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Abstract

This is a study of changes of conformation of macromolecules in polymeric
solutions which are subjected to time-dependent extensional flows generated by
a two-roll mill flow device. The flows produced by the two-roll mill are linear,
and two-dimensional. It has a stagnation point at the center of the flow field
where the magnitudes of the strain-rates are greater than the vorticity. This study
of conformational changes is based on data around the vicinity of the stagnation
point, I for steady state flows, and several transient flow histories such as start-
up, cessation, and double-step flows. We also present an analytical solution for
the creeping flow generated by an infinitely long two-roll mill embedded in an
unbounded fluid. This solution is used as a benchmark to compare the behavior of
the polymer solutions when subjected to flows with different values for the ratio of
rate-of-strain to vorticity.

The conformational changes are determined experimentally using the Two-color
Flow-Birefringence which provides an instantaneous and point-wise measure of the
anisdtropy of the fluid, together with the relative orientation of the anisotropy
with respect to the principal axes of the flow field. Based on relaxation of the
fluid anisotropy the characteristic time-scales of the polymer have been evaluated
as a function of the flow field properties and the degree of conformational change
of the macromolecules. Data for two polymeric solution is presented. The first
polymer system is the so-called test-fluid M1. This polymeric solution is shown to
degrade significantly, even for small values of the velocity gradient, as measured
by the changes in the macroscopic relaxation time-scales. The second solution
is a concentrated polystyrene solution that presents overshoots and undershoots
of the polymer conformation dependent of the ratio of vorticity to rate-of-strain.

When subjected to large deformations, this polystyrene solution shows not only the
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possibility of a reduced number of entanglements, but also a significant deformation
of the macromolecule segments associated to a shorter relaxation time-scale for the
dynamics of concentrated solutions, which corresponds to that predicted by the

intermediate relaxation time-scale of Doi-Edwards model.
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Introduction

Understanding of the dynamics of polymeric fluids is of great importance for the
processing of polymers with the objective of producing materials of extraordinary
properties. One of the simplest methods for the characterization of polymeric liquid
dynamics is a determination of the spectrum of relaxation times, when the fluid
is subjected to a macroscopic deformation imposed by a flow field. The observed
characteristic time-scales depends strongly on the type of deformation as well as
on the deformation history. The type of deformations that tend to enhance most
significantly those properties of interest for many polymeric materials are those
that produce a strong alignment and stretch of the polymer chain along preferen-
cial directions; that is, in most cases a high degree of anisotropy of the polymer
microstructure produces the desired properties of the material.

The evaluation of relaxation time-scales when the polymer microstructure has
been subjected to large deformations is in most cases difficult. As a consequence,
the data published to date has been limited mostly to cases involving relatively
small conformation changes, such as uniaxial extensional flows where the maximum
total strain is rather small, or simple shear flows (e.g., Couette flows), where it
is impossible to attain large conformational changes of the polymer, because of
the significant influence of vorticity for this type of flow. The primary sources
of difficulty are the lack of flow fields where large deformations can be imposed

on the polymers, and also the tight coupling that exists between flow effects and



conformational effects. That is, when large deformations are imposed upon the
polymeric fluid, the same flow properties that cause the conformation of polymer
molecules to change, are also affected by the changes of the polymer molecules.
Consequently, in order to produce useful data for the characterization of polymeric
materials it is desirable to measure, simultaneously, and in an independent manner,
the properties of the flow field, and the polymer conformation.

In part I of this work we present an experimental apparatus as well as the
methodologies required for evaluation of the relaxation time-scales for polymeric
solutions when large deformations of the polymer conformation have been imposed.
The flow device used in these studies is a co-rotating two-roll mill, and is presented
in Chapter 1. The flow field of a two roll-mill has a stagnation point located at
the center, along the line of centers between the rollers. It is possible to impose
very large deformations (as well as large deformation-rates) to the molecules around
this region, and thus, obtain large conformational changes of the polymer molecules.
Furthermore, this flow device is capable of generating flows that have a wide range
of ratios of vorticity to rate of strain from a very close approximation to that of
simple shear flow, to those so-called “strong” flow fields in which the vorticity
is less important and, the polymer conformation is dominated by the extensional
character of the flow. In addition, in its current configuration, the two-roll mill
can provide a wide range of deformation histories, including step changes in the
velocity gradient such as cessation and inception of steady flow, double-step, etc.
This provides the needed flexibility for evaluation of the characteristic time-scales
of polymeric liquids for different flow types.

We present an analytical solution for the Stokes approximation of a Newtonian
liquid in a two-roll mill with rollers of infinite length. The solution is given in terms
of a Fourier series, and takes advantage of the symmetry characteristics of a two
roll-mill for co-rotating rollers of equal radii. This solution is used to calculate the
magnitude of the velocity gradient as well as the ratio of vorticity to strain rate

given the geometry of the flow device and the rollers angular speed.



In order to characterize the relaxation time-scales of the polymer fluid, it is
necessary to evaluate the characterisﬁc times of the flow field and also the flow
induced anisotropy of the polymer molecules. The optical techniques used for this
purpose are described in Chapter 2. The experimental methodology to measure
the degree of anisotropy of the polymer microstructure is the so-called Two-Color
Birefringence method. This technique is capable of fast, point-wise measurements
of the optical anisotropy of the fluid, with very good reproducibility. Indeed, our
implementation of the TCB is capable of point-wise measurements even in non-
homogeneous flow fields with a spatial resolution of approximately 50 pm. It is also
capable of tracking the time-evolution of the fluid anisotropy for transient flows at
a rate of 2 x 10* data points per second. The flow field properties are determined
using the Homodyne Light Scattering technique (HLS) developed in this laboratory,
and which provides the a real-time point-wise measurement of the velocity gradient
of the flow.

In Chapter 3 the main features of the pseudo-code for the execution of all possi-
ble experiments with this apparatus is given. The complete apparatus and periphe-
rial instrumentation are controlled by a computer. This computer makes extensive
use of real-time computer techniques and algorithms for data acquisition and for
displays of data on the screen in real-time. We also present the implementation of
the most important portions of code for the real-time virtual machine.

In part II, we present results obtained—to date—with this apparatus, for the
characterization of optical properties of two polymeric liquids. In Chapter 4 we
present results for a semi-dilute solution of high molecular weight polyisobutene in
a solvent made up of short chains of polybutylene and kerosene. This solution is
now known in the literature as the test-fluild M1. It is a solution that is highly
elastic, but we found that, it also degrades rather easily when subjected to large
deformations. The observed degradation is shown to be due to scission of the
high molecular weight tail of the polymer sample which not only decreases the

fluid anisotropy but also produces a reduction of its characteristic relaxation time-



scale. Taking account of the degradation of the sample, we have shown that the
characteristic relaxation time, for cessation of steady flow, decreases as the shear
rate increases, but augments significantly if the flow field is not completely arrested
but a small shear rate is maintained. The M1 solution also shows strong overshoots
at the abrupt onset of steady flow for almost all values of the deformation rate; even
for the lowest values accessible to this apparatus (0.5 sec.™!) which are in general,
smaller than those commonly reported in the literature for the same type of fluids.
Furthermore, The anisotropy is limited to a slender region emanating from the
stagnation point. The decrease in relaxation time with increase of shear rate, and
the overshoot in inception of flow are characteristic of concentrated solutions. On
the other hand, the increase in the relaxation time in the presence of a weak flow,
and the localized polymer-flow interactions are consistent with models for dilute
solutions that include a non-linear conformation dependent friction coefficient.
The second solution that we have studied is a concentrated solution of polystyrene
(of narrow molecular weight distribution and average weight of 3.84 x 10¢) in a high
viscosity solvent. The solvent is made up of low MW polystyrene and toluene. This
solution also shows strong non-linear viscoelastic effects. For inception of steady
flow, strong overshoots in the birefringence are found to exist, followed in some
cases, by significant undershoots. These effects depend on the ratio of vorticity to
strain-rate, the position within the flow field, and the shear rate. For this second
fluid, we have also tested a wide range of ratios of vorticity to strain-rate in order
to study the “transition” between the phenomena observed in simple shear flows
(by others) and those observed in pure shear, especially those properties where the
current literature shows marked qualitative differences. The observed variation of
polymer anisotropy as a function of position in the flow field, is in strong contrast
to that observed for the test-fluid M1. For this solution the anisotropy is no longer
limited to the region around the stagnation point but covers the complete flow
field accessible to the experimentalist. As a consequence of this global phenomena,

the response of the polymeric liquid is not only affected by the local conditions



of the flow field, but also by the conditions of the far afield. This is especially
important for transient flows for these effects provide information that is useful in
discriminating temporal effects due to transient behavior of the flow field itself from
those associated with the dynamics of the polymeric microstructure. Conversely,
relaxation after cessation of flow, which is extrictly and uniquely the result of the
dynamics of the fluid, also shows the capacity to generate global effects, such as ro-
tation of the fluid during relaxation. Based on observed transient phenomena, it is
also possible to evaluate changes in the microstructure of the polymer fluid, where
the effects of different time-scales of the dynamics of the polymer microstructure

can be studied by evaluating various time-scales of the observed anisotropy.
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The Two-Roll Mill Flow Device

Abstract

Here we present an analytical solution for the flow field of a two-roll mill with
co-rotating rollers of infinite length and immersed in an unbounded liquid. This
solution corresponds to a steady two-dimensional flow, where the inertial terms are
negligible. Furthermore, we take full advantage of the symmetry characteristics
of .a two-roll mill of identical rollers rotating with the same angular speed. The
analytical solution is used to calculate the magnitude of the velocity gradient, the
flow parameter that relates the ratio of vorticity of the flow to its strain-rate, as
well as the angle of the bisector for the incoming and outgoing flow axis at the
stagnation point. These parameters are of great importance as benchmarks for the
study of polymeric liquids in two-roll mill flows. Subsequently, we present a flow
cell constructed in our laboratories for studies of polymeric solutions. The flow cell
is designed to take advantage of optical methods to determine the material, as well
as the flow field properties. Finally, we discuss its most important mechanical and

optical characteristics.



Chapter 1
The Two-Roll Mill Flow Device

In order to study the dynamics of polymers when subjected to large departures
from an equilibrium configuration, it is necessary to have a well characterized flow
field in which flow elements undergo both large strains and large strain-rates, at
least locally. Such a flow can cause large conformational changes of the macromolec-
ular structure. In the first part of this chapter we discuss the general characteristics
for such a flow, and discuss some specific advantages of the two-roll mill over such
flows as simple shear (e.g., Couette flow) or pure extensional flow. Subsequently,
an analytical solution is given for a two-roll mill in an unbounded fluid. This solu-
tion is given in bipolar coordinates, and corresponds to the Stokes approximation
for two identical co-rotating rollers with equal angular speeds. It is given as a
series expansion where all of the coeflicients can be accurately calculated and are
independent of the number of terms used to describe the stream function. It is
used to calculate the relationship between the angular speed of the rollers and the
magnitude of the velocity gradient as well as other parameters, based on the geo-
metrical characteristics of the two-roll mill such as roller radii and roller gap. This
is followed by the actual design and other considerations for the two-roll mill used
with this apparatus in conjunction with the optical arrangement. Finally we give a
brief explanation of the characteristics of those time histories of the flow field that

are most interesting for the study of polymeric liquids.
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1.1 A Flow Field Capable of
Large Deformations

We are primarily concerned with the dynamics of macromolecular fluids for flows
that are linear, two-dimensional and strong in the sense that the strain-rate exceeds
the vorticity. The importance of this class of flows (and of strong flows in general)
is that they have the potential to deform the structure of a polymeric liquid from
a moderate state of quasi-equilibrium to almost its full contour length; conditions
that are impossible to generate in weak flows, such as simple shear flow.! The class
of 2-D strong flows can be generated locally (to a good degree of approximation)
at the stagnation point of either a two-roll mill or a four-roll mill of the Taylor
type [1]. A four-roll mill, illustrated in Figure 1.1(a), corresponds to two pairs of
diagonally-opposed rollers which rotate at the same speed but in opposite directions.
A stagnation point exists at the center of the device and different ratios of rate
of strain to vorticity can be produced in the region between the rollers by using
different combinations of direction and rotation rates for the diagonally-opposed
roller pairs.

A streakline photograph is given by Fuller and Leal [8] which illustrates some of
flows that can be obtained. The two-roll mill with co-rotating rollers, illustrated in
figure 1.1(b), also generates a flow field with a stagnation point at the center, but
being more suitable for producing strong flows with a smaller ratio of rate-of-strain
to vorticity.

If the flows produced by the two-roll and four-roll mills are truly linear and two-
dimensional (both assumptions being approximately true in the central region near
the stagnation point, as shown experimentally by Lagnado and Leal [3], and Dunlap
and Leal [4] for small Reynolds number), the complete class of flows obtained can be

represented as a continuous one-parameter family, with a velocity gradient tensor

1Consequently, most of the literature that describes experimental work on shear flow of poly-
meric fluids only provides information about the quasi-equilibrium conformation, and this is its
major disadvantage.
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Figure 1.1: (a) The four-roll mill configuration for A = 1 and A = 0.4; different
values for the flow parameter A are obtained by setting different speeds on the
opposing pairs of rollers. (b) The two-roll mill flow field, corresponding to a value
of A = 0.1501.
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expressed by : N 2
1 + 1 — 0
—(1 =X —=(1 4+ X 0},
0 0 0

where 4 is the magnitude of the velocity gradient, and is commonly called the shear

I =

o2

rate, and A is a “flow-type” parameter that determines the ratio of the strain-rate
to the vorticity in the flow. The case of A = 1 corresponds to a pure straining (hy-
perbolic) flow. However, strong flows (see for example [5, 17, 19, 5]) are generated
whenever

0 <A< 1,

and a weak flow (e.g., simple shear flow) whenever A < 0. Using the two-roll mill to
generate flows with a range of values of the flow parameter A requires variations of
the ratio of the roller diameter to the gap width. In contrast, the geometry remains
fixed in the four-roll mill, and various values of A are generated by using different
ratios of rotation speed and direction for the opposing pair of rollers. However, the
four-roll mill is not the most appropriate flow device for flows with values of A close
to 0 (zero). Specifically, with a four-roll mill it is impossible to generate a flow field
that approaches simple shear flow, and the minimum value of |\| accessible to this
flow device is approximately 0.25 [17]. On the other hand, the two-roll mill is best
suited for values of the flow parameter that are closer to zero than one, with the
overall characteristics improving for A values near zero (e.g., the 2- D characteristics
of the flow fields improve as the perturbation effects of the boundaries—due to
the finite length of the rollers—decrease as A — 0). Furthermore, the principal
advantage of the “two-roll mill” is that it generates flows of comparable (although,
always smaller) vorticity to strain-rate, thus allowing a slower, more controlled
deformation of the macromolecules, within the range of values of 4 accessible to
the two-roll mill. Flows characterized by A values near unity induce mostly high
degrees of polymer deformation, with different shear-rate values (even the smallest
accessible to the flow device) having similar effects on the observed conformational

changes.
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A second advantage of the two-roll mill over the four-roll mill is the existence of
an analytical solution of the unbounded two-dimensional creeping flow problem for
this geometry and the potential for numerical solutions of the bounded problem.?
This solution allow us to calculate the flow parameter A, the angle defined by the
inflow and outflow axis shown in Figure 1.2, as well as the magnitude of the velocity
gradient, based on the two geometrical parameters of the two-roll mill (the roller
radii, and the distance between the roller axes), and the angular velocity of the
rollers. These calculated flow characteristics provide and initial basis to evaluate
the degree of polymer deformation, and the degree of alignment of the stretched
polymer along the principal direction of the velocity gradient tensor, as a function
of flow type, and shear rate. These calculated characteristics can also be compared
with experimentally determined velocity gradients as measured with the homodyne

light scattering technique presented in section §2.4.

