutions were studied, using birefringence tech-
niques, as a function of molecular weight and added salt concentration in
laminar, two-dimensional extensional flows produced in four- and two-roll
mills. Of particular interest is the so-called coil-stretch transition. It is
shown that the electrostatic expansion of the polyelectrolyte has a dra-
matic effect on the onset shear rate for the coil-stretch transition and also
on the shape of the flow birefringence versus shear rate curves during the
stretching process. A reasonable description of the coil-stretch transition
and its dependence on equilibrium configuration is obtained theoretically
using a charged dumbbell model with conformation-dependent bead fric-
tion. Being dependent on the longest relaxation time of the polymer, and
therefore not too sensitive to intramolecular details, the dumbbell model
can be applied in two ways: either using a charge force to expand its rest
state, or reducing N, the number of Kuhn segments, in proportion to the
increase in relaxation time of the expanded polyelectrolyte.
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1. INTRODUCTION

Dilute solutions of flexible, linear polymer molecules are well-known to exhibit
dramatic non-Newtonian effects in flows which induce a transition from the coiled
equilibrium configuration to a highly extended and oriented configuration. Exam-
ples of such effects include increased pressure drops in porous media,’ converging
channels,? and orifice flows,® and drag reduction in turbulent pipe flows.? Recent
experimental studies in this lab have concentrated on measuring this coil-stretch

5,6 and on determining the re-

transition process in well-defined extensional flows,
sulting effects of the polymer on the flow fields.® Theoretical studies have aimed at
predicting the details of the coil-stretch process in the same flows using dumbbell
models.”~9 These studies have shown that for high molecular weight, flexible linear
polymers, the coil-stretch transition does occur in the way predicted by theory,10:11
with an onset shear rate, ., that is O(1/7), where 7 is the longest relaxation time of
the polymer. The nonlinear elastic dumbbell model gives quantitative predictions of
flow birefringence versus shear rate in steady extensional flows provided account is
taken of the effects of polydispersity and of finite residence times in the extensional

flow region of the flow device.5:6

Polyelectrolytes in high ionic strength solutions also exist in a compact coiled
configuration, and thus can be expected to show the same type of strong flow be-
havior as nonionic polymers. However, in solutions of lower ionic strength the
electrostatic repulsion between the charged groups on the polyelectrolyte chain ex-
pand (and elongate) the equilibrium coil. This electrostatic expansion causes a
change in the hydrodynamic inteAraction between solvent and polymer, and there-
fore a change in the relaxation time and the onset behavior of the coil-stretch
transition. The change in hydrodynamics of the polyelectrolyte is clearly evident
in the molecular weight (M, ) dependence of the intrinsic viscosity ([n]).1271* At

high ionic strengths, the coil is relatively impermeable to flowing solvent and this
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results in so-called non-free-draining hydrodynamics, with [n] ~ M;>. At interme-
diate ionic strengths, “good solvent” behavior is found with [n] ~ M:8. At very low
ionic strengths, the hydrodynamic interaction between the expanded coil and the
solvent is enhanced enough that the polymer exhibits so-called free-draining behav-
ior, with [n] ~ M,,. The transition in hydrodynamic interaction with the solvent
affects the relaxation time of the polymer in an analogous way since 7 is related to
[n] according to r = [n]n,My /RT with n, the solvent viscosity, R the universal gas
constant, and T the temperature. The shift in the molecular weight dependence
of the relaxation time has been inferred by Miles et al.!® by estimating 7 as the
inverse of the onset shear rate for the coil-stretch transition in a two-dimensional

extensional flow device.

The transition from non-free-draining to free-draining behavior can also be
detected in flow through packed beds,!® in orifice flows,!” and in drag reduction
experiments.!® In these situations, the change in hydrodynamic behavior is indi-
cated by a distinct shift in the conditions for onset of non-Newtonian effects. As
the equilibrium coil dimensions increase due to electrostatic expansion, the onset
point for the coil-stretch transition shifts to lower shear rates. In the free-draining
limit, the distinct onset point often disappears altogether as conformation changes
are easily induced at all shear rates by simple re-orientation of the expanded coil

which now adopts an elongated shape in the rest state.

In the present work, we report the results of flow birefringence measurements
in dilute solutions of sodium polystyrenesulfonate (NaPSS) in glycerol with a range
of added salt concentrations. We have investigated the entire range of linear two-
dimensional extensional flows and simple shear flow as produced in four- and two-roll
mills and a cylindrical Couette device, respectively. Independent data on the equi-
librium expansion of NaPSS as a function of salt concentration have been obtained

by quasi-elastic light-scattering spectroscopy and intrinsic viscosity measurements.
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The influence of the polymer on the extensional flow fields was determined by direct

measurement of the velocity gradient fields.

The details of the local conformation changes that are responsible for the ob-
served overall electrostatic expansion of the polyelectrolyte tn equilibrium have been
widely studied theoretically. The theories giving the best comparisons with exper-

19,20 Ope is

iment describe two contributions to the total electrostatic expansion.
the increased rigidity of the polyelectrolyte, which is characterized by an increase in
the persistence length or the Kuhn segment length due to short range electrostatic
forces between neighboring charges on the polymer backbone. The other contribu-
tion is due to a change in excluded volume as a result of long range electrostatic
forces between charges on more widely separated segments of the polyelectrolyte.
Though one experimental study?! has suggested that the excluded-volume effect
may be dominant in a flexible linear polyelectrolyte (using classical light scatter-
ing), dynamic experiments of the type reported here (including intrinsic viscosity
measurements, flow birefringence, and diffusivity measurements via quasi-elastic
light scattering) are sensitive mainly to the overall conformational and hydrody-
namic features of the polyelectrolyte, and cannot provide detailed information on
the nature of electrostatic interactions in the polyelectrolytes. Specifically, in the
present studies, one cannot unambiguously distinguish the effects of increased rigid-
ity on the coil-stretch transition from the effects of excluded-volume interactions.
Therefore, the predictions of the charged dumbbell model® are compared with the
flow birefringence data using two different approaches to choosing the model pa-
rameters. One approach corresponds to assuming that the measured equilibrium
expansion is due only to an increase in the persistence length. The other approach
corresponds to assuming that only electrostatic excluded-volume expansion occurs.
Predictions of the model using both approaches are then compared with the flow

birefringence data.
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2. EXPERIMENTAL DETAILS

2.1 Materials

Two sodium polystyrenesulfonate (NaPSS) samples were used in this study.
The first sample, PSS1, was obtained from Pressure Chemical Company. The re-
ported M,, was 1.2x10°, and the parent polystyrene had a polydispersity ratio of
M.y, /M, <1.1. The second sample, PSS4, was generously provided by Dr. D. Brown
of the National Bureau of Standards. Its M, was 4.16x10%, and it had an esti-
mated polydispersity ratio of 1.3. The synthesis and characterization of the PSS4
sample have been described in the literature.?? Both of these samples were dried
over anhydrous CaCl; to remove the absorbed water content which was found to

be about 10% by weight.