1.2 The Flow-Field of an Ideal Two-Roll Mill

The general form of the steady, two-dimensional flow, where the inertia terms are
viewed as negligible for two cylinders of arbitrary radius, and separated by an
arbitrary distance was given by Jeffery [10] in 1920. For the particular case of a
cylinder rotating eccentrically inside a cylinder, the detailed Stokes flow solution
was also given by Jeffery [11] two years later, while only partial solutions were
obtained for the flow field exterior to two co-rotating cylinders. More recently,
Dunlap and Leal [4] gave an analytical approximation of Jeffery’s general solution
for the case of two exterior rollers rotating with equal speed, which valid in the
vicinity of the stagnation point. In addition, Kapur, Ascoli, Shapira and Leal
[12] have obtained and analytical solution for both the co-rotating and counter-

rotating cases, and also obtained a numerical solution for the bounded problem

2To our knowledge, there is not a solution available to date for the four-roll mill geometry.
See for example Torza [9] for an empirical evaluation of the strain rate in a four-roll mill, and its
dependence on geometry and angular speed. Torza observed differences of up to one third from
“calculated” values, as the ratio of roller gap to roller radius varied from 0.21 < h/R < 3.3 .
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Figure 1.2: The flow field coordinate system of the two-roll mill and its relationship
to the optical coordinate system defined by the incident blue beam polarization.
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(two cylinders inside a box). An alternative analytical solution by Geffroy, Ascoli
and Leal [13] of the unbounded co-rotating case is presented below, in a form that
is better suited for our current needs. We have used the later solution to calculate
the flow field characteristics based on the geometrical parameters of our flow device.

Jeffery’s general solution of V4W = 0, which describes two-dimensional creeping

flows, is given in bipolar coordinates («, 8), which are related to the (z,y) plane by

v z+i(y +a)
(2 +46) “°g(x+z'<y—a>) |
or also expressed as
asinf a sinh a
w.—cosha—cosﬂ Y= cosha —cos 8’ (L1.1)

where a is a real positive length. Figure 1.3 shows curves of constant o and 3, with
the z and y axes coinciding with the curves for @« = 0 and 8 = 0 respectively. Curves
of constant o are nonconcentric circles with limit points @ = +o00 and the curves of
constant 3 are orthogonal everywhere to the curves of constant a. The geometrical

parameters of the flow device are expressed in bipolar coordinate parameters as

a

and Z = coshag — 1, (1.2)

k= sinh ap R

where the rollers with radii R are curves of constant & = *apg and ¢ is the gap
between the rollers [14].

The general form for the stream function given by Jeffery [10] is:

h¥ = Agcosha+ Bya(cosha — cosB) +
+Coysinha + Dopasinh o +
+ K (cosh a — cos 3) log(cosh a — cos 8) +
+(A; cosh 2a + By + Cy sinh 2a) cos 3 + (1.3)
+(A] cosh 2a + C7 sinh 2e) sin § +
+ 3 (6nfa) cosn + 6 (a) sinns)
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— X

a=0

a=-0.3

Figure 1.3: Bipolar cylindrical coordinates used in Stokes flow exterior to the two-
roll mill. Curves of constant o = +ag correspond to the Roller position.
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where h = (cosh @ — cos 3)/a is the metric factor, and ¢, and ¢, are given by

¢n = Ajcosh(n+1)a+

+B, cosh(n — 1)a+ Cysinh (n + 1)a+ Dy sinh(n — 1),  (1.4)
#, = Al cosh(n+1)a+

+B,, cosh (n — 1)a + C,, sinh (n + 1)a + D), sinh (n —1)a.  (1.5)

The solution should be totally symmetric with respect to the z and y plane when the
rollers have equal radii and rotate at equal speeds. These two symmetry conditions

in bipolar coordinates are:

V(e f) = ¥(-a,f)
\Il(a’IB) = w(a’_ﬁ)' (16)

Using the symmetry equations 1.6 we find that By, Cy, C1, Cj, A} =0, as well
as all C,, D,, and ¢, (a)=0. The general solution for a two-roll mill with equal
co-rotating rollers and equal angular speed, is consequently expressed in its most

general form by

h¥ = Apcosha+ Dyasinha +
+ K (cosh a — cos ) log(cosh a — cos B) +
+ Y (Ancosh(n + 1)a + Bncosh(n — 1)a) cos B (1.7)

n=1

The logarithmic term corresponds to two point sources of vorticity at a = o0 (see
for example Currie [15])

In addition to the symmetry conditions expressed by equations 1.6, the solution
must satisfy the no-slip boundary condition at the roller surfaces (a = £ag). If we

denote the angular speed of the rollers as w, this condition is:

ov
_h —— = — = . 1.
e, ug(ar) = wR (1.8)
The kinematic condition which guarantees no-flow through roller surfaces is
ov
h — = Uy =0. 1.
7, = velen) =0 (19)
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Also, the flow field is required to vanish at infinity. This boundary condition is
expressed by
u(a=0,[3=0)=0 . (1.10)

Now, in terms of the components of the velocity field we have

= R0 oY) g (Llok
Uy = haﬁ— o5 hql(haﬂ)’ (1.11)
_ k0¥ 9(hY) 1 0k

It is clear, upon substitution of the general solution 1.7, that the first terms of the
right hand side of equations 1.11 and 1.12 go to zero at infinity for arbitrary choice
of the constants. However, the second terms are undetermined, and consequently,
in order to satisfy equation 1.10 it is necessary for A¥ to vanish at infinity, i.e.,

h¥(a =0, 8 =0)=0. Hence, as a result we have that

o= 3" (Au+ Ba) | (113)

n=1
and, this is the first condition to be satisfied by the coefficients in equation 1.7 To
proceed further, it is best to find an expression for the logarithmic terms appearing

in the general solution (eq. 1.7) in terms of a Fourier series. Using equation 1.514

of Gradshteyn and Rizhik [16],

In(142zcosgp+2%)=-2) cosn¢$n ,

n

n=1
where

In(z + V14 2?) = arcsinz; 2° <1 and zcosd #1,

together with the change of variables

1— 2
¢ =B, and z - cosh ag ,
T
we can express
In(cosha — cosB) = a0+2ancosnﬂ , (1.14)

n=1
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cos B1n(cosha —cos B) = 71 + [ao+ 2] cos 3 +
1 o0
52 Apy1 + an_1)cosnf (1.15)
where ¢y = a — In2, and a, = —2e™"%/n for all n > 1. Also,

(cosha — cosf)In(cosha — cosf) =

= [aocosha— %] + [al cosha — ag — a—;—] cos B +

[oo]

+ Z [a, cosha — any1 — an_1]cosnf
n=2
= b+ b cosﬂ+zbncosn,3 . (1.16)

n=2
Now applying the kinematic condition at the rollers surface (no flow through the
roller) we have ¥(ag, ) = M for all 8. Collecting terms according to the order
of the cosnB3 function, we obtain a second set of equalities to be used for the

determination of the coefficients for the stream function,

(Ao — M) coshar + Doagsinhar + Kby =0, (1.17)
M+A1 COSh2C¥R+B1 +I(b1 =0 ; (118)
forn>2 A, cosh(n+ 1)ag + B, cosh(n + 1)ag + Kb, =0 . (1.19)

Now applying the no-slip boundary conditions at the roller surface we have

ug(ar) = Rw
how ah\Il 10h

and consequently, when the expansions for the logarithmic terms given by equations

1.14-1.16 are used, we obtain a third set of equalities

[Ao + Do+ K(1 + ap) — M — Rw]sinhap + Doagcoshag =0, (1.21)
2A; sinh(2ag) + Kajcoshar =0, (1.22)
(n 4+ 1)A, sinh(n + 1)ag + (n — 1) B, sinh(n — 1)ag + Ka,sinhag =0, (1.23)
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where equation 1.23 is valid for all n > 2. From equations 1.13 and 1.18-1.23 we
have Ag, Do, M, K, A, By, A, and B, as unknowns with only 2n + 5 equations.
However, we know that M is the value of ¥ at the rollers surface. If we set M =0
then we have the same number of equations as the number of unknowns. Now let
us solve for the system of equations involving all A,, and B, for n > 2. Thus, using

equations 1.19 and 1.23 we obtain

_ﬁ _ (n + 1) — e~2noR _ pe—2ar (1 24)
K n(n+1)[sinh2nag + nsinh 2ap)’ '
& _ (1 _ ,n) _ e—2nan + e2aR (1 25)
K n(n-1)[sinh2nag + nsinh2apg] '

It is important to note that these two equalities do not depend on any other param-
eter besides ap (apart, of course, from n). Furthermore, it is possible to calculate
the sum of these two terms to the necessary accuracy without regard of the other
coeflicients. That is, using equations 1.13, 1.25 and 1.25 we have

—Ao+ A1+ B = —Z(An'l'Bn)

n=2

- K Z <_ + —> - _KS, (1.26)

where the partial sum S(™ can easily be calculated to the necessary accuracy and
only depends on the geometrical parameters of the two-roll mill through ag. With
the remaining equations 1.18-1.23 we can now solve for the other coeflicients. The
accuracy in computing the remaining coefficients K, Ao, Do, A;, and B; mainly
depends on the accuracy initially required for S . From equations 1.18-1.23 plus

some tedious algebra, we have
K = Rw(T - W)™! (1.27)

where T and W are functions of ap,

(1.28)

hap — sinh
T = ((1+a0)sinhaR—boaRcos Or — “R) :
agsinh ag

agpsinh agp a sinh a, cosh 2apr 1 cosh ag
W=|———+5b — -S . (1.29
(2 sinh 2ag t o 2 sinh ag ) (sinh QR + ap ( )
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The remaining coefficients are

a; sinh ag a; sinh ag cosh 2ag

A=K |—mm——+ b, — - .
0= |9sihoag T 2 sinh 2an 51 (1.30)
Dy = Ao cosh'aR + Kb , (1.31)
agsinh ap
Ka, sinh agp cosh 2ap
B, = -Kb .
! Kb+ 2sinh 2ap (1.32)
Ca si
A1=—I a; sinh agp (1.33)

2sinh 2ap

These equalities complete the solution for the stream function for the Stokes ap-
proximation for the co-rotating two-roll mill.

We are now interested in calculating the characteristics of the flow field in the
vicinity of the stagnation point. Applying equations 1.11 and 1.12 to the stream
function (equation 1.7 with coefficients 1.25-1.33) we have

s sin 3
uy = KJsinBln(cosha — cosf) — cosh o — cos [AY¥] —
— > " n(A, cosh(n + 1)a + B, cosh(n — 1)a)sinng , (1.34)
n=1

and

ug = Apsinha+ Do(asinha + sinha) +

+ K sinhaln(cosha — cos §) 4 sinha — [h\I!]Smh a 4
+ Z[(n + 1)A, sinh(n + 1)a + (n — 1)B, sinh(n — 1)a)] cosnf .(1.35)
n=1

Then, replacing all transcendental functions by their Taylor’s series expansions (up

to second order terms) around o =0, § =7, with y = /2, and ¢ = (7 — 3)/2, we

obtain
— — Rw = 2 2n (An Bﬂ)
Uy = Uy = :cT_W[2+Q+Z(2n + ") 7 + )| (1.36)
—Rw
—Us =Up = Y W[2+Q+4P+

+Zz2n</}{ +%_ 2n +1)2—_2( 1)2%)] (1.37)

n=1
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where () and P are the coefficients Ay and Dy normalized by K. Given the linear

character of the Stokes approximation, it is then possible to express the velocity

field as u = I' - r. That is,
uz | .| 0 1 z
=] lE] 139

where it is now clear that the magnitude of the velocity gradient is

V=7 [R+Q+4P+
+2;_:13 (K + I 2(n+1) K 2(n—-1) K)} ,(1.39)

and the flow type parameter A is given by

) 2+ Q+ T2, (20 +i™) (42 + Z2)
24 Q+4P+ YR i (4 4+ B —2(n 4 1)24 — 2(n - 1)252)

(1.40)

The acute angle of crossing for the center streamlines, 20, defined as half the angle
between the in-flow and out-flow axes depends on the flow type parameter in the

form

0 = tan~'(A\V/?) . (1.41)

The orientation theta corresponds to the orientation of the principal eigenvector,
and is also the most likely orientation of a deformable body in the flow field [17, 18].
The equations 1.39, 1.40, and 1.41 are used in the next section for calculation of
the most relevant parameters for a flow cell of the two-roll mill type that is the
basis for the studies of polymeric solutions under strong flow deformations that are

reported in Part II of this thesis.

1.3 The Flow Device

The two-roll mill designed and built in our laboratory is shown in Figure 1.4. There
are three special features of this particular two-roll mill: (a) we can monitor and

control the fluid temperature; an essential feature for most polymeric solutions
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Figure 1.4: The two-roll mill flow device. The rollers are driven by a single stepping
motor coupled to them via identical worm-and-gear assemblies. The rollers are
supported by three sets of bearings to guarantee colinearity of the axis of rotation
and to minimize excentric wobbling of the rollers.
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where small temperature changes can have a very significant effect on material pa-
rameters, such as the shear viscosity; (b) the glass windows are mounted onto the
flow cell in a way that minimizes possible degradation of the optical characteristics
of the incident beam, that is used for birefringence and light scattering measure-
ments (this, and other related ideas, will be discussed in the following section);
and (c) the mechanical design assures the highest degree of parallelism between the
rollers axes, with the least eccentricity about each roller axis in order to reduce
possible asymmetries of the flow field. A high degree of parallelism among the
roller axes is needed to assure two-dimensional flow fields, while a minimal degree
of eccentricity guarantees that the position of the stagnation point remains fixed in
space, with a constant value for the flow parameter A. These characteristics become
important requirements whenever the flow or the fluid properties vary strongly as
a function of position, or whenever non-homogeneous effects are to be studied.
The flow cell maintains the roller axes at a fixed distance and the two-roll mill
actually corresponds to a pair (chosen from a set of eight pairs) of rollers that can
is installed inside the flow cell. The complete flow device is made of stainless steel
and has been surface-treated with black chrome. The maximum volume capacity
of the flow cell is 115 ml. (which corresponds to the flow cell with the smallest
rollers) and it has an optical path length (in vacuum) of 2.54 cm. (¢.e., the length
parallel to the cylinder axes). Stainless steel provides the chemical inertness (of the
container) necessary for the typical polymer/solvent combinations. The blackened
surface treatment on the flow device is desirable for optical measurements in order
to reduce background scattered light. The glass windows are glued to a mount that
can be rotated about its center, and have holding screws that are also used to adjust
the stress at three points on the rim of the window mount in order to minimize the
residual stress of the glass windows; these ideas are discussed later in the section
describing the optical part of the apparatus. These windows are made of optical
flats of high quality and have an antireflective coating on the external surface for

maximum transmission at 500 nm. They are approximately 1.5 cm. in diameter,
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and the clear aperture is approximately 1.2 cm. with the area “reduction” due
mainly to the observed high stresses along the perimeter of the supporting mount.

The flow device has a cooling loop around the cylindrical portion of the flow cell
body designed to maintain the fluid at a constant temperature. The cooling circuit
includes a variable flow rate pump immersed in a constant temperature bath, with
the flow rate of the cooling liquid controlled by a Leeds & Northop PID controller.
The cooling liquid in the constant temperature bath has a temperature that is 0.5
degrees below the set-point for most operating conditions. The control loop is based
on temperature readings obtained within the flow device by means of a calibrated
thermistor (12900 Q2 at 20 degrees Celsius) on one arm of a Wheatstone resistance
bridge. The observed variations of the temperature at the thermistor point never
exceed 0.2° Celsius; the average fluctuation for an experimental run is of the order
of 0.04° Celsius for the range of conditions accessible to this apparatus.

The requirements for a stable, symmetric, two-dimensional, and highly repro-
ducible and accurate flow field imply that the design criteria for the roller assembly
should guarantee: (a) the same physical characteristics (such as radius and ec-
centricity) for both rollers since geometrical parameters define the position of the
stagnation point as well as the value of the flow parameter A; and (b) a truly syn-
chronous rotation of both rollers, so that the temporal evolution of the speed of the
rollers is identical at all times. The need for synchronization between the rollers is
best resolved by using only one motor to drive both rollers, with a worm-and-gear
couplings used to connect the motor and rollers. The rollers for our flow device are
driven by a set of identical worm-and-gear assemblies and connected by a single
shaft to a stepping motor (Superior Electric motor Slo-Syn M062-FD09 driven by
a MODULINX programmable microstep indexer IMD128). It is also important to
minimize the play between worm and gear assemblies to avoid small phase differ-
ences between the two rollers. This requirement was achieved by maintaining a
fixed position for the axes of the worms and gears, together with a tight coupling,

regardless of the load, angular position or speed of the motor.
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The worm positions are fixed by using thrust bearings along the shaft at both
ends of the worms (for axial loading) together with angular contact bearings (for
radial loading). To keep the roller shaft position fixed, and in order to maintain
the least excentricity for the rollers within the flow cell, each of the rollers runs on
three bearings, while allowing a “frictionless” rotation. Within the flow device, the
rollers rotate with the shaft held at both ends, so that the wobbling is minimized
and should be no more than the possible play within the bearings. The wobbling of
the shaft section near the gears is reduced by pre-loading the upper roller bearings.