The solvent, glycerol, was obtained from Sigma Chemical and distilled to re-
move its ~3% water content. The resulting increase in the solvent viscosity was
desired for two reasons. First, it increased the relaxation times of the solutions
and therefore brought the coil-stretch transition into a more accessible range of
shear rates. Second, it increased the stability?3 of the flow devices and reduced the
three-dimensionality of the flow due to the top and bottom of the flow device.6:23
In preparing our solutions, the NaPSS was initially dissolved in a small amount of
water, and this NaPSS/water solution was then diluted with the glycerol to 100
ppm PSS~ by weight for PSS1 and 89 ppm PSS~ for PSS4. The resulting solvent

contained about 0.25% water and had a viscosity, n,, of ~14 p.

Flow birefringence data will be presented for seven different polymer/solvent
combinations. The available equilibrium data for these solutions are given in Table I.
The various salt concentrations were obtained by adding measured amounts of NaCl
to the two original “no-salt” solutions (#1 and 4). The salt molarities reported
include all the Na* from the polymer, which is .00068 M for the PSS1 solutions and

.00061 M for the PSS4 solutions. During all the studies, the solutions were sealed or
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handled in a dry atmosphere to minimize the absorption of water which can reduce
the viscosity of glycerol drastically and make interpretation of the results difficult
if it is present in indeterminate amounts. The equilibrium data include intrinsic
viscosity ([n]) measurements and light-scattering measurements of hydrodynamic
radii (Ry). These data provide expansion factors (o) which are ratios of the length
scale of the polyelectrolyte rest state relative to its size in an “uncharged” state.
The uncharged state is assumed to occur in the solutions with the highest salt
concentration in calculating o« and will be identified by the subscript “0.” The

24

usual definitions** are used,

3 [77] . (1)

24,25

That these different “measures” of the coil size usually give different expansion

factors can also be seen from Table 1.

TABLE I. Equilibrium Data for NaPSS Solutions?®

Light Scattering | Intrinsic Viscosity | Birefringence
# Solution Rn(A) ag M (55) an ™m(s) | 7rB(s) ars
1 PSS1°-No Salt 824 4.7 2000 3.1 0.632{ 1.3 5.1
2 005 M 282 1.6 - - - 0.05 1.7
3 1 M 176 1.0 70° 1.0 0.026 | 0.011 1.0
4 PSS49-No Salt | 1610 6.4 5300 5.8 4.52 1.2 4.8
5 .004 M - - - - - 0.09 2.0
6 .04 M 400 1.6 - - - 0.035 1.5
7 4 M 250 1.0 27% 1.0 0.035 | 0.011 1.0

2 20.0°C b Nat]=1 M
€ 100 ppm PSS, [Na™] includes .00068 M from polymer
4 89 ppm PSS—, [Na*] includes .00061 M from polymer



112

The intrinsic viscosity measurements also provide an estimate of the relaxation
time of the polymer using the Zimm formula,?® r,, =0.422[n|n,M,,/RT. The relax-
ation times (rpp) and expansion factors (app) in Table I were estimated from the

flow birefringence data and will be discussed later.

One interesting feature of the equilibrium data is the molecular weight depen-
dence of R and 7. In the no-salt solutions the scéling is as expected for “good
solvent” behavior, n ~ M;78. For the highest salt concentrations, the M, depen-
dence of Ry and 7, is much less than expected even for © conditions, and the M,
dependence of [n] is the inverse of that expected. As will be seen, the same trends
appear in the flow birefringence data, the solution #7 giving much less birefringence
than expected based on its molecular weight. Thus, the PSS4 molecules at high salt
concentrations appear to be more compactly coiled than PSS1 molecules are. This

may be an example of the unusual scaling behavior that has recently been predicted

for polyelectrolytes.?”

The equilibrium light-scattering measurements of R are described in more

detail in the Appendix.
2.2 The Flow Devices

The four- and two-roll mills used in these experiments have been extensively
described elsewhere.5:6:28 They are intended to provide a close approximation to the
idealized two-dimensional laminar strong flows used in most theoretical analyses of
polymer dynamics. The general form for the velocity field for this class of flows is
v = 7(y, Az), where ~ is the magnitude of the velocity gradient, and X is a flow type
parameter which ranges from -1 Ato 1. Pure rotational flow is A=-1, simple shear
flow is A=0 and pure extensional flow is A=1. Figure 1 shows the streamlines of
these limiting, theoretical flows and how they can be obtained in our flow devices,

in principle.
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A cylindrical Couette flow device was built for simple shear flow experiments.
The radius of the inner rotor is 3.361 cm, and the outer cylinder radius is 3.561 cm.
The shear rates are found to be y=16.75w, where w is the angular velocity of the

inner cylinder.?°

The velocity gradient fields in the four- and two-roll mills were characterized
for these NaPSS solutions using homodyne light-scattering spectroscopy?® (HLS).
Extensive measurements to characterize the four- and two-roll mills which are used
in the flow birefringence experiments are reported by Dunlap and Leal.® We used
the same procedures in this work to determine the extent of any modification of the
flow field due to the presence of the polymer. The incident light was from a Spectra-
Physics 165 Argon ion laser at 488 nm. The scattering angles used were typically
20-60° outside the cell and 12-40° inside the flow cell due to refraction. The pho-
tomultiplier pulses were amplified and shaped by an Ortec amplifier/discriminator
and counted and correlated by a BIC-2030 autocorrelator. The solvents were care-
fully filtered to improve the correlations. We used 0.091 pum PS latex spheres to
seed the solutions. The resulting signals were typically of ~ 10° counts/s, and a
very smooth correlation function could be obtained in just a few seconds. The
half-height time of the correlation function was evaluated and its inverse used as
a characteristic frequency proportional to the actual velocity gradient. The values
reported are averages of several measurements. Standard deviations are typically

1% or less.
2.8 Flow Birefringence

The most direct and widely used experimental probe of the polymer behavior
in flow seems to be the flow birefringence (FB) experiment.3® It has been used to
study various aspects of the coil-stretch transition in well-defined flows.5:6,15,31 Tt
can also be used to test predictions of polymer behavior from molecular theories.

A schematic of our experimental setup is shown in Figure 2. The flow device can
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be moved independently of the optics so that almost any position in the flow field
can be studied. The same optics are easily realigned to do the HLS experiment
described above. The relative orientations of the polarizer, analyzer, solution optic
axes (indicative of the orientation of the elongated polymer molecules), and flow
field are also shown in Figure 2. The intensity I measured by a laser power meter
or photomultiplier tube is related to the incident intensity Iy, wavelength Ag, the
solution thickness d, the birefringence An, and the angle ¥ between the polarizer

and the optic axis of the solution.

o TdAnN

I = Iysin? 29 sin
Ao

(2)

By finding the position of maximum intensity, ¥ = 45°, the orientation angle x for
the optic axes of the solution can be determined. This angle x is defined to be
consistent with the classical extinction angle from simple shear flow experiments.3°
For all flow types, x is 45° at low shear rates and rapidly approaches the flow
direction ¢ (the angle between the asymptotic streamline and the z-axis) as the

polymer extends at higher shear rates.

The birefringence of the glycerol was measured independently, and its contribu-
tion was subtracted from the solution birefringence in order to determine a polymer
contribution to the birefringence. The relations recommended by Philippoff®? were

used to subtract off the solvent contribution.

Ang =An? + /‘.\nf3 —2An;Ansin2y

(3)

An
costpzA cos 2

np

Here, the subscript p refers to the polymer, s to the solvent, and no subscript to the
measured solution property. This relation assumes that the solvent orientation angle
is always 45°. This was found to be true for glycerol. From measurements in two-roll

mills, the birefringence of glycerol was found to be An, = 2.7 x 10710(1 + }).
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The FB data for PSS1 will be seen to be considerably “noisier” than that
for PSS4 though both exhibited comparable levels of birefringence. In the PSS1
experiments the flow cell had a full glass cover which supported the rollers and could
develop considerable stress birefringence. This cover effect sometimes dominated
the polymer FB at low and intermediate shear rates. The only way to deal with it
was to make short measurements since the glass effect built up on a slower time scale
than the polymer contribution to the FB. This problem of parasitic birefringence
was later remedied by building a metal top (and bottom) plate with a small leaded
glass window. Leaded glass was used because its stress-optical coeflicient is much
smaller than Pyrex or other typical glasses.®3 There is a significant improvement in

the PSS4 data over the PSS1 data as a result.

All the experiments were carried out at 20.0 £ .15°C. However, FB is very
sensitive to solvent viscosity, and since these temperature fluctuations result in
about 5% variations in glycerol viscosity, this is another source of spread in the
FB data. Furthermore, since the temperature changes are generally larger for the
larger roller speeds, this tends to cause larger variations in the high shear rate FB

data.

Mechanical degradation of the polymer was apparently not a problem in the
present experiments, though direct evidence of degradation was found in our ear-
lier studies of higher molecular weight polystyrene solutions.® To be certain that
degradation was not significant, the FB experiments with solution #6 (which had
been through two sets of experiments previously as solutions #5 and #4) were re-
peated with a freshly made PSS4 solution with .04 M [Na*t]. The FB results for
the fresh solution were found to be essentially identical to those for solution #6.
Thus, no significant degradation had occurred in the original solutions which were

used repeatedly with different amounts of added salt.
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2.4 Transient Flow Birefringence

It would be desirable to do startup and relaxation experiments in the four- and
two-roll mills. Unfortunately, with the present apparatus transient experiments are
too difficult and unreliable. The four separate motors and their clutches are not
perfectly synchronized, and the FB is very localized (except in the solutions with
no added salt), so that any shift in the stagnation point or center streamline due
to inertia or unsymmetrical roller speeds can obscure the real behavior of the FB.

Our transient experiments are therefore confined to simple shear flow.

The transient response of the PSS4 solutions to startup and cessation of the
flow in the Couette device was recorded using the BIC-2030 correlator in a “multi-
channel scaling mode.” In this mode of operation, the 64 real-time data channels
store sequentially the number of photon counts received during each of 64 con-
secutive sampling periods. This sweep is triggered by a TTL logic pulse which is
generated when the clutch is engaged for startup experiments, and when the brake
is applied for relaxation experiments. Any number of sweeps may be collected and
added up by repeating the experiment without clearing the memory. In this way,
random noise is averaged out, and the 64 channels contain an averaged transient
response on top of a flat background from the averaged noise. In simple shear flow,
20 sweeps generally resulted in a very smooth response curve. At low birefringence

levels, up to 40 sweeps were sometimes required.

The analysis of transient flow birefringence is based on the same equation
(2) as the steady-state experiments. In the steady-state case, the angle x can be
determined by rotating the flow device to the position of maximum intensity, and
then An can be determined from the measured intensity values. In the transient
experiment, both the orientation of the solution optic axes and the magnitude of the
birefringence are varying as a function of time. One way to determine both An and

x as a function of time is to repeat the experiment with two different orientations of
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the polarizer and analyzer.®4 The simplest method is to rotate both polarizer and

analyzer 45° for the second measurement. Then the equations for the two runs are

dA
I, =Iysin? 2 sin? Tean
" (4)
dA
I, =I; cos? 2x sin? EA—n
0

where d is the solution depth and Ag the incident wavelength. The birefringence is
obtained for a given instant in time by adding the two equations and the extinction
angle by dividing. The two runs each consist of 64 numbers giving the average
values of I; and I3 at corresponding times. These are processed channel by channel

using equations (4) to obtain the desired An™(t).
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3. RESULTS

8.1 Flow Mod:ification

The solutions we use in this work are very dilute solutions and well under the
critical concentration, ¢*, of 200-300 ppm that was previously estimated® as the
minimum concentration for flow modification to occur for fully extended polystyrene
with M,=2x10%, which has the same contour length as PSS4. Thus, we do not
expect much (if any) influence of the polymer on the flow for our present experi-
ments. In fact, the only flow modification we observed was in the PSS4 solutions
with no added salt (#4), the .004 M salt solution (#5), and the .04 M solution
(#6). In each case, the flow modification occurred only at the upper limit of roller
speeds attainable in the two-roll mills. In other words, the flow modification we ob-
served with the polyelectrolyte only occurred in solutions with the most expanded
rest states and at the shear rates most likely to have produced maximum exten-
sion of the polymer molecules. The data are plotted in Figure 3 as the measured
velocity gradient versus the angular velocity of the rollers, w. One measure of the
degree of polymer stretch necessary to achieve a measurable effect on the flow is
the so-called effective volume fraction, ¢ ef defined as the volume concentration
of spheres circumscribed about the fully or partially extended polymer molecule.
Simple theoretical arguments, based upon dumbbell model calculations, suggest
that this parameter must be O(1) at least for the polymer to significantly influence
the solution rheology. Measurements with narrow molecular-weight distribution
polystyrene, on the other hand, led to an estimate for a critical ¢eﬁr~ 0O(4000) to
obtain a measurable decrease in fhe velocity gradient in the two- and four-roll mill
experiments. The effective volume fraction at which flow modification occurs for
the present polyelectrolyte solutions, assuming full extension of the PSS4 molecule
at the highest flow rates, is ¢eﬁr~1000. This suggests that a high degree of overlap

of the polymer domains is necessary for low modification, but not as high as for
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polystyrene.® The reason for the difference between the the polystyrene and the

polystyrenesulfonate solutions is not clear to us at this time.
8.2 Flow Birefringence

Figure 4 shows the FB data obtained for 100 ppm PSS1 with 3 different
amounts of added NaCl (solutions #1-3). A 50 ppm PSS1 solution was also meas-
ured and the FB was exactly half that of the 100 ppm solution for the case of no
added salt, as one would expect for dilute solutions. The criterion of 0dijk3® can
also be used to see if our solutions are truly dilute. Using his scaling laws we find
that if the salt concentration is greater than .0002 M for 100 ppm PSS1 (and .0004
M for PSS4), then the solution should be considered dilute. These salt concentra-
tions are well under the natural contribution from the polymer itself. Moreover,
other diluteness criteria, such as ¢[n] <1 and the volume fraction of circumscribed
spheres based on the measured hydrodynamic radii at equilibrium, ¢.5s <1, are
satisfied by all the solutions. Thus, it appears that even the no-salt solutions are

probably truly dilute.