It is only after the relative position of the motor and the roller shafts are main-
tained constant (without excessive friction and little play) that a minimal pertur-
bation of the idealized flow field is possible; excessive play in the gear assemblies
can cause changes in the relative speed of rotation of the rollers, and the effects of
eccentric rollers can displace the stagnation point away from and around the geo-
metric center of the flow device. The flow device has two possible sets of worm-gear
assemblies with reduction ratios of 5:1 and 20:1. These gear sets are very useful in
expanding the number of programmable motor speeds accessible to the experiment,
and yield a minimum angular speed for the rollers of 7 /200 radians per second, and
a top speed of 107 radians per second.

Our flow device has eight pairs of rollers of different diameters. In this design
the distaﬁce between the rollers’ axes is kept fixed (see Figure 1.5). Thus, as the
diameter of the roller pairs is increased, the gap decreases and, as it tends to 0, the
flow approaches the simple shear flow limit in the vicinity of the stagnation point.
It is, in fact, possible to cover a range of flow-types corresponding to 0.01 < A <
0.25 with the available range of roller diameters. Table 1.1 contains the various
values of the flow type parameter A for each pair of rollers as a function of the

geometrical parameters for the rollers® (radii) and the flow cell, such as gap size,

3The four smaller rollers are made of stainless steel with a black chrome coating. The remaining
rollers have a stainless steel core and an annular part made of aluminum. The advantage of the
later design is that the angular inertia is significantly smaller than if the cylinders are made of
solid steel. These larger rollers have been black anodized.
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Figure 1.5: The two-roll mill flow device. The set of rollers cover a range of flow
parameter values of 0.01 < A < 0.25 corresponding to the largest radius rollers
(attached to the cover of the flow device) and the remaining sequence of rollers
shown next to the flow cell.
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Roller | radius | gap | height: A
ID. | (cm) | (cm) | gap ratio
A 1.665 | 0.070 36:1 0.0104
B 1.635 | 0.130 20:1 0.0196
C 1.570 [ 0.260 | 9.8:1 0.0403
D 1.510 { 0.380 | 6.7:1 0.0605
E 1.400 | 0.600 | 4.2:1 0.100
F 1.278 | 0.844 | 3.1:1 0.150
G 1.169 | 1.062 | 2.4:1 0.201
H 1.075 | 1.250 | 2.0:1 0.250

Table 1.1: Geometrical characteristics of the two-roll mill. The flow field parameter
has being calculated using equation 1.40.

the ratio of gap size to roller radius, and the ratio of roller length to gap size. In
addition, Table 1.2 shows the angle made by the flow axes, the maximum values
for the shear rate 4, based upon roller rotation rates that are attainablein our
system, and the eigenvalue 41/X that can be obtained with each set of rollers. The
roller length to gap size ratio is an important parameter because it is an indicator
of the magnitude—for different flow geometries—of the largest possible shear rate
that can be achieved before the effect of the end boundaries becomes significant.
Lagnado and Leal [3] have studied the onset of three-dimensionality in the flow
field with a four-roll mill by using streakline photography on planes perpendicular
to the streamlines. Their purpose was to investigate the effects due to the end
boundaries, i.e., the effects caused by the finite size of the flow device along the
axis parallel to the axis of the rollers. They concluded for the case of Newtonian
fluids, that as long as the corresponding value of the Reynolds number Re for
the four-roll mill does not exceed a value of 5, the two-dimensionality of these
finitely bounded flows is acceptable in the sense that a large portion of the flow
remains strictly two-dimensional. Furthermore, theoretical work on the stability of
a general two-dimensional linear unbounded flow by Lagnado et al. [19] suggests

that the onset of critical conditions should depend on the flow type parameter A in
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the form v/ 4. Dunlap and Leal [4] found from flow visualization experiments in a

Roller A X \/X;Ymaz Ymaz
ID. (degrees) | (sec™!) | (sec7!)
A 0.0104 5.82 151.9 1490
B 0.0196 7.97 109.3 780.6

C 0.0403 11.35 74.2 369.4
D 0.0605 13.82 58.8 239.1
E 0.100 17.55 43.3 136.9

F 0.150 21.17 32.9 84.6
G 0.201 24.15 26.2 58.4
H 0.250 26.51 21.8 43.7

Table 1.2: Calculated parameter of the two-roll mill based on equations for creeping
flow; equations 1.39 - 1.41.

two-roll mill that if the criteria for onset of “three-dimensional effects” is expressed
as Rev/X ~ 5 the complete range of accessible flow fields can be covered under
this generalized criteria. This condition is easily met by most of the polymeric
solutions that we have used, because the solvent viscosity is quite high and the
zero-shear-rate viscosity of our solutions is even higher.

Furthermore, by driving the rollers with a motor that is capable of varying
speed as a function of time in a controlled, reproducible manner, the two-roll mill
can generate a large variety of transient flows. The stepping motor used to drive
this flow device is controlled by a computer program in a way such that different
flow histories can easily be executed.* In this case, the range of possible flows not
only includes variations in the shear rate 4, and changes in the flow type parameter
A, but also variations in the temporal history. By using transient flows, we have
been able to explore more readily the relaxation dynamics of polymeric solutions

when subjected to large deformations. It is an alternative technique to the use

4This computer program also performs the data acquisition simultaneously for all of these
flows. Consequently, no matter how complicated or fast the flow conditions are, our apparatus
can produce an accurate and reliable set of data. A detailed explanation of the real-time software
for these experiments is given later on in this appendix.
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of oscillatory flows where it is only possible to impose small deformations on the
fluid sample. Among the different flows that can be attained with our apparatus
are steady state flows, plus some of the simplest transient flows such as start-up,

relaxation after cessation of steady flow, or double-steps flows.

1.4 Time Dependent Flow Histories

The advantage of a computer controlling the flow field is the immense number of
possibilities as to the time evolution of the boundary conditions for any flow de-
vice. It is important to emphasize that the experimentalist is only in a position to
prescribe the boundary motions, for the flow fields ultimate response at different
points depends on the local properties of the fluid, which in the case of polymeric
liquids can change drastically over short distances. For the evaluation of the dy-
namic properties of polymeric fluids, a few simple time-dependent flow histories
suffice to provide enough, and interesting information. On the other hand, the
response of the fluid to steady state flow caﬁ also provide important information,
since data represents degrees of changes on the polymer conformation for a given

magnitude of the velocity gradient.

1.4.1 Steady State Flow.

Steady flows are generated with a constant angular speed of the rollers. The com-
puter software allows an automated sweep through a series of steady flows with
different values of 4. Besides the importance per se of measurements of polymeric
flow characteristics under steady state flow conditions, these experiments can also
provide information regarding the characteristic time-scales of these liquids, which
in turn, are a direct consequence of the dominant polymer dynamics within the
prescribed environment imposed by the flow. We can consider that the inverse of
the shear rate for steady flow is an external time-scale imposed by the experimen-

talist upon the fluid. The response of the polymeric fluid to this external “forcing”
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depends upon the relationship between the externally imposed time-scale and the
internal relaxation time-scales of the fluid. The observable features of these fluids
subjected to steady two-roll mill flows, such as the optical anisotropy of the poly-
mer microstructure and its orientation as a function of shear rate—or any other
parameter characterizing the flow field—thus contain important clues to the fluid
time-scales. Changes of the flow parameter A for steady flows can be used to study
the possible relationships that exist between the characteristic time-scales (that is,
dominant relaxation mechanisms) and the degree of deformation of the polymer
microstructure as it varies as a function of A while the shear rate is maintained

constant.

1.4.2 Start-up and Cessation of Flow.

Cessation of steady flows corresponds to a “instantaneous” step-change® from a
steady flow condition to a state of no-flow. Start-up of flow describes the exact
opposite scenario. Cessation and start-up of flow are two of the simplest transient
flows that can provide direct insight into the microscopic time-scales of the fluid.
The relaxation of birefringence and orientation angle after cessation of flow has long
been considered as a direct measure of the time-scale for the internal dynamics of the
fluid. This relaxation time-scale depends only on the initial polymeric conformation
as caused by the previous flow stage. Thus, it depends on the imposed shear rate
as well as the duration of flow, and also on the flow type parameter.

Start-up of flow, on the other hand, has only more recently been recognized as
another valuable technique to study the time-scales for evaluation of the microstruc-
ture of the fluid. For onset of flow, there are several characteristic time-scales that

can be defined depending on the features of the observed behavior, such as the time

SActually, all flow conditions are achieved via an acceleration ramp for the rollers angular
velocity that although quite high, is still finite. The motor always requires less than a 1/20th of a
second to reach any prescribed angular speed; mean values for the ramp-time are less than 2/100
of a second. The fastest macroscopic time-scales observed for the particular fluid sample were
at least an order of magnitude longer. The acceleration ramp is one of the various parameters
that the experimentalist has control of through the computer. The observed behavior was always
checked for possible dependency of the time-ramp.
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necessary to reach the maximum for any overshoots, the time for the overshoot to
decay, etc. These time-scales also provide important information about the dynam-
ics of the microstructure, specifically about the initial and final conformation of the
microstructure. That is, the previous history of the fluid conformation before the
onset of the flow is as important as the final conformational state that is reached.
Consequently, those parameters which most likely affect the observed behavior for
start-up flows are the acceleration under which the steady state is reached, the
steady state shear rate, the flow type, and the amount of time the fluid stays at
rest before the flow field is initiated. All of these parameters can be varied with

the two-roll mill for start-up and cessation of flow.

1.4.3 Double-Step Type of Flows.

Double-step flows are similar to the abrupt start-up and cessation of flow, but
play an important role in studying the polymer dynamics when the initial and
final states are not states of final equilibrium. These flows impose on the fluid a
continuous shear rate and alternate from a state of high shear rate to a state of
low but nonzero shear rate (or vice versa). In these cases the time-scales of the
underlying polymer dynamics can have several manifestations, such as the presence
of overshoots, undershoots, etc. The pre-conditioning flow stage is used to set the
initial conformation of the polymer microstructure and, hence, these flows provide
information about the effects of the “initial conformational status” of the polymer
molecule on the relaxation dynamics of the fluid. The time that the flow remains
at a given shear rate, although obviously important, is always assumed to be long
enough that the fluid has reached a state of quasi-equilibrium with the flow field that
is easily reproducible. The main objective of long times is limiting the accessible
polymer dynamics to those that occur with time-scales faster that those imposed
by the flow field. Thus, the changes of the observed phenomena as a function of the
low and high shear rate are the simplest and most useful information that can be

obtained with this type of transient flows, although under particular circumstances
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the length of the time at high and/or low shear may also be an important parameter

to vary in these flows. This apparatus is capable of varying all of these parameters.
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Chapter 2

The Experimental Optical
Techniques

This chapter describes the two optical techniques used in this laboratory for
characterizing the macromolecular conformation and the flow field of polymeric
liquids. The experimental methodologies under consideration are the Two Color
Flow Birefringence (TCFB) and the Homodyne Light Scattering (HLS). The first
allows a simultaneous determination of the flow-induced optical anisotropy, and
the orientation of this anisotropy with respect to the principal optical axis of the
apparatus. The second technique provides a direct measure of the rate of defor-
mation imposed by the flow fields upon the polymeric structure. In the following
sections the principal characteristics of the flow-induced birefringence are presented
first, along with a discussion of the limitations, sensitivities, and manipulation of
the experimental data in order to enhance the quality of the measurements. This
is followed by a description of the actual laboratory implementation of the TCFB
technique. Finally, we present the HLS technique used for the evaluation of the
principal components of the velocity gradient. Both techniques are sufficiently fast
to allow measurements that are “instantaneous,” relative to the most important

characteristic time-scales for large deformations of the polymeric fluids.
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2.1 Optical Characterization of
Polymeric Liquids

First, we describe an experimental technique which evaluates the conformational
changes suffered by the polymer due to the deformation history imposed by the
flow field. For this purpose there exists a variety of different physical measurements
that could be made in order to evaluate the dependence of polymer conformation
on the characteristics of the flow. However, the experimental parameters that are
usually reported for rheological measurements correspond to macroscopic averages
evaluated at the boundaries of the flow devices. For example, this is true of the
torque measured at the top surface of the cone-and-plate rheogoniometer, the shear
rate as evaluated from the mean flow rate in a capillary tube, or the stress as
measured by pressure transducers in a convergent flow, etc. On the other hand, the
experimental techniques used here are of an optical nature, and in the past have
been used extensively to “correlate” optical data with the deviatoric part of the
stress tensor via the stress-optical law. Optical methods are specially advantageous
when a very fast response of the system is needed, and all provide an indication of
flow or material behavior that is local on the scale of the flow. A fast response and
the capability to evaluate properties of interest in a “point wise” manner are two of
the most important characteristics that are needed for studies of polymer solutions
in a two-roll mill. However, it should be emphasized that optical techniques can
provide important information about the structure of the liquid that is not otherwise
accessible while using standard mechanical rheological tools. For example, optical
techniques are usually more sensitive to the presence of additives, where the effects
of dilute amounts of the material of interest can be studied easily by minimizing
the optical effects of the solvent, than the standard techniques where the solvent
effects are the dominant contribution. Furthermore, optical methods can effectively
separate the individual contributions of different constituents of the liquid as well

as different dynamic effects. We will discuss some of these ideas shortly.
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2.1.1 Flow Induced Optical Anisotropy

The microstructure of polymeric liquids is highly anisotropic, that is, the polymer
structure is such that the refractive index along the backbone of the molecule is
slightly different from the refractive index along a direction perpendicular to the
backbone. When these systems are at rest, the effect of thermal motions is to ran-
domize the polymeric microstructure and thus produce a totally isotropic medium.
On the other hand, whenever there is an average orientation of the different ele-
ments of the polymeric liquid, these fluids in general, show a high degree of optical
anisotropy. This optical anisotropy is defined as a refractive index of a tensorial
form with complex elements with different principal values. The real part of the
tensor elements correspond to a measure of the speed of propagation of the elec-
tromagnetic wave in the medium, and when the principal values are different, the
material is said to be optically birefringent. The imaginary part of each element
is a measure of attenuation of these waves by scattering and absorption as they
propagate through the medium, and when these principal values are different, the
material is said to be dichroic. Using polarized light, it is then possible to measure
the difference of the principal values of the real and the imaginary parts of the
refractive index in the plane of the electric vector of the propagating wave.

There exists a great diversity of liquid systems for which the optical anisotropy
is only limited to only one type of physical effect, e.g., suspensions of non-spherical
particles tend to be highly dichroic because the nonisotropic scattering is very
strong for particles larger than the wavelength of the propagation wave, while poly-
meric solutions tend to be highly birefringent, with a much smaller contribution of
dichroism.!

However, dichroism is an absorption effect and consequently, there may exist a

1Years ago, W. Heller [1] pointed out, that although dichroism is frequently an insignificant
component of optical anisotropy for polymeric solutions, nevertheless, it is always necessary to
be aware of the possible effects when analyzing experimental data of flow birefringence. This
conditions of high dichroism are rarely encounter in reality because of the rather poor precision
of most experiments. In the following sections we present some consequences of dichroism in
polymer solutions an possible ways to reduce its effects of the experimental data.
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region (or regions) of the spectrum in which the propagating wave is also highly
attenuated, and therefore, where dichroism is equally important, even for polymer
solutions! In the following subsection we will review the mathematical formalisms
used in the evaluation of optical anisotropy.

There exist a number of optical techniques which can be used to evaluate the
optical anisotropy of a sample, all of them extensively documented under the broad
field called ellipsometry and polarimetry, in which polarized light is used to evalu-
ate the optical anisotropy of the test sample (see for example Azzam and Bashara
[2] for several possible variations of these techniques). Within the rheology of poly-
mer solutions, most of the published works to date—where optical anisotropy is
measured—are only concerned with the birefringence contributions. When the op-
tical anisotropy is induced by a flow field then, the technique is known as flow-
birefringence. This well known technique has been reviewed among others by
Tsvetkov et al., [3], Peterlin [4], Wales [5], and more recently by Janezschitz-Kriegl
[6]. Flow birefringence is a noninvasive technique which yields both the degree of
optical anisotropy, and the orientation of the principal axes of the refractive index
tensor, with respect to the principal axes of the flow field. This technique has been
used in the past for steady flows generated by two- and four-roll mills by Cres-
sely et al., [7, 8] in France and by Mackley, Keller and co-workers, [9, 10, 11, 12]
in Britain. This technique has also been used extensively by the research group
headed by Prof. L. G. Leal at Caltech to evaluate material properties of dilute and
concentrated solutions. The main results appeared in the Ph.D. theses of Fuller

[18], Dunlap [14] and R. Ng [15].

2.1.2 Transient Flow Anisotropy

In order to capture the transient behavior of the macroscopic properties of the
polymeric liquid (subjected to transient flows with a two-roll mill) a very fast flow-
birefringence technique must be used, since both the degree of birefringence and

the orientation of the principal axes of the refractive index tensor are unknown
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and vary with time. There are primarily two techniques available in the litera-
ture. These are the two-color flow birefringence (TCFB) proposed by Chow and
Fuller [16] and used by them in conjunction with a Couette device, and variations
of an automated-null ellipsometer proposed some time ago [2] and more recently
reintroduced by Shindo et al., [17, 18] and Frattini & Fuller [19] (specifically phase-
modulated flow-birefringence, FMFB) for the study of polymeric systems under
shear flow conditions. Both techniques are equally fast and reliable. However, the
TCFB technique requires a more complex optical arrangement, but simpler optical
elements, and very simple electronic instrumentation. The basic idea of TCFB is to
evaluate the “instantaneous” birefringence and corresponding orientation by taking
two measurements simultaneously, using two beams of polarized light of different |
color.

Our experimental arrangement is of the TCFB type and is specifically designed
to perform measurements in real time for fluids that show a strong spatial variation
of the flow-induced anisotropy. In particular, since the velocity gradient remains
spatially uniform in a simple shear flow device (i.e., all of the previously studied flow
fields), as compared with the two-roll mill where it is a function of position, then
using the TCFB technique with this flow device requires extra precaution. Thus,
besides the requirements for the two-color flow birefringence as proposed by Chow
and Fuller, the optical arrangement must also satisfy two supplementary criteria.
First, the measurements must be done on precisely the same element of material
volume at all times. Consequently, it is also required that the optical properties of
the two colored beams, as they pass through the fluid, must be identical so that
the measurements correspond to the same element of fluid volume. The second
criterion requires that the cross section of the element of fluid perpendicular to
the optical axis, to be very small compared to the flow field length scale, if the
measurement is to be representative of the fluid properties with a “unique” flow
history.

However, if it is properly configured, the TCFB technique can provide a measure
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of the material behavior in a point wise manner on the scale of the flow (though, it is
averaged over the length of the flow cell in the third direction and includes the effect
of top and bottom boundaries). The current optical arrangement, together with the
associated electronics, is capable of performing real time (10 kHz bandwidth) TCFB
measurements within a sampling area across the flow field of approximately 75
microns in diameter. This experimental set-up also has the capability of translating
the flow cell with respect to the optical system in order to evaluate the birefringence
at all possible locations in the neighborhood of the stagnation point in the flow
plane (within a radius of 0.75 cm.). The optical arrangement, together with the
two-roll mill and a computer—for automated data acquisition and control—form

the present experimental system.

2.2 Evaluation of Optical Anisotropy

The complete experimental study of the optical anisotropy of polymeric solutions
requires a knowledge of both the real and imaginary parts of the refractive index
tensor. This is a consequence of birefringence being related to the real part of
the refractive index tensor—the difference, along perpendicular directions, of the
two principal components—and dichroism corresponding to the difference of the
principal components of the imaginary part. Experimentally however, both effects
cause the same change on the parameters being evaluated. Therefore, the analysis
of experimental data needs to take into account the possibility that, in most cases,
the two physical phenomena will be present simultaneously. According to Onuki
and Masao [24], the microscopic effects that give rise to fluid birefringence may
have two contributions: one known as form birefringence and the other as intrinsic
birefringence. Associated with form and intrinsic birefringence are two distinct
physical phenomena. The former phenomenon is related to the orientation of the
polymer segments, and the latter is due mainly to the anisotropy of the segment

density correlation function. The same criteria applies for dichroism. For polymeric
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solutions, however, its intrinsic dichroism is negligible.

2.2.1 Evaluation of Birefringence with
the TCFB technique

The TCFB technique is essentially equivalent to a double null ellipsometer designed
to provide information on the anisotropy of the medium, including the orientation
of the principal axes of the refractive index tensor. That is, each measurement
provides sufficient information to determine both the medium birefringence and the
orientation of its anisotropy. This is the reason why two measurements are needed
simultaneously, and the use of a beam of two colors—with one ellipsometer assigned
to each color beam—allows determination of both parameters instantaneously.
The equations that describe electromagnetic propagation of elliptically polarized

light, with a transverse electric field are

E(r, t) = [E'cos(wt—k-r+ 8+
+ [E"cos(wt —k -1+ §"u"

Here, k represents the direction of propagation of the electromagnetic wave, E/, E”
represent the amplitudes of the electric vector along the orthonormal directions
u’, u” respectively, and &, §” are the phases of the electric vector relative to a fixed
laboratory frame. The above equation is most useful for ellipsometric applications

when the temporal description of the wave is dropped and E is written as
E= (Ezeiézz, Eyeié'yz)

where the phase factor é; = 27n;/\, and both, the amplitude of the electric field
E; and n; are complex quantities; with n; being the refractive index. The above
equation contains all the information for the complete characterization of polarized
light.

In order to determine the effects on polarized light as it traverses an anisotropic
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media we make use of the Muller matrix calculus? for optical systems. The basis
of the Muller calculus, is the fact that the polarization properties of light can be
expressed by only four parameters. These are the so-called Stokes parameters of
polarization. The Muller calculus, provides a formalism by which the interaction of
light and matter is prescribed as 4 x 4 operators acting upon the Stokes parameters
(for references see for example [25]). In this case the operator describing a polarizer
P(a) with azimuthal orientation a based on the Oz axis, and with angles defined

in the standard mathematical sense, is given by

1 cos 2a sin 2« 0
cos 2a cos? 2a sin2acos2a 0
P(a) = sin 2 sin 2a cos 2a sin? 2« 0 (2.1)
0 0 0 0|

For a birefringent medium B(f3,8), with retardation § and orientation [ relative to
the Oz axis its Muller operator is
B(8, 8) =

1 0 0 0
0 cos?28+sin®2Bcosé cos2Bsin2B3(1 —cosd) sin2Bsiné

~ |0 cos2Bsin 28(1 — cos8) sin®28 + cos?2Bcos§ —cos2Bsiné | (2.2)
0 —sin28siné cos 283 sin 6 cos 6
Therefore, for a null ellipsometer composed of a polarizer, a birefringent me-
dium, and an analyzer, the polarization characteristics of the light past the analyzer,
are given by the Stokes parameters S° = A(a4)B(8, 6)P(ap)S’ where S* and S°
represent the Stokes parameters of the incident and output light respectively. The
first element of the Stokes parameter is the intensity of the light source. Hence,
when an isotropic light detector is used after the analyzer, the first parameter is

always measured. Furthermore, the incident light is usually a laser source and

consequently, we can consider that it is already linearly polarized.

2There are several well established matrix calculus for the computation of polarization proper-
ties of light, such as the Jones or Muller’s calculus. However, the Muller calculus has the advantage
of being able to model some of the simpler optical elements that produce anisotropic attenuation
of light. These are physical conditions that are, at the best, very difficult to manipulate with
some of the other, more common methodologies. Therefore, in order to maintain the broadest
capabilities for a system in which anisotropic attenuation, i.e., dichroism is a weak, nonetheless
measurable possibility for polymeric fluids we have followed here this line of computation.
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For a two-color system it is best if the initial orientation of the light is along the
bisector for the two polarizer directions. In this manner the light intensity attenua-
tion by the polarizers is approximately equal for both incident beams. Thus, taking
the laser output with a vertical polarization, polarizers with orientations that are
7/8 away from the vertical line (that is symmetric with respect to the Oy axis),
and their respective analyzers rotated by 7 /2 radians, we have a system of two null-
ellipsometers with the capacity to measure the properties of interest. For the first el-
lipsometer, and from now on called the blue beam, S° = A(—~/8)B(8, §)P(37/8)S*
with S = {E, g*, —E, % 0, 0}. The light intensity reaching a detector located

after the analyzer is
2

Ig = 2:;%[1 —2cos2f3sin243(1 — cos §)] . (2.3)
Equation 2.3 is based upon the orientation angle of the medium £ with respect
to the Oz axis (see Figure 1.2). Experimentally however, it is most desirable to
measure angles with respect to the principal orientations as defined by the polarizers

themselves. In this case, is best to redefine # = ap — xy—where we have taken the

standard mathematical convention for the angles—so that equation 2.3 becomes
Ip = E? gsin®(85/2) sin®(2) - (2.4)

This equation tell us that the system is totally symmetric for inversions of the
direction of propagation of the electromagnetic wave. That is, the orientation
angle cannot be distinguished from a series of equivalent orientations located +nn /4
radians relative to y.

For the green beam the polarizer orientation is rotated 7/4 radians relative to
the blue polarizer direction. Let’s say o = 57/8. In this case, the light intensity for
the green beam reaching the green detector is also prescribed by equation 2.3. If
the orientation of the blue polarizer is also used (instead of the laboratory frame of
reference) to describe the light intensity reaching the green detector, then the blue

polarizer becomes the preferential orientation, for both null-ellipsometers, and

Ig = E? 5 sin?(65/2) cos?(2x) . (2.5)
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Equations 2.4 and 2.5 provide the necessary information to calculate the orientation
of the refractive index of the medium Y, and its retardance . Experimentally, it
is only necessary to have relative orientations for the blue and green ellipsometers
of /4 radians, and to know the relative values of the incident radiations. That
is, this specific angular separation is intrinsically included in the above equations.
The relative values of the incident radiation can be incorporated by normalizing

I; by the corresponding E?;, where the latter quantity represents the maximum

Y,8?
possible light intensity through the polarizer and analyzer but in this case with
parallel orientations, and in the absence of the birefringent medium. In this way,

the experimentally determined values are related to equations 2.4 and 2.5 by

I I

ig = EB2 =7 = sin?(6p/2) sin*(2) , (2.6)
y,B maz, B

io = 25— 1 Gn2(50/2) cos?(2x) . (2.7)

2
Ey,G Ima.a:, B

The above equations reflect the fact that most materials have retardations §;
that depend of the wavelength of the electromagnetic wave. On the other hand,
the orientation of the anisotropy does not depend on wavelength, but only on the
alignment of the material. It is then possible to obtain an approximate solution for
the above equations assuming a solution via a perturbation scheme (see for example
Bender and Orszag [26], Chapters 7 & 8). In this case, taking again the blue beam

as the reference color, we can write the expansion with € as the small parameter,

as
_Ag—Ap
€= o (2.8)
g = 2LdAn' = gz-r-d—An' =4 (2.9)
AB A
bo = Than = ZTNp(1— &) = (1— ¢ (2.10)
AG A
8(€) = 6o+ bre+ 82 +O(%), (2.11)

and solve for

ip +ic = sin®(6 + 1€+ 6262 + (’)(63)) sin®(2x) +
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+ sin?[(1 — €)(bo + 1€ + 826° + O(€%))] cos?(2x) - (2.12)
Using the following expression to reduce equation 2.12
sin?(a + B) ~ sin® a & B2« + (1 — 2sin’a)

valid for all # < 1, and collecting terms of increasing order in ¢ we obtain

50— 4 (1+“G) , (2.13)

Ltot

52 = 5 <1+€’G>

Lot
1 [63(2it0t - ].)igiB + 250ZG 1] (214)

' - 5/2 :
2240t | Zeot / (1- Ztot)lﬁ tot

Here, 2;o; is the sum of the relative intensities of both colors. For the first order

+

approximation, equations 2.6 and 2.7 can be resolved for the birefringence An’ and

the orientation angle x

An' =

)‘B sin™ (40 R 2.15
\Ztot J

_4.-1(tBsin (rdAn'(1 —€)/AB) 3
=t (iG sin’(rdAn’/Ag)

(2.16)

If the precision of the above formulae is not sufficient for data analysis, then
équations 2.15 and 2.16 can be used in conjunction with a numerical algorithm
(an iterative method of the Newton-Ralphson type is a good choice for most cases),
where the approximate solution is the starting value for the iterative algorithm. For
retardation values less than 7/2, we can expect equations 2.15 and 2.16 to yield

results within 1 % of the exact value.

2.3 The Optical Arrangement for TCFB

Four important features must be fulfilled for a two-color flow birefringence system

to be usable in the study of non-homogeneous flow fields: (1) a stable light source,

3Later on we will discuss some limitations of the two-color birefringence equation. When the
retardation is reaching values close to 7/2 the expansion for the sin function may not be the most
appropriate, for 3 is no longer small.
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(2) the correct complementarity between the two color, in order for the analysis
presented in the previous section to be applicable to the measured quantities, (3) a
high sensitivity for the optical arrangement to be capable of discriminating against
a background with dust particles in the test fluids, and (4) the necessary accuracy
to measure the anisotropy of the fluid in a point wise manner. The schematic
diagram for the present experiment is shown in Figure 2.1. Firstly, the light source
is a Spectra Physics model 2020 Argon-ion laser. The two colors correspond to the
4880 A blue line and the 5145 A green line. These are the two strongest, most stable
lines of an Argon-ion laser. The laser head, in order to supply the two-color beam,
has been equipped with a blue-green output coupler, a flat broadband reflector, an
isothermal intracavity etalon and, a polarization rotator at the lasing end. The
polarization rotator allows the operator to adjust the polarization orientation of
the outgoing beam such that the intensity of both beams when they reach the
flow device is equally strong. This is necessary because the Brewster windows
of the laser cavity already define the polarization orientation of the exiting beam
(vertically polarized), which under the most general conditions is not the most
appropriate orientation given that the orientation of the polarizers for the green and
blue beams are tilted +22.5° and —22.5° respectively, from the horizontal plane.
These initial orientations for the polarizers were chosen so that their bisector lies
on the symmetry plane along the gap of the two-roll mill.*

For this type of laser, although the total light intensity remains at a constant
value, with almost no drift, the intensity of every line will fluctuate within a much
wider range due to the competing effects between different modes of the same color,

and also because of competition between the different lines. The intracavity etalon

4The symmetry plane been chosen based on mechanical considerations that warranty a center
of mass closest to the geometrical center of the flow, since the stepping motor represents a large
mass off center for other orientations. However, the relative orientation of the flow cell with
respect to that defined by the orientation of the polarizes is totally symmetric with respect to the
horizontal plane or any other orientation defined by increments of 45° degrees. This condition
provides the flexibility and convenience to map the birefringence in the global sense along radial
directions starting at the stagnation point in the flow.
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Figure 2.1: Optical arrangement for the Two color Flow Birefringence (TCFB)

implemented for this work. Blue laser beam is shown as a continuous line; green

beam as a broken line.
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is used to operate the laser in single mode for both lines and in this way a more
stable operation for the intensity of the two colors is obtained. Furthermore, the
stability of the light intensity depends on the gain of the laser cavity (The conversion
efficiency for a given mode.) This gain depends on the temperature on the etalon.
The control of the temperature of the etalon’s oven provides the means of balancing
the intensity of both beams so that the most stable operation is achieved for both
lines.