For small amounts of added salt, the 50 ppm PSS1 solution gave identical FB
results to the 100 ppm solution when the total [Na™] concentration was half that of
the 100 ppm PSS1 solution. We were only able to pursue this type of comparison up
to a salt concentration of .0075 M for the 50 ppm solution because the FB was too
small to measure accurately for higher salt concentrations. However, this limited
study of the effect of salt on polymer behavior as the concentrations of both are
varied suggests that similar behavior is obtained for two solutions when the ratio of
the added [Na™]| to that contributed by the polymer (or equivalently, the number

of Na* ions added per charge site on the polyelectrolyte) is the same.

The asymptotic value of the FB, Any,, which corresponds to fully stretched
and aligned polymer molecules was found to be 2.6 x107° for 100 ppm PSS1. This

is approximately the same as the values obtained for polystyrene (after correcting
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for the difference in monomer weight). This suggests that the intrinsic optical
anisotropy for NaPSS is about the same as for polystyrene, as one would expect
from the similar molecular structure. The value of An, also is in good agreement
with asymptotic values obtained in electric birefringence measurements at high field

strength.36:37

Figure 5 shows the flow birefringence data for the 89 ppm PSS4 solution with
4 different amounts of added salt (solutions #4-7). In both Figures 4 and 5, the FB
data are plotted versus 4v/A, which causes the data from the entire range of flow
types available (.019< A <1) to collapse to a single curve for each solution. This
is typical behavior for dilute polymer solutions, and is consistent with theoretical

predictions based upon elastic dumbbell models.%:¢

The two sets of data in Figures 4 and 5 demonstrate the dramatic effects of
polyelectrolyte expansion in the equilibrium or rest state on the coil-stretch transi-
tion. The highest salt concentrations produce behavior like that of a typical flexible
polymer. Unfortunately, the molecular weight and relaxation times of our samples
at the highest salt levels are sufficiently small that the entire coil-stretch transition
could not be achieved over the range of shear rates available. The PSS4 sample was
expected to give results equivalent to a 2x10® M,, polystyrene (PS2).® Instead, less
than half the FB is observed in solution #7 at a comparable shear rate (even after
the correction for concentration and M,, differences). This is apparently because
the PSS4 is much more compactly coiled in the .4 M salt than is polystyrene in
Chlorowax LV (LV). In fact, the polystyrene in LV is estimated to be expanded
from © conditions by about a factor of 1.2 while the data in Table I for solution
#7 suggest the PSS4 is collapsed from © conditions by a factor of about .75. This
implies a total linear expansion factor between the PSS4 and PS2 of 1.6. This is
about the same amount of expansion as in PSS4 with only .04 M salt (#6) rela-

tive to the PSS4 solution with the highest salt concentration (#7). Therefore, it is
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probably more appropriate to compare the PS2 data with solution #6 rather than
with solution #7. Indeed, the FB data for solution #6 are much closer to that of
PS2, but the onset is not as distinct and the transition is spread over a larger range
of shear rates. This suggests either that the electrostatic expansion in PSS4 has a
different effect on the hydrodynamic behavior of the polymer than the excluded-
volume expansions in PS2, or that the molecular weight distribution is broader in
PSS4 than in PS2. This second possibility seems more likely. Both PSS4 and PS2
were reported as having polydispersity ratios of 1.3. However, that of PSS4 was
based on the parent polystyrene and the sulfonation process could have caused some
crosslinking or chain breakage to occur, resulting in greater polydispersity. Also, it
was found that model calculations for the PSS1 data fit much better when we used

a larger polydispersity ratio than the value reported for the parent polystyrene.

As the salt concentration decreases in both PSS4 and PSS1 solutions, the FB
occurs at much lower shear rates and loses any distinct “onset shear rate” be-
havior. In fact, the shape of the FB data at low salt concentrations is similar
to that obtained with elongated rigid macromolecules®® as they orient with the
flow direction. Though the polyelectrolytes with low salt levels are still undergo-
ing significant stretching due to the flow (from the equilibrium Rj in Table I to
complete extension), and therefore are not really rigid, they are highly anisotropic
at equilibrium because the expansion is greatest in the end-to-end direction. This
anisotropy accounts for the similarity to rigid macromolecules in the shape of the
low salt solution birefringence data. Another important aspect of the changing FB
behavior with decreasing salt is the spatial extent of the birefringent region. At
high and intermediate salt concentrations the FB is highly localized along the out-
going streamline of the flow, and this is similar to the behavior of non-ionic, flexible
polymers like polystyrene. Only in this localized region are the residence times

in the strong flow region of the two- and four-roll mills sufficiently long to stretch
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the polymer. With the drastically expanded molecules in the “no-salt” solutions,
however, significant orientation and stretching occurs everywhere in the flow with
an accompanying decrease in the localization of the FB. Figure 6 illustrates these

two extremes in behavior.

The shift in the coil-stretch behavior may be characterized by determining
the onset shear rate,!® or, for the shape of our data, the shear rate at which the
FB reaches a certain arbitrary level. The inverse of this critical shear rate is a
measure of the relaxation time, 77p, of the polymer in (or near) its equilibrium
configuration. The values of 7rg based on the shear rate at 20% of the asymptotic
birefringence level are given in Table I. Similar data were reported for PSS1 in
aqueous solutions by Miles et al.1> Our 7rp data can be adjusted for the difference in
solvent viscosity by dividing by 1, and then compared directly with their relaxation
times. The effects of using a solvent with a dielectric constant about half that of
water can be seen. With no added salt, our relaxation times for PSS1 in glycerol
(normalized) are about 1/10 of the values in water. The normalized relaxation
times in glycerol remain less over the entire range of added salt concentrations
studied. In water, there was a very dramatic 10-fold drop in the relaxation times
over a narrow range of salt concentrations (at about .025 M).1% A similar 10-fold
drop in 7rp is seen in glycerol but at a much lower salt concentration (.001 to
.004 M). Thus, in glycerol, the polyelectrolyte is much more sensitive to very
small amounts of added salt. At salt concentrations less than .025 M, the 7z g for
aqueous solutions was found by Miles et al.l® to scale with M2. This scaling law
corresponds to [n]~ M, which has also been observed for aqueous PSS solutions
at low salt concentrations.!? Though our rrp data for the no-salt solutions do not
show this same scaling, the intrinsic viscosity data do scale with M;78. We therefore
believe that 7 ~ M, !-#® scaling should apply in our NaPSS in glycerol solutions

with no added salt. This scaling law implies that the hydrodynamic interaction
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between solvent and polymer is approaching the free-draining limit for the most
expanded equilibrium states, as opposed to the non-free-draining behavior (r ~
M]L-5) previously observed in the scaling of polystyrene data.®®3°% We will see that
this transition in the strength of polymer-solvent hydrodynamic interactions with
the degree of equilibrium expansion is very important in attempts to model the

coil-stretch process in polyelectrolytes.
8.8 Flow Birefringence Overshoots

Overshoots were observed in the FB, An™(t), during startup of simple shear
flow in the Couette device for the two PSS4 solutions with lowest salt concentration
(#4 and 5). Typical data for the solution without added salt (#4) at four shear
rates are plotted in Figure 7. The data for solution #5 at three shear rates are
plotted in Figure 8. Table II shows the maximum overshoot as a percentage of the
steady-state value, An,,, and the steady-state values as the ratio An,,/Anq, where

Ang is the asymptotic value attained for fully extended and aligned molecules.