The argon laser equipped with these items becomes a light source with the
following important characteristics: (a) one laser provides the two colors, and con-
sequently the initial optical characteristics of both beams are identical, (b) both
lines operate in single transversal emission mode TEMgo, maintaining it for periods
up to several weeks at a time. In this manner, the light intensity distribution across
the beam is very stable and can be assumed to have a Gaussian profile at all times;
and, (c) the stability of the light intensity is best for both lines independently,
remaining within a percentage point. The Fabry-Perot interferometer indicated in
Figure 2.1 provides the necessary monitoring capability for fine-tuning of the laser
system.5

The present optical arrangement is designed to address two important and dif-
ferent aspects of the flow birefringence experiment: first, the conditioning of both
beams with respect to the polarization orientation, and secondly, the conditioning

of the green and blue beams so that the element of fluid volume probed is identical

5The Fabry-Perot interferometer (see, for example G. Hernandez [20]) is made of a pair of
partially reflective flat mirrors that become an optical cavity when properly aligned. If the wave-
length of the incident electromagnetic wave, or any other higher harmonic, matches that of the
optical cavity then we will have an standing wave with very little loss of energy. The Fabry-Perot
interferometer can easily be converted into a spectrum analyzer if the separation between mirrors
is varied in a way that the wavelength of the standing wave is also changed. In this manner it
is possible to monitor the output of the laser system and tune it for optimal conditions. The
interferometer gain (that is, the sensitivity) depends strongly among other things on the paral-
lelism between the two flat mirrors. It also requires a light source with normal incidence to the
optical cavity. Consequently, both mirrors of the etalon cavity are perpendicularly aligned to the
incident beam as well as possible. On the other hand, a feedback loop into the laser cavity is
established if an almost perfect alignment of the interferometer exists; with the stability of the
laser output deteriorating significantly. Consequently, in order to have the best of both conditions
our Fabry-Perot is slightly misaligned!
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for both colors in size, positioning and shape. The first part is equivalent to the
original optical arrangement of Chow and Fuller. The optical path of both beams
is shown in Figure 2.1 as a broken line for the green beam and a continuous line for
the blue beam. The blue interferometric bandpass filters are used with the double
purpose of reflecting the green beam off the highly reflective surface of the filter,
while allowing the blue beam to pass through. Once the tweo colors are separated,
in order to measure the birefringence of a polymeric sample the essential optical ele-
ments become the calcite polarizers P; and A;. Both incident polarizers P; and Pg
(Glan-Thompson prism polarizers manufactured by Karl Lambrecht Corp. Cat #
MGTS8) are adjusted so that the polarization vectors for the green and blue beams
have a relative angular orientation that is 45° apart. The best way to warrant this
condition is by using the calcite polarizer Ag (the blue analyzer) to define the po-
larization orientation of Pg and then rotate Ap to a new position 45° away and
subsequently repeat the procedure for the green beam. The optical mount of Ag
was designed such that the angular positioning is adjusted with a micrometer and
is capable of defining the relative orientation of 45° within 0.1 minutes of arc reso-
lution. Once the correct orientation for the incident green beam has been defined
then the green analyzer Ag is rotated until the maximum extinction is achieved.
For the green beam it is important that the incident beam to the bandpass blue
filter makes the smallest possible angle with respect to the main optical axis (the
blue beam axis) in order to minimize changes of the polarization orientation of the
two beams. Fresnel’s law of reflection implies that a rotation of the polarization
vector of less than one tenth of a degree will occur for the reflected beam for angles
of incidence less than 5°. It is also important in order to obtain the maximum
extinction ratios—and consequently the highest sensitivity—to minimize the num-
ber of optical elements between the polarizers and analyzers. This is a result of
the fact that almost all optical components (including lenses and especially filters),
are highly birefringent because of the applied or the residual (intrinsic parasitic)

stresses. Consequently, this fact also requires the measurement of the relevant
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properties of all optical elements placed between the polarizers and analyzers on
the main axis, so that the specific deficiencies can be corrected by using appropri-
ate mounts (in order to reduce the applied stresses) and by adding the necessary
degrees of freedom (to reduce the effects of residual stresses).

The latter methodology is adequate for the measurement of birefringence for
samples in which the birefringence is only weakly dependent on position. If the
birefringence of the sample is a strongly varying function of position then it becomes
necessary to have colinear beams passing through the sample that also have the
same divergence angle and the same focal point. One way to fulfill these additional
conditions for both beams is by using a convergent lens L; for each color (although
not necessarily of the same focal length), so that the optical path differences are
taken into account to form a point source just before the objective lens (at point
SMp ). These lenses are positioned at points such that, given their focal lengths,
the beam waist for both colors at S B,c are equal. The objective lens L,;; does
the final focusing of the two beams into the flow cell. This lens can travel along the
main optical axis to position the waist’s beam at the center of the flow cell, taking
into account the difference of the refractive index of the fluid with respect to that
of vacuum. Finally the aligning pin holes Sg?G are used to warrant the colinearity
of both beams.

In order to calculate the position of the beams’ waist, is necessary to use the
geometrical optics for a Gaussian beam, originally introduced by Kogelnik & Li
[21]. The simpler geometrical optics for thin lenses does not take correctly into
account the diffraction of the laser beam. (See any modern optics textbook such as
Yariv [22] or O’Shea [23]). The complete characterization of the optical parameters

of a Gaussian beam can be given in terms of the following equalities

do de
ZR = —/— =

o 4
where dj is the beam waist diameter, 6 is the full angle beam divergence, X is the

laser wavelength, and zg is the Rayleigh range (that is, the parameter characterizing
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the extent of the beam waist region). The initial values for these parameters are
determined uniquely by the wavelength of the light, and the optical characteristics
of the laser cavity, i.e., the radii of curvature of the reflector and the output coupler,
and the separation between these mirrors. The thin lens equation for a Gaussian

beam in its Newtonian form [23] is given by
(2= 1= f) = P =15,

where z; is the distance from the lens to the new position for the center of the beam
waist, f is the focal length of the lens, z’; is the distance from the initial position of
the beam waist to the lens, and fZ is the term introduced to account for diffraction |
of the laser beam. Since fZ is a property of the laser beam on both sides of the

lens, a symmetric expression for it is
2 /
fo = Z RZR.

Using the above equalities, in conjunction with the characteristics of the laser
cavity, it is possible to calculate the correct positions of the lenses given their focal
lengths such that the beam waists for both colors at the location of the first pinhole
are almost identical. Because of the uncertainty in defining the real focal length of
the lenses it is still necessary to adjust the position of one lens (lets say, the green
lens) relative to the position of the other lenses on the optical rail. The complete
procedure of adjustment requires repositioning of the lens and the blue filter ahead
of the pinhole, since the displacement of the lens not only moves the position of the
beam waist but changes its size as well.

The final conditioning lens, the objective lens L,;;, focuses the laser beams
into the central region of the two-roll mill. The size of the beam waist and the
length for the waist region can also be calculated by the previous equations. In
practice, the final adjustment is done by inserting a pinhole instead of the flow

device and translating L,; until the beam waists are focused onto the pinhole.®

61t is necessary that the pinhole diameter be smaller than the size of the beam waist. In
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The pinhole is held in place by a specially designed mount so that it is placed
precisely at the geometric center of the flow device; halfway through the fluid
and at the stagnation point. In this manner it is possible to align the flow cell
with respect to the optical system. It is also important for the reliability of the
experiment, to warrant that both beams actually have their waists located at the
same point in the fluid, otherwise different elements of fluid will be sampled by the
two colors. The characteristics of the two color beam going through the fluid can
be indirectly evaluated with a pair of pinholes. When using a 50 gm. pinhole the
fraction of irradiance passing through is approximately 60% for both beams, and
this fraction is 95% when a 100 pum. pinhole is used. The calculated Rayleigh range
is approximately 0.75 cm. and the observed decrease in irradiance is of the order
of 35% for a point 0.375 cm. away from the stagnation point.

Finally, the positioning of the objective lens is corrected to take into account
the difference of the refractive index—between the fluid and air (with the refractive
index for air being equal to 1)—using the paraxial formula (see for example O’Shea
[23]) wherer the waist beam displacement (At) along the optical axis by a different

medium of thickness ¢ and mean refractive index n’ is given by

The correction to the beam waist position is no larger than 0.5 cm. when the
presence of the fluid and the glass windows is taken into account.

Besides the use of the pinholes S B,c to determine the position of the waist
beams along the principal optical axis, a secondary use is to “define” the colinearity
of the two beams. With this arrangement it is possible to align the relative position
on a plane perpendicular to the incidence axis of both beams to within a couple

of microns at the center of the flow device. This accuracy (defining the colinearity

this case the position of the waist is “defined” as that when the measured light intensity passing
through the pinhole reaches its maximum value. This condition can easily be corroborated because
the divergence of the beam will be observed as the separation between the flow cell and Los; is
varied.
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of the beams) can be maintained with the optical system for periods of several
weeks without readjustment. Even though, it appears like a very good, long term
colinearity, some of the fluids that have been tested so far appear to show localized
birefringence effects over characteristic distances of only a few tens of microns.
Therefore it may be necessary to check the optical alignment on a daily basis.
The posterior lens Lp has a focal length such that the laser beam will have the
smallest spot size when measured at the detector positions —for the blue as well as
the green beams. In this case, the residual birefringence of the blue and green filters
(located just in front of the analyzers A;) is well defined, hence making it possible to
rotate the filters into an angle which does not degrade significantly the sensitivity

" The photodetectors are located after the analyzers. These

of the apparatus.
analyzers are beam splitting Thompson calcite polarizers manufactured by Karl
Lambrecht Corp (Cat # SMBTS-8-45 with a multilayered antireflective coating
centered at 500 nm.). With these analyzers it is possible to measure simultaneously
the intensity of the ordinary and ertraordinary beams for each color.® The ability
to measuré the ordinary and extraordinary components of polarized light is an
important part of this experimental set-up, that is different from the standard
TCFB originally introduced by Chow and Fuller [16]. The main reasons for this
modification are given in length in the following subsection.

The light detectors are located after the analyzers with a light-trap placed in
between. The light-trap is necessary to avoid scattered light from the optical mount
of the analyzers from reaching the light sensors (photodiodes by Newport Research
Corp model 815); the scattered light can be considered totally depolarized. These

traps are made of a pair of pinholes separated by a tube that has a much larger

"The layers of epoxy used to hold together the interference films that make up the filter have
high levels of residual stress. The principal orientation for these stresses varies strongly as a
function of position over the surface of the filter. If a large aperture is used, then polarized light
passing through the filter will become depolarized to a significant degree.

8The extraordinary beam corresponds to the component of the electromagnetic wave propa-
gating with the electric field vector parallel to the optical axis of the material (see for example
Born and Wolf [27]).



56

diameter. In this case only light within a small angle of incidence, and close to the
normal, is detected and good extinction ratios are then possible. Otherwise, when
the light traps are removed, the signal/noise ratios remain rather low with values of
only ~ 103. The light detector signal goes to a power meter with a bandwidth of 10
KHz and a voltage output (from zero to ten Volts) that is sent into the computer
analog to digital converter card (the A/D card—model HP98640A— handles up to
8 differential inputs with its twelve bit converter into a Hewlett-Packard computer
models 310 and/or 332).

The complete optical arrangement has extinction ratios of better than 107°.
After the flow device is placed along the main optical beam, the extinction ratios
for the blue and green beams degrade slightly: of the order two to three times, with
average extinction ratios better than 2 x 107°. The optimum values that can be
attained in the experiments are always obtained by relieving the residual stresses on
the flow cell windows by means of the screws on the window-holder. This procedure
was always done before a series of experiments started. This apparatus offers a level
of sensitivity, reproducibility, and accuracy that to our knowledge is not available
anywhere else. In combination with the two-roll mill, it offers a unique experimental
system to study the effect of flow on the dynamics of polymer liquids; specifically,
under strong flow conditions which are most likely to prove the most important

dynamic mechanisms for polymer deformation into a highly stretched state.

2.3.1 Considerations for High Signal/Noise
Ratios with TCFB

The experimental constraints and/or limitations impose certain requirements upon
the data acquisition methodology. Overcoming these difficulties, in order to obtain
good signal to noise ratios is considered equally important as the need to obtain
accurate values of the relative light intensities as required by equations 2.15 and
2.16. These limitations are associated with the “real” life of the laboratory as

the result of: (a) mechanical imperfections of the optical system, as well as those
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of the associated electronics; (b) limitations of the laser source; (c) the presence
of dust in the polymer solutions, etc. Any of the previous conditions affects the
measured values of light intensity in such a manner that, on a daily basis, it becomes
difficult to correct these small deviation from the optimum experimental conditions.
Each non-ideal condition deteriorates the overall sensitivity of the optical system
as observed at the detector point, with the combined effects having sometimes
catastrophic results; signal/noise ratios may become poor enough to destroy all
meaningful information.

However, these limitations affect the data acquisition in two distinct ways.
Those non-idealities associated with mechanical conditions have characteristic times
of several hours and sometimes days. For example, not only the light detectors have
different efficiencies, but they also have sensitivities that depend on the inhomo-
geneities of the detector surfaces; thus light intensity measurements depend on the
detector used, and on the exact position where the beam reaches each detector. On
the other hand, the presence of dust, and/or fluctuations of the intensity of the laser
source affect measurements with time-scales that are comparable to those of the
polymeric system. Consequently, we can minimize the long time-scale limitations
by performing a calibration procedure prior to the execution of an experiment. The
calibration procedure (described in the following paragraphs) not only takes care
of problems associated with long time-scales, but also permits measurements of the
true relative light intensities®.

The limitations associated with the faster time-scale non-idealities can be re-
solved by adding some extra light detectors to the basic optical set-up for the
purpose of sampling the sources of noise, and subsequently, subtracting their

effects in order to maintain good signal to noise ratios. The supplementary de-

°It is always necessary to calibrate the different detectors for their sensitivities are also wave-
length dependent. Furthermore, it is desirable that the calibration procedure allows measurements
of optical anisotropy that are independent of the detectors used and its associated electronics, or
for that manner, of all of the mechanical details of the detection optics; e.g., the size of the pinholes
of the light-traps, the difference of the transmission coefficients along two different optical paths
through the analyzers, or small misalignments that can occur while setting up the experiment.
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tectors are used to allow instantaneous readings of the irradiance falling upon the
flow device I,(,fax,j(t), together with the total light intensity passing through the
fluid sample I,(:ix,j (t). The total incident irradiance is measured with the detectors
located on the auziliary optical rail in Figure 2.1; before the fluid sample. The total
intensity past the flow cell is simply the sum of the intensities of the ordinary and
the extraordinary beams.

This calibration procedure also takes into account the fact that the light de-
tectors are not ideal detectors with output readings proportional to the absolute
values of the light intensities. Of course, this scenario is far from being possible.
However, the relative values (with respect to the maximum intensity that each
detector can receive) are easily determined with very good accuracy. Hence, the
calibration procedure necessary to reduce the long time drift effects consists of two
sets of measurements done under no-flow (i.e., zero flow) conditions. The first set

of measurements is taken with the maximum extinction on the extraordinary beam

detectors. Under these optical conditions we have

12, 5(8), I9..;(), Ij(i)(t) J = blue, green .

min,j m

Here IE

min,j

is the light received by the detector along the extraordinary beam path,
Igam falling upon the ordinary detectors, and 7 J(i) samples the light intensity before
passing through the flow cell. These light intensities are “instantaneous” readings.
We can then normalize the measured values at the detectors on the extraordinary
and ordinary beams using the incident intensities I }i), and thereby discriminate the

temporal fluctuations of the light intensity of the laser output. Thus, we obtain

two quantities of interest:

B

Umin,j»

0
and 2., -

Now a second series of measurements is done after inserting a half wave retarder
(with a 90° orientation with respect to the incident polarization) immediately after

the flow device. In this way, each detector (and for each color) is used to measure the
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maximum and minimum intensities of the ordinary and the extraordinary beams,

-E .O
7’ma.1:,j zmz'n,j
) )
kj Kj

where k; are the transmission coefficients of the half wave retarder. Thus, the
proportionality coefficients or sensitivity ratios for the ordinary-extraordinary set of

detectors are given by
_ Zmin,j + "’ma.z,j/m.?

;= - - 2.17
? Zronaz‘,j + Zgzin,j/nj ’ ( )
and the total incident irradiance coefficients are:
, 0 )
oj — Ima:v,j + Imin,j/h:j ) (218)

()
0; provides the scale factor to determine the maximum light through the fluid
sample based on the instantaneous measurements ahead of the flow device. The
computation of these coefficients concludes the calibration of the optical system
and permits measurements of the relative light intensities as required by equations
2.15 and 2.16.
When the flow field is started, and/or meaningful data readings are going to be
taken, then
L i(t) = IF + oI < 0;17(1) (2.19)

where now, superimposed to the temporal variations of the light source, as measured
by I ](i)(t), we also have the fluctuations due to dust particles and other phenomena

such as dichroism. That is,
I ;0 (r, An") = 0,1(t) , (2:20)

where 7 is the turbidity of the sample due to particles, tiny bubbles, and density
fluctuations for systems close to a critical point, etc. [28]. An” represents contri-
butions of dichroism of the fluid. For most polymeric solutions, measurable level

of An"” < 1, while the contributions of birefringence are very large, and can be
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obtained by using

is(t) = ig/Tep s (2.21)
io(t) = /T - (2:22)

in conjunction with equations 2.6 and 2.7, or equations 2.15 and 2.16. In principle,
the light intensity readings with the six detectors of this optical arrangement, can
be used to determine not only the birefringence but also the solution dichroism.
for it is possible to calculate the anisotropic attenuation based on a simple time
dependence (i.e., flow field dependence) of the total incident intensity coefficients
0:(1).