The existence of measurable overshoots is a direct consequence of the expanded
rest state of the polymer and the resulting approach to free-draining hydrodynam-
ics. The straining component of the flow is much more effective in stretching the
expanded polyelectrolytes than it is in stretching the compact non-free-draining
coils at high salt concentrations (or the polystyrene solutions). Thus the polyelec-
trolyte is initially stretched in the principal strain direction. As it then reorients,
approaching a steady-state orientation more closely aligned with the flow direction
and away from the principal strain axis, the amount of extension also decreases to

its steady-state value.
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TABLEII. An™(t) Overshootsin Simple Shear®

An,,

# v (s7h) (zno) % ov.
1 3 0.23 7.5
2 12 0.37 14.8
3 44 0.47 23.6
4 146 0.61 24.5
5 88 0.13 22.

6 175 0.21 39.5
7 263 0.26 45.2

@ Curves #1—4 are with no added salt

Curves #5-7 have .004 M [Na']

4. MODEL COMPARISONS

In dilute solutions, significant deviations from Newtonian flow behavior occur
only as a result of a coil-stretch transition in the polymer conformation. A goal for
modeling is thus to give at least a correct qualitative description of the coil-stretch
(or stretch-coil) transition using a “molecular” model which is sufficiently simple to
eventually be used for a complete fluid-mechanical description of a given flow. Since
the overall conformation of the polymer determines the dynamics in strong flows,
we adopt the elastic dumbbell framework?® (in which the polymer conformation is
represented by a single vector r), but with spring and hydrodynamic friction forces
designed to mimic the behavior of a polymer over the whole range of configurations
from the equilibrium to highly stretched states. The essential characteristics of the
spring force are that it increase Iihearly with r at small deformations from equilib-
rium, but then increase very rapidly as the full contour length, L, of the polymer
is approached. The friction law must again describe the hydrodynamic interaction
between the polymer and the solvent for any conformation of the polymer, from the

equilibrium coil to the fully extended threadlike configuration.
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From a hydrodynamics point of view, the most complete attempt at dumbbell
modeling of dilute solutions to date is the anisotropic dumbbell model of Phan-
Thien et al.® However, a proper description of steady, strong flow data can be
achieved with the simpler isotropic version of the dumbbell model with a nonlinear
(Warner) spring, and an isotropic, but conformation-dependent bead friction law as
first proposed by de Gennes,!? Hinch,'! and others. We have previously shown?®®
that predictions with this “isotropic” friction model are in excellent agreement with
experimental data for strong flows (A > 0.2) of dilute polystyrene solutions. Fur-
thermore, a second key consequence of conformation-dependent friction has been
verified by previous experimental work: namely, the existence of a relaxation time
for the stretch—coil transition which greatly exceeds the “relaxation time” charac-
teristic of the initial coil—stretch transition (due to an increased frictional “grip” on
the polymer in its stretched state).! This feature cannot be predicted with models,
such as the FENE dumbbell of Bird and coworkers,*® which do not incorporate the
concept of conformation-dependent friction. The more complicated model of Phan-
Thien et al.? attempts to incorporate a “more realistic” hydrodynamic response
including frictional anisotropy and “strain-inefficient” rotation as is characteristic
of rigid particle hydrodynamics at low Reynolds number. The goal was to produce
a model which would show improved behavior in flows nearer to simple shear flow
(A <0.2) where there is nearly as much vorticity as strain. However, comparison
with experimental data® shows that the modified dumbbell model of Phan-Thien et
al. is really no better than the simple isotropic model of de Gennes!® and Hinch!!
in strong extensional flows and still shows only fair to poor predictions in flows
approaching simple shear flow. This is presumably because the rigid particle hy-
drodynamics (especially the “strain-inefficient” rotation) built into the model are

not correct for flexible polymer coils.

In the present study, we therefore compare our data for polyelectrolytes in
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strong flows (Figures 4 and 5) with predictions from the charged dumbbell model
of Dunlap and Leal.® This model includes the Warner spring, and the isotropic,
conformation-dependent friction law of the original deGennes-Hinch nonlinear dumb-
bell model. We will use the abbreviation VF to refer to this variable-friction model.
In addition, the charged dumbbell has a Coulombic repulsive force between the
beads which allows it to model the equilibrium electrostatic expansion of dilute poly-
electrolyte solutions. No attempt is made to model the overshoot data for simple
shear flow, because it is known (as explained above) that the existing conformation-
dependent friction models do not do a good job even for steady flows that are too
near to simple shear flow. It is also instructive to compare our data with predictions
of the FENE dumbbell4? with the Coulombic charge force,® which has the nonlinear

spring but constant friction (CF).

The detailed development of the charged dumbbell model has been given else-
where.® The only difference in the present calculations is that we have defined the
relaxation time of the model to be g, = ¢o/4€0 where ¢ and &y are the friction
and spring coeflicients, respectively, at equilibrium. This makes 745 half that of

Reference 8 and 9, but is consistent with most other authors.5:26,40,41

4.1 “Steady-State” Eztensional Flow Predictions

The predictions of birefringence versus shear rate were calculated for the charged
dumbbell model, taking into account experimental conditions. In these calculations,
the effect of the finite transit time of a polymer through the extensional flow region
of the four- and two-roll mills was handled using the method of Fuller and Leal®
(with {/D=.003). An assumed log-normal molecular weight distribution was also
used to account for polydispersity. The molecular weight dependence of the relax-
ation time must be specified in order to assess the effects of polydispersity in the
birefringence predictions.® For polyelectrolyte solutions, the relaxation time cannot

be assumed to follow the M}-® behavior as with polystyrene.® We used exponents
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of 1.5, 1.8 or 2.0 for high, medium and no added salt concentrations, respectively.
It was actually found that the choice of exponent had only a small influence on the

shape of the resulting predictions of birefringence versus shear rate.

The basic approach to modeling the FB data for polyelectrolytes was to obtain
the three model parameters of the charged dumbbell model from independent meas-
urements. The value of N (the number of statistical subunits) can be obtained
from Ane, as for polystyrene solutions, or estimated from the molecular structure
and flexibility of the polymer in the uncharged (high-salt) limit. The appropriate
values, from comparison with polystyrene modeling results,® are N=1200 and 360
for PSS4 and PSS1, respectively. The effective charge parameter E can be obtained
from measured equilibrium expansion factors using the formula®

3

W2BN+2) 2 % _F 5
\/-( + )23N+2——2a2 (5)
for the VF model, and
3
IIN+1)F & 7% _ g 6
(vt ()

for the CF model. The relaxation time should be 7, (the Zimm time from Ta-
ble I) divided by 2.214 for the CF model (i.e., the charged dumbbell with constant
friction) and by 4.067 for the VF model (s.e., the charged dumbbell model with
variable friction) as explained by Peterlin®! and Dunlap and Leal.® The VF model
predictions are the solid curves in Figures 9 and 10 for the PSS1 and PSS4 data,
respectively. The dashed curves are the predictions of the CF version of the model.
The values of the parameter E were obtained from equations (5) and (6) using
expansion factors of 5, 1.6, and l for the three PSS1 solutions, and 5, 2, 1.5, and
1 for the four PSS4 solutions. As can be seen, the VF charged dumbbell model
predictions compare quite well with the data (and could be made to compare even
better by making small “adjustments” to the model parameters). However, it is ap-

parent that even with the correct amount of equilibrium expansion, the CF model
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does not predict the large shifts in the onset behavior of the coil-stretch transition,
especially for the no-salt curves. This is because the CF model fails to model the
increased hydrodynamic interaction between the solvent and polymer as the poly-
mer expands. The VF model, on the other hand, correctly predicts the transition
from non-free-draining behavior to free-draining behavior as the dumbbell either

expands in the flow or is expanded by electrostatic repulsion at equilibrium.

The electrostatic expansion of the charged dumbbell model is essentially an
excluded-volume type expansion (as opposed to backbone stiffening which would
correspond to changing values of N with varying salt concentrations). The form
of the charge force is very similar to the kind of force that appears in excluded-
volume theories,?* and the equations (5) and (6) are typical “third-power” type
expansion relations as also appear in excluded-volume theories.?* However, recent
theories of polyelectrolyte expansion suggest that a local increase in rigidity of the
backbone chain also contributes significantly to the expansion.19:2° Since the relative
contributions of stiffening and excluded volume to the electrostatic expansion cannot
be determined a priors, it is of interest to also apply the dumbbell model in a way
that assumes that only electrostatic stiffening occurs. In this approach, the meas-
ured expansion factors are assumed to relate solely to changes in N, the number
of statistical subunits in the polymer. As the polymer becomes locally stiffer, the
length of a statistical subunit increases, and thus, for a given M,, or contour length,

the number of statistical subunits must decrease.

Making use of the so-called Peterlin excluded-volume parameter,?* ¢, the mean
square end-to-end distance, (r?), of any polymer with contour length L and subunit

length A can in principle be represented by
(r?) = N't<4? L= NA. (7)

The usual Gaussian or non-free-draining statistics are obtained with ¢=0, “good-

solvent” behavior with €=0.2, and free-draining behavior with e=%. Non-zero values
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of € may be due to either excluded volume or rigidity of the chain. We are, of
course, assuming that it is chain rigidity which causes the deviations from Gaussian
behavior for this application. Holding L constant as A increases due to electrostatic

stiffening of the polyelectrolyte backbone gives a linear expansion factor,

1
5(e~1)
N 2
o= (_N()) , (8)

where Ny is a reference value which applies to the polymer in the high-salt limit
where it is most flexible. The model relaxation time increases as the subunit length
increases according to the equation
3 (e—1

Tdb~a3=<%)2( ). (9)
Using these equations and the same expansion factors as before we can calculate
the appropriate values of IV and 74 for the seven solutions, choosing as reference
values the values of N and 745 used above for the highest salt concentrations. We
have done this and compared model predictions (of both the CF and VF models)
assuming € = %, 0.2, and 0, and E=0. We will describe the results but only show
the actual plots for the case € = % Two characteristics of the dumbbell model
predictions (and the experimental data) can be easily discerned: the onset shear
rate for the coil-stretch transition (or equivalently, the relaxation time) and the
shape of the predicted curves. Equation (9) shows that the relaxation time (which
determines the onset shear rate or initial slope of the FB data) is determined from «
and is therefore independent of the choice of €. On the other hand, the shapes of the
predicted curves are dependent on the value of N used in the model and therefore
strongly dependent on €. In particular, for N > 50 both models predict a distinct
onset point and “S”-shaped curves for the FB. Only for quite small values of N <20
do the predictions resemble the shapes of the FB curves for the no-salt solutions.

Equation (9) implies that the larger the value of ¢, for given values of o and Ny,
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the smaller N will be. For the most expanded (no-salt) solutions, a value of € of .2
to .3 was required to obtain values of NV small enough that the FB predictions from
the models had shapes resembling those of the data. In other words, the increased
“draining” of the expanded (more rigid) polyelectrolytes must be explicitly included
when applying the dumbbell model in this way in order to successfully model the

no-salt data.

The model predictions, assuming that the expansion reduces N and increases
r according to equation (9) with e= 331— and with the same values of a, Ny, and 7
(shifted by 2.214 for CF and 4.067 for VF), are compared with the PSS1 and PSS4
data in Figures 11 and 12, respectively. The VF predictions and CF predictions
were found to be essentially identical (except for the factor of 2.214/4.067 difference
in relaxation times). The relaxation times calculated from equation (9) using the
experimental expansion factors are consistently too large in comparison with the
data by a factor of 2—4. If the a are “rechosen” to give 74y which fit the data better,
we obtain a=3.6, 1.5, and 1 for the PSS1 solutions and 3.5, 1.6, 1.2, and 1 for the
PSS4 solutions. These “best-fit” model predictions are the dashed curves in Figures
11 and 12. These values of « are a bit less than measured for these solutions (see

Table I), but possibly within experimental error for most of the seven solutions.