In Figure 2.2 we present sample data for a solution that has a very low degree
of birefringence, thus showing the effects of the glass windows of the flow cell as
well as the noise levels due to f(r, An”). The “true” curve is shown at the base
of the birefringence data points. The fact that noise increases the minimum levels
of detectable birefringence is because scattering centers tend to depolarize the inci-
dent light, the net result being a significantly larger intensity of light reaching the
extraordinary detectors. Finally, in Figure 2.3, we present a birefringence plot for a
case when the values of the retardance go past 7/2. In this case we can expect the
calculated birefringence to be an approximation of the real birefringence because
of the assumptions used, such as the absence of dichroism as well as some of the
approximations used for the reduction of the birefringence equations. Nonetheless
this optical technique as shown in this chapter, presents the capability of very good
sensitivity, together with a large dynamic range of measurable values, as well as

the possibility of probing very localized regions of the flow field.

2.4 The Homodyne-Light-Scattering Technique

The second essential experimental technique is one that will allow us to evaluate
the effects of the conformation changes of the polymer on the flow field. This is

a very important objective in our research program. Earlier studies have failed
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Figure 2.2: Birefringence and extinction angle for the solvent with rollers F () =
0.1501). Different markers represent different experiments consecutively done. The
continuous line represents the ideal experiment where noise due to dust, air bubbles,

etc., are not present.
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Figure 2.3: Birefringence and extinction angle for a concentrated polymeric solu-
tion. The birefringence value that corresponds to a retardance of 7 /2 is approxi-
mately 9.6 x 10~°. higher values of birefringence correspond to retardances larger
than /2.
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to show modification of the flow by the presence of the polymer. In these stud-
ies, streamline or streakline photography was used to characterize two-dimensional
hyperbolic flows (see references [6 — 11,27,28]). Although flow birefringence mea-
surements clearly indicated localized regions of the flow containing highly stretched
polymers, in general the streamline patterns did not change much. Streamlines are
essentially an integral property of the velocity fields and, consequently, a “double
integration” property of the velocity gradient. Hence, streamlines are relatively in-
sensitive to localized variations of the velocity gradient field. Furthermore, in flows
with a high degree of symmetry, such as a two-dimensional hyperbolic flow, the
qualitative streamline pattern tends to be preserved even if the velocity gradients
in the streamline direction are changed.

The homodyne-light-scattering technique (HLS) (originally developed in this
laboratory by Fuller et al. [17]) has been used to directly—and in a point-wise
manner—evaluate the velocity gradient of the flow. This property of the flow is the
most critical because it determines the degree of strain that the polymer is subjected
to. A significant part of our earlier investigation was, in fact, the development of a
theoretical basis for the interpretation of light scattering measurements in a flowing
solution. In principle, the HLS technique applies to both steady and time-evolving
flows, with the current bandwidth limits being defined by the electronics of the
photon correlator.

HLS is also a noninvasive technique. It uses part of the TCFB optical arrange-
ment to align the element of volume on which the measurement takes place at any
point in the flow. In this way we can map the spatial variation of the velocity
gradient in the plane of the flow. It is also possible to measure the variation of the
velocity gradient at any position along the third axis. However, the mathemati-
cal manipulation necessary to interpret the data becomes quite complex whenever
the components of the velocity gradient tensor along the third dimension become

significant due to effects of the boundaries.
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Theoretically, the homodyne correlation function is given by [17, 32]

G(r) = Fy(q, 7) = ’ J][] dx1x)exp(~ia - T x7) ' (2.23)

where I(x) is the light intensity distribution across the beam, q is the scattering
vector in the scattering plane and along the bisector of the incident and scattered
beams, I' represents the velocity gradient tensor and 7 is the characteristic time of
the correlation function. If the incident beam has a radial Gaussian distribution
perpendicular to the direction of propagation with mean radius L, and the scatter-
ing vector q is aligned along the Oz axis, then the homodyne correlation function
is given by

1
Fy(gz, T) = exp (—§L2q2ﬁ272> .

If the alignment of q coincides with the Oy axis, then

Fa(gy, 7) = oxp (5 L247X7%)
Here, ) is the flow field parameter, and ¥ is the magnitude of the velocity gradient.
Experimentally, the values determined for 4 and A depend on the auto-correlation
function of the scattered intensity:

G(r) = Jim = [ I(@)I(t—7)dt
(T)—TilgoﬁjTl( (t—7)dt.

where 7 is the characteristic correlation time and 7' is the time period during which
photons arrive at the photomultiplier tubes. Besides the standard requirements for
development of the correlation function under steady flow conditions, additional
requirements exist if this technique is also to be used for transient flows where I'; A
may be functions of time. In the latter case it is also necessary (a) to have corre-
lation functions that can be built-up rather quickly;'® (b) to have the best possible
signal-to-noise ratios, and (c) to operate under flow conditions where the particular

polymer sample does not degrade. The latter condition is is necessary because the

10For the best optical and electronic conditions that are desirable for homodyne scattering
experiments see the book by Dahneke [33].
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complete correlation is computed by executing the same experimental run several
times. The total correlation time 7' is then the sum of several shorter correlation
times T}, all taken with the flow field satisfying exactly the same conditions; ¢.e.
identical values for the flow parameter A, and the shear rate 4. The correlation
information is preserved by this summation whenever the characteristic correlation
time 7 is significantly shorter than 7;. In this case, the generation of a “smooth”
correlation function as the sum of correlations taken during several short sampling
periods is not affected by the summation of statistically independent correlation
segments.

However, the best signal to noise ratios are achieved when on the number of
decay times during the sampling time 7; is large. If 7 is the characteristic time
scale for the correlation function, then the signal to noise ratio is proportional to
(T;/7)Y/?, even when the light level reaching the light detectors is infinite. There-
fore, the only way to increase the signal to optimum level is by reducing 7 by
increasing the scattering angle (i.e., through q). This imposes some limitations on
the minimum gap with in the two-roll mill, and is one of the factors that has being
considered in its design.

The two techniques described in this chapter provide the tools to study the
dynamics of polymeric liquids under the most demanding conditions. Most of the
data presented in the second part of this thesis is the result of applying the TCFB
technique to two polymer solutions. The HLS technique is not yet fully operational
and thus no data is reported here. Its importance nonetheless is as high as that of

the TCFB, and this is the reason for this short discussion of the HLS technique.
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Chapter 3

The Real-Time Software
Controlling this
Apparatus

Besides the sometimes well-justified-sense-of-urgency of researchers using com-
puters to do so-called “numerical simulations,” the realneed for an “instantaneous”
response by the computer to its user is not a requirement of capital importance.
On the other hand, there exist a whole class of uses for modern computers which
demand an almost “instantaneous” response from the system. This type of com-
puter use requires programs and algorithms of what is called real-time software,
where the responsiveness to the execution of different processes by the computer is
of great importance for the correct performance of the task at hand. Most of the
programming presented here is of the standard type, where the algoritm does not
require inputs or outputs at specific times but at specific points. It is only those
parts that relate to the control and execution of the experiments that require the
use of real-time techniques and methodology. These parts for control and execution
will by discussed in section 3.3, with a short description of the main characteristics
of the real-time type of software that were implemented for this experiment. In the

first section a global overview of the different modules is given and their
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relationship to the other modules. In the following section, the first level of pro-
gramming for the birefringence module is described in pseudo-code, in order to
show the most important features of this program. The next section deals with the
actual implementation of the real-time data acquisition with other code processes
in charge of: (a) monitoring the various instruments, and (b) data reduction and
graphing. These two complementary codes run concurrently, in the background of
the data acquisition. We consider that the level of description of this program at
the present level can be a good starting point for a researcher interested in real-
time data acquisition, using a similar computer. This type of information is equally

difficult to find as the “experts” in this field.

3.1 The Program Main Level.

All necessary tasks related to this work are done within the options specified by
the main program AEGAMAIN. This computer program is designed to allow the
user (that is, the experimentalist): (a) access and control through the computer,
of all instruments involved in the experiments; (b) the execution of birefringence
experiments to determine the conformation of polymer molecules when subjected
to flows generated by the two-roll mill, and (c) the possibility to read, and/or
manipulate experimental data previously obtained. The program has been written
using HP Pascal language (Hewlett-Packard Pascal version 3.1 or later), and the
communication with the numerous instruments is through an IEEE-488(1986) port.

In order to perform tasks in a “real-time environment,” that is where there is
a need for synchronization of events in real-time, AEGAMAIN makes extensive
use of the computer clock, and user-defined interrupt handlers to execute processes
according to the experiment needs. These include both, anticipated needs as well
unexpected needs, such as failures or errors that happen within the instruments
during the experimental run, that do not directly affect the execution of the exper-

iments but may seriously affect the trustworthiness of the data. Furthermore, only
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a user-friendly program is acceptable given the complexity of these assignments,
hence, requiring the use of primitive operations for the control of the IEEE-488
interface, keyboard and of the monitor with the goal of developing an efficient
program.

The complete program is composed of 13 modules each of which has a set of
procedures (subroutines) related to a very specific operation or “global” activity. All
of these modules are available to the main program as a “library” named AEXPLIB,
and together with some software drivers, which are part of the HP extension for

the Pascal language, the software package is complete. These modules are:

IODECLARATIONS, GENERAL_1, GENERAL_2, GENERAL_3, DGL_LIB,
AsmMod, UserProc, FileOper, Monitor, Laser, SMI, AD_Converter,

Correlator, Gral_Exp, Bir_library, VelGrad_lib, DataEvaluation.

The first five modules are part of the HP Pascal, and all information is given in the
manual for the language, specifically the Procedure Library and the Programming
and Configuration Topics of the HP Pascal 3.2 .

When the variables of interest are related in a complex manner to the measured
quantities and large amounts of data are being generated by an experiment, then,
it is most desirable to present the collected information in graphic form, “instan-
taneously,” and in an easily readable format. A quick display of the collected data
allows the experimentalist the possibility of rapidly evaluating the goodness of the
data by observing possible (unusual) faulty conditions during the experimental run.
This is one of the most important characteristics of real-time data acquisition. In
order for graphed information to be easily readable by the operator, it should be
scaled in a way that optimizes the use of the screen, even though, the best scale
is not known until the experimental run is completed. In any case, the current
scale should always be the optimum for those data points available. Whenever the
current scale is not the most appropriate for a new set of data—that includes the

latest data points—then, it is necessary to adjust the scale since otherwise infor-
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mation of diminished value is given to the experimentalist. If the total number of
displayed points is small, then, it is probably faster to erase, and subsequently to
redraw, using the new scale, all data points. On the other hand, if the number
of points is large then, it is simpler to discard the old plot and use a new copy
of the axes and labels previously stored in memory. Since most graphic displays
are high resolution monitors, a large amount of memory space is needed to store
and manipulate the information contained in a plot. AsmMod deals with the most
elementary algorithms necessary for up-dating the graphed information, i.e., with
those operations and control of the graphics monitor needed for real-time displayi
of the experimental data. This module is written in Assembler language in order
to achieve the fastest execution times.

UserProc is a general purpose module to facilitate programming of long pieces
of code. The purpose for the procedures in this module is to avoid repetition of
frequently used sections of code, and it is consequently used by almost all other
modules. FileOper deals with the declaration of those variable-types that are spe-
cific to this experiment and allows for an efficient and compact use of data structures
and of allocation of memory, both in DRAM as well as hard disk storage. These
data structures make extensive use of pointers, and linked list and queues, thus
allowing allocation of memory during the execution of experiments while still pre-
serving the compactness of code. For example, data readings only take as much
memory space as necessary, with the data reduction algorithms processing the first
data points at the fastest possible rate and the data acquisition algorithms append-
ing to the list of unprocessed data the latest data readings. We discuss in greater
detail, the advantages of the use of linked data structures in the next sections.
Monitor provides the utilities for the graphing of data in any graphics or plotting
device.

Laser, SMI (Stepping Motor Interface), AD_Converter (analog-to-digital con-
verter) and Correlator provide the software interfaces to use these particular in-

struments. These instrumentation modules make extensive use of the HP Pascal
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drivers for the IEEE-488 interface and also take into consideration the different id-
iosyncrasies of the instruments, such as specific formats and/or control sequences.
These instruments are all programmable, and the corresponding modules are de-
signed to allow their “manual” operation via the computer or as embedded parts
of TCFB or HLS experiments. These modules contain procedures to detect and
trap errors or faulty conditions that can occur within the instruments, with the
appropriate interrupt handlers to report its status to the computer.

SMI is the procedure in charge of programming and controlling the stepping
motor interface. This interface drives in turn, the electronics of the motor cou-
pled to the rollers. This procedure reads the operator requested parameters for
the motor interface, and since the motor is not capable of operating under every
possible combination of parameters, it returns the closest acceptable values for the
motor; these being the values saved in the experiment tag for future reference.
AD_converter contains the procedures responsible for programming the analog-to-
digital converter that reads the light intensity values of the photodetectors. This
converter is fully programmable, but the power meters used to convert the light
intensity measurements into voltage signals have gains settings that are manually
operated. This arrangement presented the advantage of faster tracking light inten-
sity measurements and simpler software, although, it reduces the capacity of totally
automated control by the computer as will be discussed shortly.

Gral_Exp are output procedures to report status and results of the several possi-
ble experiments to the experimentalist. Bir_library contains all of the procedures
necessary for the execution of flow-birefringence experiments and will be discussed
more extensively shortly. VelGrad_1ib is the equivalent module used to evaluate
the velocity gradient tensor of flows generated by the two-roll mill. It is listed here
to present the global perspective of this project that includes not only measure-
ments related to the conformation of the molecules as induced by the two-roll mill
flows but also the determination of the changes in the velocity gradient of the flow

because of the presence of highly stretched polymer molecules. To date,
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however, this module is not completely operational, and will not be discussed fur-
ther. DataEvaluation allows the subsequent evaluation and analysis of the col-
lected experimental data as a whole, or in part, as numerical results or in a graphical

mode.

3.2 Main Level for the Flow Birefringence
Procedure. |

The main level of the birefringence program is essentially a user-interface. That is,
it provides the means to pass information between the computer and the operator
in both directions. It displays the choices available to the operator in a menu .
driven environment, and communicates via the screen and the printer. This first
level of the birefringence program is best described by the following pseudo-code

(the actual implementation has been done in HP Pascal 3.2).

Execution of Birefringence Experiments;

1 Initialization of variables and pointers;
Read tag of last experiment (old_label);
Modify parameters? (y/n)

If yes
5 Display & modify (old_label, new_label);
Else new_label is old_label;
Repeat { .. until all data has been feed .. }

Read type of experiment
Read all necessary parameters for exp;
10 Until no_more experiments to do;
Input of special parameters for experiment series;
Execute calibration of light detectors;
If automatic operation
Repeat { .. until all experiments are done .. }
15 Initialize memory allocation for current experiment;
Reset error trapping mechanism
Initialize instrumentation;
Execute experiment;
Update experiment tag (new_label);
20 Print hardcopy of experiment report;
Save new_label + new_data if so requested;
Recover from errors block
Clean-up instruments, computer devices, etc.;
Print status-quo report;
25 END; : { .. of error recover block .. }
Until No_more experiments;
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END { .. of automatic execution ...

ELSE If Mapping of Birefringence
Initialize memory allocation;

Repeat { .. as many times as manually requested .

Request new coordinates;
Update new_label coordinates;
Reset error trapping mechanism;

Recover from errors block

END; { .. of error recover block ..

Until Map_done;

END { .. of birefringence mapping ..

ELSE If Degradation of Birefringence
Initialize memory allocation;

Repeat { .. as many times as requested or done .

Reset error trapping mechanism;
Initialize instrumentation;
Execute experiment;
Update experiment tag (new_label);
Is degradation exp. series done?
If not then Degrade_Fluid
Else Degradation_done;
Save new_label + new_data + degradation data;
Print hardcopy of experiment report;
degradation cycles + 1;
Recover from errors block

END; { .. of error recover block .

Until Degradation_done;

END; { .. of degradation of birefringence .
END; { .. end of execution of birefringence experiments ..

w

Line 1 of this pseudo-code deals with initialization of all variables involved in

this experiment. This is a good programmer practice specially when lower level

code pieces receive information through these variables, and a known state for

these variables is desirable.

The initialization of pointers is also an important

element for a program that uses large amounts of memory, where because of the

limitation of the operating system, the needed memory space cannot be assigned

by the compiler. In lines 2-6, and in order to reduce the number of parameters

that need to be specified at the beginning of a experimental session, the operator is

presented with the option of modifying a portion of the parameters used during his
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(or her) previous experiment. Subsequently (in line 7), the operator must summit
the series of experiments that are to be executed. These experiments need not be
of the same type, with the computer asking for only those parameters necessary for
each of the requested experiments.

Line 11, deals with special conditions that affect the methodology for data ac-
quisition or the execution of the experiments. For example, it presents the operator
with the choice of using a default configuration for the optical system. The “de-
fault” optical configuration is that which best discriminates noise sources such as
dust particles and bubbles, and is thoroughly described in section §2.3.1. In gen-
eral, the actual birefringence is determined based on the total light intensity past
the fluid sample. However, for some solvents such as Chlorwax, because of its large
absorption at the wavelengths of the argon laser, there exists a very localized heat-
ing of the fluid within the illuminated fluid element, and as a result, there is a
strong divergence of the laser beams especially for a fluid at rest, with significantly
reduced levels of light reaching the light detectors. Under these circumstances, the
strongest effects occur when the absorbed energy is greatest for a given volume
element, which of course, happens under no-flow conditions. Thus, the calibration
procedure is skewed, and needs to be modified. The second calibration procedure
follows those used in the standard TCFB experiments which assumes there is no
attenuation of light intensity through the sample, and represents a better solution
than when the calibration is done under highly dispersed (no-flow) conditions. Fur-
thermore, the methodology for evaluation of birefringence is also corrected under
this conditions. Among the other special experimental conditions useful to the ex-
perimentalist are the possibility of running equivalent experiments with the rollers
alternating direction of rotation.

The calibration of detectors is done following the algorithms already discussed ir:
Chapter 2. This section of code does the measurements of light intensities, necessary
for the calibration, while at the same time prompts the operator to assist with

specific tasks such as inserting the half-wave retarder, etc. The computed values for
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the calibration constants of the detectors are saved, in order to be used subsequently
in normalizing all readings taken during the measurement of birefringence.

The next lines of code (beginning in lines 13, 28 and 41) provide specific envi-
ronments for three possible objectives for a sequence of experiments. The first type
of environment corresponds to the case of a series of experiments done sequentially,
without modifying any of the common parameters for the series. For example, the
location of the laser beam in the flow cell remains identical for all experiments in
the series. The series may be composed of a variety of different experiments where
the instrumentation parameters may be different for the purpose of studying a sup-
plementary range of values, or the type of experiment is actually different such
as steady, start-stop, etc.! In this manner, series of experiments can be arranged
so that a specific study can be done quickly, while a set of parameters maintain
constant values.

The second environment (line 28) allows the operator to repeat the same ex-
periment at a different position in the flow field. Given the fact that the flow field
of a two-roll mill does not have identical deformation histories for different stream-
lines, an understanding of the anisotropy of the fluid as a function of position is
an important objective for rheological studies. It is possible to study the flow field
within the vicinity of the stagnation point, with distances no further than 1.0 cms.
away.

Finally, the third environment (line 41) is most useful when studying degrada-
tion of the fluid sample. Some polymeric fluids degrade rather easily when subjected
to this type of flows. In order to obtain a measure of degradation, it is necessary to
perform a series of “characterization” experiments intercalated with “degradation”
runs. The “characterization” parts should be designed to affect the polymer sample

the least, while the “degradation” section is always done under known,

1This type of environment can eventually be upgraded to the point of being totally automated,
where all possible parameters are directly accessible via the computer. Currently the light detector
power meters have gain setting that need to be set manually. However, it is not difficult to design
programmable gain amplifiers.
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reproducible conditions, where most of the possible degradation of the fluid occurs,
and in a manner that does not directly affect the results obtained under the char-
acterization part. Simply, the independence of these two parts is best assured by
allowing enough time between them, especially, before the characterization section.

Each environment allows the operator to proceed through the complete set of
experiments by means of an outer loop (repeat... until done). The outer loop
executes the experiments originally requested under the supervision of the operator,
specifically, the program prompts the operator when new information is required
(e.g., the laser beam coordinates after the flow device has been re-positioned).
However, for all three environments there are several common blocks of code, with
small pieces of code handling specific differences. For example, beginning in line 13,
different experiments require different types, and amounts of memory allocation;
dependent on the number of data points to be read. The next block of instruction
are enclosed by the error trapping mechanism provide by HP Pascal. In this manner,
all error occurrences within the error-recover block are reported and returned to the
program with the purpose of taking, immediately, the appropriate action. In the
following section we discuss some of the ideas and necessities for such mechanisms
in real-time environments.

The initialization of the instrumentation is done according to the parameters
required by the next-in-line experiment. Before the initialization is considered
complete, all instruments must respond as operational; otherwise after an attempt
is made to reach the requested values, it is called to the attention of the operator
that his request failed, or is not acceptable. Once the instrumentation is ready, the
execution of the experiment takes place. Errors that occur in this portion of the
code are handled within this procedure. If the error reported does not invalidate
the data previously taken, an attempt is always made to preserve the previously
obtained data. However, a list of error codes is appended to the experimental
label for reference by the experimentalist. After termination of the experiment

the new_label is updated with those parameters used for the execution of the
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experiment. Subsequently, a printed report is done, and, finally the data is stored
in hard disc memory. The experimental label represents a complete record of all
experimental data in relation to all of the important parameters relevant: (a) the
fluid, such as the composition and characteristics of each one of the components
(e.g., type of polymer, molecular weights, etc); (b) the flow-field, such as type of
time history for the flow, and values for the flow parameter A, and rollers speeds; and
(c) various other experimental conditions such as temperature, orientation of the
flow device with respect to the optical axes, gain settings used for the evaluation
of the light intensities, or the computed values obtained during the calibration
procedure, etc. Furthermore, this label also contains a list of exceptions and errors
that occurred during the experiment. A partial copy of the label is always printed
at the completion of the experiment together with a copy of the experimental data

in graphical form. In Figure 3.1 an example of such a report is given.

3.3 The Real-Time Software for Birefringence.
General Properties

There are several important features that real-time software must have [1, 2]. Be-
sides the obvious characteristic of real-time systems being able to work in a time-
critical environment, these systems must be responsive to changes in the environ-
ment in an “instantaneous” manner; where sufficiently fast reaction for an appa-
ratus like this is of the order of one hundredth of a second. Nowadays, computers
have faster response times. However, the peripheral instrumentation is always sig-
nificantly slower, with the programmable clock possibly being the most important
bottleneck, mainly because, without it, there is no easy alternate method to achieve
the desired synchronization of events. The programmable clock used in this com-
puter, provides intervals no smaller than 0.01 seconds. Furthermore, our stepping
motor is not capable of responding to transient conditions in a time increment

shorter than 2/100 of a second. On the other hand, the light intensity tracking
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TWO-COLOR FLOW BIREFRINGENCE
Enrique Geffroy.

FLUID CHARACTERISTICS:

Polymer type

Polym. Mol. Weight: @.000E
Pol. Concentration:

Solvent type KER/PB
Sol. Concentration: 1.000
Fluid Temperature : 20.0

EXPERIMENTAL CONDITIONS:

LIGHT DETECTORS and
VoltG Blue Ref 3
Uolt6 Green Ref : 3
VoltG Blue Det : 5
VoltG Green Det : 6

LASER

Laser Intensity 0.2490

Blue Light Imin 0.20005
Blue Light Imax : 1.77620
Green Light Imin : 0.00002
Green Light Imax 1.71538

Errors Detected:

NONE
+000
@ PPM
UTENE
0
@ °C

W

mW
ml
ml
mW

FLOW FIELD PARAMETERS:

Flow type : Steady State
Flow Geometry Two-Roll F
Flow Parameter 0.1501
Gear Ratio red. 5.000:1
FCell Xposition : 0.000 in.
FCell Yposition : 0.000 in.
FCell Angle Rot : 67.50°

Rollers Dir.Rot.: Clockwise

ADC and STEPPING MOTOR:
# Data Readings : 500
Sampling time : 0.0050 Sec.

Number of Steps : 11
Acceleration : 24000 S/sec?

Minimum speed 2000 S/sec.
Maximum speed 4800 S/sec.
Number of Runs : 1

Step Duration 10 Sec.

WARNING: Dangerous experimental conditions ...
. Increase mintime!
BAD data statistics, values defined as zeros!

Transient behavior expected

Total # Warnings: 2

Figure 3.1: Birefringence report. The experimental label.



82

electronics has a combined bandwidth of better than 10 kHz.

The control system must also be correct and complete. That is, it must be
capable of catering to all possible events and situations that may arise in the ex-
perimental environment or the software itself. In reality, it is extremely difficult to
reach optimum levels in this field, for a well prescribed action must always corre-
spond to each event. As a result, the program must have “defensive” code with the
specific purpose of trapping error conditions and exceptions. In this manner, the
system reliability may be improved to the desired degree. Furthermore, the defen-
sive code must take actions that degrade the performance of the system in a “soft”
way. That is, the system must provide a useful degraded service, in the event of a
failure of the peripheral instrumentation. For example, a degraded service may be
the possibility of salvaging previous data taken before the failure was detected, or
the possibility of tagging data corrupted during the failure of the system while still
managing to complete the task. A weaker alternative will be to report the failure
of the system, by issuing a failure report. All three techniques of defensive code are
used within this program.

The specification of the software problem (i.e., the program) is most easily done
in terms of a virtual machine, which corresponds to the idealization of the designer
without considering the limitation of the computer upon which the program is
going to be executed. In practice there are several constraints upon which the
virtual machine is built, specially when the software requires utilities provided by
the operating system, such as the system clock, I/O ports, etc. In order to define
the virtual machine associated with the control system it is necessary to define the
processes to execute, the level of synchronization and information sharing among
different processes, and the mechanism by which the computer resources are going
to be shared.

The problem at hand is the concurrent use of one CPU by four processes: (a)
data acquisition, (b) control of instrumentation, (c) processing of experimental

data, and (d) display of data for operator supervision. Data acquisition involves
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reading voltages at precise time intervals in order to determine the light intensities
for all detectors as a function of time. Control of instrumentation relates to request-
ing specific tasks from these instruments such as inception of the roller rotation in
order to generate the flow field. Processing of data corresponds to manipulation
of data to convert voltage readings to meaningful relative light intensity measure-
ments. And finally, display of data requires evaluating the anisotropy of the sample
with given mathematical formulae such as those discussed in the previous chapter,
and displaying this information in a graphic form.

Data acquisition, processing of data, and its display in graphic form are all
interelated processes. The lack of the first de-activates the others. Furthermore,
their interelationship also requires common variables or parameters to be shared
in a safe way, where concurrency of processes is such that the process controlling
the CPU should never corrupt the information being used by other process. This
requirement is most easily resolved by double variables, where the current status
is only accessible to the fastest process, and other processes only read/write to
the second variable. Data transfer is done using so-called channels implemented as
linked list and queues of data [3], where the first element passed to the channel will
be the first element removed from the other end. The priorities for execution of
these three processes are very different with priority for data acquisition being the
highest. Furthermore, the level of synchronization is low, that is, there is no need for
channels that can only take one value. Consequently, it is best if raw data channels
can grow in size if the rate of data reading exceeds the rate of data processing.
Thus, no real compromise is made by forcing the other two processes to run in the
background, while allowing the data reading and control of the instruments to have
the highest priority.

Data acquisition and control of instrumentation are tightly couple operations
and thus, their synchronization becomes essential. For example, during transient
flows, the onset of data readings must coincide with the start-up of the rollers

rotation. Actually, these two events must always run in synchrony, and under
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scheduling defined by the programmable clock. The clock ticks according to the
largest time interval common to all processes, and the interrupt handler operates
as a dispatcher deciding which process will be serviced. The use of the longest
time lapse possible provides the most CPU time for those processes running in the
background, while still executing all of the necessary high priority tasks. Therefore,
at the beginning of the program, the best time interval for the programmable clock
is chosen and the dispatcher is called whenever there is an interrupt caused by the
cyclic clock. This type of interrupt must be differentiated from those interrupts
caused by other devices, for none of the interrupts should be masked (there is
possible generation of interrupts done by internal devices to the computer, as well
as those associated to the instrumentation). Once the interrupt is identified by the
system as belonging to the cyclic timer, the appropriate interrupt handler takes
over the CPU. In this case the CPU enters in the supervisor mode of operation in
order to service the interrupt. This is a high priority processing mode available to
the Motorola CPU’s, that allows a quick service response, but with same drawbacks
such as no debugging mechanisms, etc. (for more details see [4]). In this supervisor
mode, the last instruction being executed by the lower priority process is stored,
for future use, and the control is passed to the dispatcher. The function of the
dispatcher is to choose the top priority task and sequentially execute all the others
that are also needed.

The simplest interrupt handler is that used by the steady state birefringence.
In this case the experiment consists of a series of steady state flow conditions, with
the angular speed of the rollers starting at a low speed, and incremented by a
prescribed amount after a period of time. The number of steps for the series, the
initial low speed, the speed increment, and the period of time at a given speed, are
parameters given by the operator at the first level of the program. The following
lines present such an interrupt written in HP Pascal (this procedure is part of the

procedure executing the Steady State birefringence).

PROCEDURE SS_INTR_HDL(VAR STATBYTE, DATABYTE: BYTE; VAR DOIT: BOOLEAN);



This sub-procedure of BirP_BSS takes over the CPU when an interrupt occurs.
It is in charge of doing the data acquisition thru the ADC and triggering
of the SMI to generate the step ramp. EGA Rev. 1.0, 25/Nov/86.

BEGIN
IF (ODD(STATBYTE DIV 32) AND ODD(DATABYTE DIV 32)) THEN BEGIN
CYCLICCOUNT := CYCLICCOUNT + 1;
IF (CYCLICCOUNT MOD 20 = 1) THEN BEGIN

TRIGGER(SMI_isc); { .. trigger SMI. Speed incremented! }
END;

IF (CYCLICCOUNT MOD 20 = O) THEN BEGIN{.. Data acquisition begins.. }
TRY

measurement_lib_random_scan(name, c_size, channel,

d_size, ADC_Dptr, REPT, p_size, pace, g_size, gain);
i := 4 % REPT + 1{;
WHILE i <= d_size DO BEGIN

ADC_Dptr-[i] := -11.0;
i:=1i+1
END { .. Data acquisition done! }

RECOVER BEGIN
IF (ESCAPECODE = IOESCAPECODE) AND (IOE_ISC = 18) THEN
Add_Error (ErrorLT, ADC3)
ELSE IF (ESCAPECODE = -1) THEN
Add_Error(ErrorLT, ADC4)
ELSE ESCAPE(ESCAPECODE);
ADC_Dptr~ := arrayconst {.. Failed, all elements equal to -13.}
END;
Save_dpoint(datqueue, ADC_Dptr); {.. ADC readings stored in queue.}
STEPCOUNT := STEPCOUNT + 1;
END
END
ELSE CALL(SAVEISRHOOK,STATBYTE, DATABYTE, DOIT);
END; {--=-=-c-==-=--=--- End of Procedure BirP_BSS.SS_INTR_HDL.}

CYCLICCOUNT keeps track of real time by counting the number of ticks of the
cyclic timer. CYCLICCOUNT is initialized by the higher level procedure before the
cyclic timer is started. After the first interrupt, the interrupt handler commands
the stepping motor interface to start the motor, (maintaining a constant speed) and
requests it to increase its speed after 20 ticks, repeatedly, until the complete sweep
of speed is executed. The data acquisition is always done just before the speed is
incremented (during tick #19) allowing the longest possible time for the flow to

reach a steady state before reading the light intensities falling upon the detectors.
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random_scan actually takes 500 readings (or less if requested by the operator) per
light detector, with the purpose of increasing accuracy of the measurements by
doing statistical data reduction of the experimental data. The data reading takes
place in an error trapping block. In this way, failures of the A/D converter are
reported to the system and the data is invalidated before it is actually used by
the data reduction process. Afterwards, the data ADCDptr is stored in the raw
data channel: datqueue, and the step counter incremented. When exiting the
interrupt handler, all registers, and the program counter are restored by the CPU
in order for the lower priority process—initially interrupted—to continue running.
The possible conflict of changing the rollers speed before all data is taken never
arises. The occurrence of another cyclic timer interrupt, while reading data, is

always saved in queue, and only executed after the completion of the previous one.

3.4 Execution of Birefringence.
The second level

The second level programming actually corresponds to the line of pseudo-code for
“execution of the experiment” of section §3.2, lines 18, 46. There are three specific
procedures for each one of the three possible birefringence experiments: Steady-
State, Start-Stop and Double-Step birefringence. The transient flow birefringence
is intrinsically more difficult mainly because of the strict synchronization required.
In the following paragraphs, the Pseudo-code for Double-Step birefringence is given,
together with its interrupt handler, written in Pascal code.