To the extent that both of the above approaches to modeling the polyelectrolyte
FB data seem to work, we conclude that in strong flows the polymer behavior is
indeed insensitive to the local structure of the polymer (rigidity versus excluded-
volume interactions). This supports the use of the dumbbell model for the prediction
of the overall dynamics of polymers. On the other hand, it seems that the first
approach (which assumes electrostatic excluded volume via the charged dumbbell)
slightly underestimates the shift of the FB data at low salt concentrations from
that of the high-salt solutions, while the second approach (which assumes local

stiffening) slightly overestimates the same shifts in the data. This suggests that
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the local behavior may indeed have some measurable effect on the data and that
some combination of stiffening and excluded-volume expansion might indeed give an
optimal comparison of the model with the data. Unfortunately, without very precise
expansion data and some knowledge of the relative importance of the two effects,
such modeling efforts at this point would involve arbitrary parameter choices, and

therefore definite conclusions could not be drawn.
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5. CONCLUSIONS

We have presented an experimental investigation of the coil-stretch behavior
of polyelectrolytes in extensional flows as a function of molecular weight and added
salt concentration. The data show the same qualitative behavior as that of Miles
et al.l> The dramatic shift in onset of the coil-stretch transition occurs at lower
salt concentrations in our glycerol solutions than in their aqueous solutions because
of the lower dielectric constant of glycerol. The data are useful for testing the
charged dumbbell model.® From comparisons of the charged dumbbell model with
the FB data we conclude that a variable friction coefficient (VF) is essential for
reasonably quantitative comparisons with “steady-state” strong flow polyelectrolyte
data. The VF works because it builds into the model a natural transition from non-
free-draining to free-draining behavior as the dumbbell expands, just as the data

show that real polyelectrolytes do.12:15

The charged dumbbell model essentially treats the polyelectrolyte expansion
as electrostatic excluded volume. We have demonstrated that the data can also be
modeled by assuming that the expansion is due to a local electrostatic stiffening, or
increase in persistence length. This simply involves reducing the number of statisti-
cal subunits, IV, and increasing the relaxation time using the equilibrium expansion
data and appropriate scaling laws. The success of both fitting procedures supports
a basic assumption of dumbbell modeling, that overall conformation behavior is
most important in strong flows, as opposed to details of the local polymer struc-
ture. The details of the fits obtained by the two methods did however suggest that
both stiffening and excluded-volume interactions do actually influence the FB data,

although their relative importance could not be determined in the present context.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Streamlines of the various idealized, linear two-dimensional flows and

how they are obtained in four- and two-roll mills.

Relative orientations of the polarizer, analyzer, flow field, and polymer

and angle definitions in the flow birefringence experiment.

Measured values of ~ in 89 ppm PSS4 solutions with no added salt, .004
M Na't, and with .04 M Na™ concentration plotted versus the angular
velocity of the rollers. The straight line represents the linear dependence

on roller speed found in Newtonian fluids.

Flow birefringence versus eigenvalue (vv/A) data for 100 ppm PSS1 in
glycerol at 3 concentrations of Na®; .00068 M (no added salt), .005 M,

and .1 M.

Flow birefringence versus eigenvalue (qx/X) data for 89 ppm PSS4 in
glycerol at 4 concentrations of Na*t; .00061 M (no added salt), .004 M,

.04 M, and 4 M.

Photographs of typical birefringence fields in the four-roll mill (A=1) for
Top: flexible coiled equilibrium shape as in nonionic polymers or poly-
electolytes with added salt; and Bottom: polyelectrolytes with greatly

expanded rest state (no added salt).

Flow birefringence versus time of the 89 ppm PSS4 solution with no

added salt during startup of simple shear flow at several shear rates.

Flow birefringence versus time of the 89 ppm PSS4 solution with .004 M
Na™ concentration during startup of simple shear flow at several shear

rates.



Figure 9.

Figure 10.

Figure 11.

Figure 12.
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Comparison of PSS1 flow birefringence data with the predictions of the
charged dumbbell model with variable friction coefficient (solid curves)
and with constant friction coefficient (dashed curves). The coordinates

are An/Ang vs. YVA.

Comparison of PSS4 flow birefringence data with the predictions of the
charged dumbbell model with variable friction coefficient (solid curves)
and with constant friction coefficient (dashed curves). The coordinates

are An/Ang vs. ~VA.

Comparison of PSS1 flow birefringence data with the predictions of the
dumbbell model with constant friction coefficient and no charge. The
solid curves were obtained with No=360, o = ,,/2.214 for the .1 M
solution and the other parameters from equation (9) with a=1.6 and 5.
The dashed curves use a=1.5 and 3.6 for better fits. The coordinates

are An/Ane vs. ~VA.

Comparison of PSS4 flow birefringence data with the predictions of the
dumbbell model with constant friction coefficient and no charge. The
solid curves were obtained with Np=1200, 7o = 7,,/2.214 for the 4 M
solution and the other parameters from equation (9) with ¢=1.2, 2.0
and 5. The dashed curves use a=1.2, 1.6 and 3.5 for better fits. The

coordinates are An/Anq vs. ~VA.
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Figure 6.
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0.004 M[Na+]
A=0




146

BST 521 BB1T S BS &2 0O
| l | | | l N 0

1195 ON

@mﬂ mmﬁ amﬁ mm gm mm 4]

-0
xxxxwwvvw\ MIN._u
xwmmmvaY\ Wv.m
gt g
-39
=
17885 W T1°

‘g 2aAn3T,

PSE=N
13d0W 11389HNd d3TNYHI

51 921 081 SZ BS S O
{ | | | | | %0

1785 W 5008°

‘SN vlvd 155d



147

"01 2An3Tyg

051 521 8Q1 S¢ 85 52 8 851 S21 881 S/ @5 S 0
=20
S
-3°0
-39
=
LT9S W ¥ L79S W 8-

BST SZ1 881 S¢ 85 SZ @
I Iy I e R P
—Z°'0
b0
590
=80

—1
119S W v060° BBZT=N 1195 ON
13d0W 117398KWNA d39¥YHI SN Y1lvd +55d

AY
tiil




148

*11 24and1y

2}

051 521 8B1 SZ 8BS SZ2 O
| I l ] l L

-
fame

-

20
1795 ON 1795 W sep”
@S] SZ1 BBT SZ ©S SZ O
IR S N N NOV A
A
il
—9°p
—-2°p
1788 W T B=3

13400 1171389WNA SN 1SSd



149

‘71 eandrg

BST SZ21 88T S BS S O
l | | l 1 l -
R

AL
=0

L7898 W +v°

Smﬁ mmﬁ mmﬂ mm am mw 4]

179S W +80° 0=

13d0W 11399Klnd

mmﬁ mmﬂ mmﬁ mm mm mm 4]

178S W +vB°

BS @y B 02 61 06

__-—_——-_-_-_-__-_-—-——IVS

¢'0

<+
S

Illliilil‘li

—9°'0

1195 ON
‘SN Ylbvd ¥55d



150

APPENDIX.
‘Quasi-Elastic Light Scattering of Polyelectrolyte Solutions
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The equilibrium hydrodynamic radius for PSS1 in glycerol as a function of
added salt concentration and polymer concentration was measured using quasi-
elastic light-scattering spectroscopy.! These PSS1 measurements were performed
by Binyao Li under the direction of C.-H. Wang at the University of Utah. A small
amount of water was used to dissolve the PSS before adding it to the glycerol. The
resulting glycerol solutions contained about 0.25% water. All solutions were filtered
with Alpha Metrical membrane filters (pore size 0.45 pm) and then sealed in Pyrex

tubes before being used in the light-scattering experiment.

The light-scattering apparatus consists of an argon-ion laser (Spectra-Physics
164) operated at 488 nm, and a Brookhaven Instrument BI2020 correlator to process
the homodyne correlation function of the scattered light. The laser intensity was
maintained at 300 mW. Before carrying out measurements on PSS solutions, the
optical system was calibrated with polystyrene in cyclohexane solutions at different
scattering angles, 4, to ensure that the ¢ dependence appropriate for a diffusion

process was obtained. All experiments were carried out at 20°C.

The homodyne correlation function G;(t) obtained from the correlator is given

by the functional form

Gy(t) = A(1 + BlgW (1)) (1)

where A is the baseline, and B is related to the characteristics of the optical elements
used in the experiment. The B value is treated as a fitting parameter. For all the
correlation functions obtained, the measured baseline agrees with the calculated

baseline to better than 0.06%.

The quantity g(})(t) reflects the physical properties of the scattering medium.
It is proportional to the time correlation function of the concentration fluctuation

of the PSS in glycerol solution; t.e., gV (t) ~ (6¢(q,t)6c*(q)). For a monodisperse
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polymer sample, this expression is given by
(6c(q,t)6c(a)) = (|6¢(q)|*) exp{—Dq’t} (2)

where D is the mutual diffusion coefficient of the polymer and is related to the
hydrodynamic radius, Ry, by the Stokes-Einstein equation

kT
D= ——1-—
67mnsRp

where 77, is the solvent viscosity and kT the Boltzmann temperature.

For polyelectrolytes in solution with no added salt, the charges located on the
polymer chain are not screened out. The resulting expansion of the hydrodynamic
radius causes polydispersity effects to be exaggerated and g(!) (t) is found to deviate
from the single exponential shape of equation (3). Instead of equation (3), ¢(¥)(¢)
should be described by

g (1) ~ / 7(B1) exp{~D(Rn)q*t} 4nR2 dRy, (4)

where f(Rp) is the distribution function of hydrodynamic radii.

The deviation from the exponential behavior can conveniently be measured by

fitting the cumulant expansion! to g(1)(¢)
¢ () ~exp{~ft+ %%tz-f----} (5)

where T is the first cumulant, ;5 is the second cumulant, and ug /T—2 is a measure
of the polydispersity. The resulté of a two-cumulant fit to the g(l)(t) for various
samples are given in Table I. Note that both the mean relaxation time, (r) =—f——1,
and the polydispersity factor, ug/f2, decrease with increasing salt concentration.

These results suggest that as the polymer chain decreases in size with increasing

salt concentration, it also assumes a more uniform size.
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TABLE I. Results of Two-Cumulant Fit to PSS1 Data.

Sample ¢, (ppm)  [Nat] T w/T° (E) 1A
1 50 0.00034 0.29+0.04 0.34 420+60
2 50 0.001 0.184+0.03 0.30 26140
3 50 0.002 0.154+0.02 0.32 217425
4 50 0.003 0.12+0.01 0.27 174+15
5 50 0.004 0.1240.01 0.28 174+15
6 50 0.005 0.13+0.01 0.20 189+15
7 50 0.01 0.12+0.01 0.25 174+15
8 100 0.00068 0.2940.03 0.37 419450
9 200 0.00136 0.32+0.03 0.40 462450

10 300 0.00204 0.18:4+0.02 0.27 260430

The quantity T ' is related to the mean hydrodynamic radius by

(~'=T=¢ / D(Ry) f(Rn) 47 R} dRy,

- P (L), ;

Note that I is proportional to (Rih), so that the measure of the mean hydrodynamic

radius obtained is the reciprocal of this quantity. The ( 3}7)”1 values measured for
PSS at various salt and polymer concentrations are given in Table I. At the natural
[Na*t| concentration (.00034 M for 50 ppm PSS™) (ﬁ;)‘l is 420460 A, and it
decreases to 174160 A as the salt concentration is increased to a total [Na*] of .003
M. The mean hydrodynamic radius remains constant at higher salt concentration,
at least within experimental error. Increasing the concentration of PSS1 from 50
to 200 ppm does not change the mean size of the polymer chain, suggesting that
the solution is truly dilute. As has been seen, the flow birefringence results suggest

that the coil dimensions continue to decrease until the salt concentration is very
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high O(1 M). It would thus be desirable to extend these light-scattering studies to

a much greater salt concentration.

The two-cumulant fit to the observed time correlation function is not satis-
factory because of the poor quality of the fit. The fit is considerably improved if
the empirical Williams-Watts (WW) function,? given by exp{—(t/70)?}, is used to
approximate the data. The fitting parameters from the WW fits for the various
solutions are given in Table II. In the WW equation, 75 is the natural relaxation
time and B a measure of the deviation from the single exponential behaviour (which

corresponds to f=1). The mean relaxation time is given by

o I'(1
(ry = / dt exp{—(t/0)?} = TOM
0 B
which, in terms of equation (6), gives
__ 67n, 2
(r) = kT f(Rh) Ry 47 R; AR},
671, (7)
- q'~’kT< )-

Note that, in contrast to the parameter I' obtained from the cumulant fit, the (r)
value obtained from the WW fit is directly proportional to (Rp), and thus probably

better represents the actual size of the expanded polyelectrolytes.

A few light-scattering measurements were also made on some solutions of PSS4
in glycerol at Caltech. Only the two-cumulant analysis was carried out with the
correlation functions from these solutions, and these results are given in Table III.
Though these results are limited they show that the higher molecular weight sample

behaves similarly to the lower one.
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TABLE II. Results of Williams—Watts Fit to PSS1 Data.

Sample ¢, (ppm) [Na*] 7o (s) J¢] (r) (s) (Ry) (A)
1 50 0.00034 0.29+0.05 0.55 0.57+0.08 8244110
2 50 0.001 0.19£0.04 0.63 0.28+£0.06 406+ 80
3 50 0.002 0.14+0.02 0.51 0.22+40.03 319+ 60
4 50 0.003 0.12+0.01 0.62 0.17%0.02 247+ 30
5 50 0.004 0.12+0.01 0.71 0.15+0.02 217+ 30
6 50 0.005 0.14+0.02 0.83 0.15+0.03 217+ 40
7 50 0.01 0.13+£0.02 0.71 0.16+0.03 2324+ 40
8 100 0.00068 0.24+0.05 0.43 0.6440.09 925+130
9 200 0.00136  0.39£0.05 0.59  0.60+0.08 8661120
10 300 0.00204 0.1440.02 0.49 0.2940.03 619+ 40

TABLE III. Results of Two-Cumulant Fit to PSS4 Data.

Sample ¢, (ppm)  [Na*] T (s) pa /T A1 (4)
1 5 0.00003 0.83 £0.10 0.99£0.13 11004130
2 100 0.00061 1.23 £0.14 0.68+0.13 16101180
3 100 0.004 0.158+0.012 0.39£0.11 280L 20
4 100 0.04 0.40 £0.06 0.38+0.04 430+ 60
5 100 0.2 0.243+0.017 0.27£0.12 261t 18
6 100 1.0 0.318+0.032 0.41£0.08 250£ 25
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