This experiment’s objective is the evaluation of fluid birefringence under tran-
sient flow conditions. This transient flow condition is the result of two identical
changes of the roller speed; the first change is from a low to a high speed and the
second is from the high speed bach to the low speed. Hence, we are interested in
the time evolution of the birefringence and the experiment tracks this evolution by

reading the light intensities at discrete time intervals, or points in time. Because
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of the fact that it is not possible to take enough experimental data during a single
run, this procedure executes a series of identical low-high and high-low changes
until enough data is collected and the statistical reduction of data improves the
accuracy of the experiment. During each one of the “partial” runs, the A/D card
reads at the fastest possible rate 10 values of light intensity for each point in time.
In this manner if the requested number of readings per point in time is 100, then
only ten partial runs are actually performed. Furthermore, the code allows a com-
plete series of low speeds to be tested where the high speed remains the same in all

cases. Here is a pseudo-code of such an experiment.

1 PROCEDURE Bir_Proc_Double_Step;
initialization of variables;

initialization of graphics; { .. monitor in graphics mode .. }
initialization of data channels;
5 calculate cyclic timer period (t_tick);

convert times into number of t_ticks;

save default interrupt handlers;

install cyclic interrupt handler (LH_INTR_HDL);

Reset error trapping mechanism

10 Repeat { ... for all low speeds requested ... }

initialize SMI;
initialize double variables;
enable cyclic timer;

16 { .. data reduction and plotting run in the background .. }
Install graphic mode for birefringence;
While experiment not completed do
If data reading finished
stop motor;
20 disable cyclic timer;
END;
update double variables for background processes;
Fetch data point from raw data channel;
Normalize raw data;
25 Statistical analysis of data;
If birefringence plot
compute orientation angle and biref;

plot data;
END; { .. of do loop for background execution .. }
30 Until all low speeds done;

Store experimental data;
Force exception (error = no_error);
Recover from errors block
disarm and replace cyclic interrupt;
35 clean dynamic variables (data channels);
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reset SMI to initial state;
print hardcopy of bir. plot;
reset monitor to alpha mode;
END; { .. of error recover block .. }
END; { .. end of procedure Bir_Proc_Double_Step. }

Initialization of the system is always the first operation. Replacement of the
standard interrupt handler by the desired one is done only after the previous one is
saved. The following section of code is completely guarded by an exception trapping
block, and in this manner, all the necessary clean-up operations are still available
before the experiment is aborted to a higher level of code. At this point the complete
apparatus should be ready to start execution of the experiment. It commences by
enabling the cyclic clock, where now there are two pieces of code sharing the CPU
“concurrently.” The other piece of code corresponds to the interrupt handler which
is described shortly. The background code consists of (a) the normalization and
conversion of voltages to relative light intensity values; (b) statistical reduction of
data; and (c) presentation of data in graphed format to the operator. These three
operations are done sequentially, and process all data available to the background
loop as provided by the last update of double variables. This does not mean that
the raw data channel is empty, since the update of double variables occurs much
less frequently than the rate of data acquisition.

It is required that the statistical reduction algorithm calculates mean values and
higher order moments of the partial data sets, permitting the operator to monitor
the time evolution of the data readings as the number of “partial” runs progresses.
At this point two conditions are important to take into account. The first is the
necessity to use algorithms that preserve the accuracy of the partial sums of the
moments of the distribution without incurring least-significant-bit errors by the
computer [6, 5], and secondly to compute the variances and covariances of the ex-
perimental data in order to be able to calculate the uncertainties of the dependent
variables, i.e., birefringence and orientation angle (see for example Bevington [7]).

This scenario implies that the best way to preserve the integrity of the data is by
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permanently storing the mean values as well as the variance and covariance of the
relative light intensities. Storage of the raw data requires approximately 100 times
more memory space, and storing the birefringence data provides no means of re-
trieving the experimental values, if other equations for computation of birefringence
are to be used.

Once all data readings are done, the program releases the interrupt code and
the background program takes full control of the CPU. The statistically reduced
data is saved along with some small tags, and before the control is passed to the
higher level procedure, the code forcefully executes clean-up operations in order to
restore the computer resources to the existing state before entering this code. The
Pascal code for the interrupt handler is as follows:

PROCEDURE LH_INTR_HDL(VAR STATBYTE, DATABYTE: BYTE; VAR DOIT: BOOLEAN);

This sub-procedure of BirP_BLH takes over the CPU when an interrupt occurs.
It is in charge of doing the data acquisition thru the ADC and synchroniza-
tion of the Stepping motor. EGA Rev. 1.0, 1/Sep/87.
datagood : boolean variable used to decide when to store data,
IntrCOUNT : keeps track of the number of interrupts trap by the handler,
CYCLICCOUNT: interrupts after high or low speed flow,
Read_pts : is a counter for the number of points read,
RunCounter : Counter to guarantee the minimum number of data readings,
Flow : boolean describing the flow condition based on counters.

BEGIN
IF (ODD(STATBYTE DIV 32) AND ODD(DATABYTE DIV 32)) THEN BEGIN
datagood := TRUE;
IntrCOUNT := (IntrCOUNT + 1) MOD MaxCOUNT;
CYCLICCOUNT := CYCLICCOUNT + 1;
IF (IntrCOUNT = 1) THEN BEGIN
Read_pts := O; CYCLICCQOUNT := 0O;
RunCounter := RunCounter + 1;
IF RunCounter <= runs THEN BEGIN
TRIGGER(SMI_isc); {.. start HIGH speed section of program! .. }
HighFlow := TRUE
END
ELSE BEGIN
TRIGGER(SMI_isc); { .. ENDS the flow condition of program! .. }
HighFlow := FALSE;
END
END;
IF RunCounter <= runs THEN BEGIN
IF (IntrCOUNT = StopCOUNT + 1) THEN BEGIN
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TRIGGER(SMI_isc); { ... begins LOW speed steady flow ! ... }
HighFlow := FALSE; CYCLICCOUNT := 0
END;

IF (RunCounter > 0) THEN
{i. e., first lap is for warming up! or no more data than needed.}
IF { ... data Acquisition begins .... }
(HighFlow AND((CYCLICCOUNT <= N1)OR
((CYCLICCOUNT > N1)AND((CYCLICCOUNT - N1) MOD 3 = 0)))) OR
(NOT(HighFlow) AND((CYCLICCOUNT <= M1)OR
((CYCLICCOUNT>M1)AND((CYCLICCOUNT - M1)MOD 3 = 0)))) THEN BEGIN
TRY
measurement_lib_random_scan(name, c_size, channel,
d_size, data, REPT, p_size, pace, g_size, gain);
RECOVER BEGIN
datagood := FALSE;
IF (ESCAPECODE = IOESCAPECODE) AND (IOE_ISC = 18) THEN
Add_Error (ErrorLT, ADC3)
ELSE IF (ESCAPECODE = -1) THEN
Add_Error (ErrorLT, ADC4)
ELSE ESCAPE(ESCAPECODE)
END;
Read_pts := Read_pts + 1;
IF Read_pts > totalpoints THEN totalpoints := Read_pts;
IF datagood THEN
Save_dpoint(Datlist, data~) {.. ADC readings stored in queue.}

END;
END
END
ELSE CALL(SAVEISRHOOK,STATBYTE, DATABYTE, DOIT)
END; ----=-=-=-=-=---- End of Procedure BirP_BLH.LH_INTR_HDL.}

The interrupt handler bases synchronization of data readings and triggering of
the stepping motor in terms of the t_tick here expressed as IntrCOUNT. A partial
run is completed when the number of interrupts reaches maxCOUNT. At this point
the partial run counter is incremented and the next run is executed. The data
acquisition starts only after the first partial run is completed. That is, this first run
is executed to erase the previous memory of the fluid sample. In this manner, the
second run, commences with a known flow history. When IntrCOUNT = 1, the roller
rotation changes to a high speed, and this speed is altered only after the interrupt
counter reaches StopCOUNT + 1.

The data acquisition part of the interrupt handler, is similar to the one pre-

viously discussed for the Steady-state experiments; the main difference being that
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data is not always read for every clock interrupt. The highest density of points
in time is needed when the sample anisotropy is most rapidly changing. Thus,
three times more points in time are read for the first one third of the experimental

run when changes of the roller speed occur and transient effects should be most

important.
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Flow Birefringence Studies in Transient Flows of
a Two-Roll Mill for the Test-Fluid M1

Abstract

We have studied the test-fluid M1 in flows generated by a two-roll mill. These flows
are linear, and two-dimensional, and the magnitudes of the strain-rates are greater
than the vorticity. The polymeric solution is shown to degrade significantly, even for
small values of the velocity gradient, as measured by the changes in the macroscopic
relaxation time-scales. Consequently, the determination of macroscopic properties
such as elongational viscosity based upon the overall pressure difference, or the
total force as measured in a spin-line rheometer, may not be representative of the
properties of the fresh, undegraded fluid. In this work, the degradation of the
test-fluid has been studied as a function of the strength of the velocity gradient for
different values of the ratio of the strain-rate to vorticity of the flow. Furthermore,
the observed relaxation time-scales have been evaluated based on data for steady
state flows, and several transient flow histories such as start-up and cessation of
flows, and double-step flows. These flow histories provide us with some insight into
the relaxation dynamics of the polymeric structure for different initial conformation

states.
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Chapter 4

Flow Birefringence of the
Test-Fluid M1

4.1 Introduction

In this paper, we report a birefringence study of the polymer solution M1, in two-
dimensional strong flows that are generated in a two-roll mill. The designation
strong in this instance is taken from the general criterion as expressed by Olbricht
et al. [2] and others (see for example Tanner [4].) In two-dimensional flows this
criteria implies that the magnitude of the strain-rate exceeds the vorticity. Previous
studies of both dilute and concentrated polymer solutions have shown that polymer
extension and orientation is qualitatively (and even quantitatively) similar for all
strong flows, including pure extension, provided that the polymer orientation is
compared with the principal eigenvector of the velocity gradient tensor, and the
effective strain rate (i. e., the magnitude of the principal eigenvalue) along this
direction is used instead of the velocity gradient itself (see for example Dunlap and
Leal [7]).

Birefringence provides a measure of the degree of optical anisotropy, and of the
orientation of the principal axes of the refractive index tensor, that is induced in a

polymeric liquid by the imposed flow (see for example Janeschitz-Kriegl [1]). This
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is a reflection of changes in the polymer conformation due to the flow, and for weak
departures from the state of equilibrium, it is also directly related to changes in the
stress. Most of the other studies of the fluid M1 that are reported in this volume are
designed to provide a measure of extensional viscosity via measurements of overall
pressure differences or exerted force in spin-line and opposing jet configurations.
The birefringence data reported here provides a direct measure of polymer confor-
mation in an extensional flow. We are able to study both steady and transient flows
of various types, i. e., start-up, relaxation from a steady flow, or double-steps, etc.
We shall describe these flows in the next section.

The present study was carried out using a new experimental system that was
designed to study birefringence in time dependent strong flows, and that also allows
detailed measurements, via dynamic light scattering, of the velocity gradient field
as a function of time and spatial position. The latter, in our view, is essential for
any quantitative interpretation of the birefringence data (that is, of the response
of the polymer to the “real” strain-rate imposed by the flow,) because significant
departures from the equilibrium conformation will not only be accompanied by
measurable amounts of birefringence, but also usually, by significant changes in
the flow compared with the motion of a Newtonian fluid in the same flow device,

! In spite of this, however, measurements of the

at the same Reynolds number.
velocity gradient field were not made in the present study because it was found
that the polymer solution degraded on a time-scale that made it infeasible to do
both birefringence and light-scattering studies in a reasonable amount of time with
the somewhat limited amount of test fluid that was available.?

In this paper, we briefly summarize the main features of the experimental system
(a more detailed description will be published elsewhere, and may be obtained upon

request from the authors), and then report data on both the solvent and the polymer

test-fluid M1. Finally, we discuss our views on the significance of our results.

1Of course, the same is true of the flows in “extensional” rheometers.
2Degradation of the solution required the fluid sample to be frequently changed so that it was
under flow only for a short time.
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4.2 A Brief summary Description of the
Experimental System

The experimental system used for this work is new and has not yet been described
elsewhere. However, a complete, detailed description would be inappropriate in
the present context, where the focus is the measured behavior of the test fluid M1.
Thus, we limit ourselves to a brief summary of the experimental set-up with enough

detail to allow the reader to understand what we have done.

4.2.1 The Flow Device: A Two-Roll Mill

All of the birefringence and light scattering studies carried out in this laboratory
over a number of years have utilized either a two- or a four-roll mill to generate the
flow fields. These devices consist of either two or four parallel cylinders (situated,
in the case of the four roll mill, in a square pattern) with the flow generated by
rotation of the cylinders. When properly designed, these flow devices produce a
good approximation to a linear flow in the region between the rotating cylinders,
with the ratio of strain-rate to vorticity and the magnitude of the velocity gradient
independently controlled. In the case of the two-roll mill, with cylinders co-rotating
at the same angular velocity (as in this work), the flow type is controlled by the ge-
ometry of the flow device, i. e., by the ratio of the cylinders’ radius to the gap width
between the cylinders, and the magnitude of the velocity gradient is proportional
to the angular velocity of the cylinders.

It is convenient to parametrize the (approximately) linear flow that exists in the

region between the cylinders by expressing the velocity field in the form

ol W+x (@=x 0
U=2|-0-%) -0+ 0| X, (4.1)
0 0 0

where the position vector X is measured from the origin of a coordinate system that
is centered at the geometric center of the two-roll mill. Thus, the flow is completely

characterized by the two parameters G and A, where G is the magnitude of the
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velocity gradient (often called the shear rate), and A determines the ratio of strain-

rate to vorticity (i. e., the flow type) by the expression

IE] 14X
e 1=

(4.2)

Clearly, A varies from —1 to +1, with A = 41 representing a pure straining flow,
A = 0 a simple shear flow, and the range of possible strong flows (as defined earlier)
corresponding to 0 < A < 1. The two-roll mill can generally produce flows with A
values in the range of 0 < A < 0.25. Another critical feature of the flow generated
by a two-roll mill as indicated by equation (1) is that it contains a stagnation
point at its geometric center. Thus, in contrast to many extensional flow devices,
the polymer molecules near the stagnation point are subjected to very large total
strains, and consequently can achieve the maximum change in conformation that
is consistent with the particular strain-rate.

The two-roll mill used in the present study is shown schematically in Figure 1. It
was built with 8 pairs of rollers of different diameter, so that eight A values between
0.01 < X £0.2 could be obtained by simply using different pairs of rollers. In the
present study, the M1 fluid was evaluated with roller pairs C, and F. The dimensions
of these two sets of roller pairs, together with the gap width and the length-to-gap

ratio are listed in Table 1. The two-roll mill used here was designed so that both

\/i';)'m ar

Roller | radius | gap | height: A Ymaz
ID. | (cm) | (cm) | gap ratio (sec™!) | (sec™?)
C 1.570 | 0.260 9.8:1 0.0403 74.2 461.2
F 1.278 | 0.844 3.1:1 0.150 329 105.8

Table 4.1: Characteristics of the Two-roll Mill

rollers are driven simultaneously by a single stepping motor. The motor electronics
is interfaced with a computer, so that a variety of different transient flow-histories
can be produced, as well as an automated sweep through a series of steady flows

with different values of G. Among the transient flows used in this study were: (a)
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Figure 4.1: The two-roll mill flow device. The rollers are driven by a single stepping
motor coupled to them via identical worm-and-gear assemblies. The rollers are
supported by three sets of bearings to guarantee colinearity of the axis of rotation
and to minimize excentric wobbling of the rollers.
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a start-up flow, where the fluid at rest is put abruptly into a condition of steady
flow®, (b) stop flow, which corresponds to an “instantaneous” cessation of a steady
flow condition, and (c) double-step flows where a steady flow condition is stepped

into another.

4.2.2 Two-Color Birefringence System

In order to perform birefringence measurements in time dependent flows, we have
adopted the two-color birefringence technique that was originally developed by
Fuller and coworkers [15]. The basic problem with transient birefringence measure-
ments is that both the degree of birefringence (i. e., the difference of the principal
values of the refractive index tensor in the plane of the flow), and the orientation
of the corresponding principle axes of the refractive index tensor are unknown and
varying in time. Clearly, two independent measurements are necessary to determine
both the degree of optical anisotropy and the time-dependent orientation angle. The
two color system is designed to provide these two independent measurements simul-
taneously by using the two main colors of an Argon-ion laser? (respectively, with

wavelength of 4880 Aand 5145 A). The retardance of the sample is determined by

3Actually, all flow conditions are achieved via an acceleration ramp for the angular velocity of
the rollers that although quite high, is still finite. The motor always requires less than 1/20th
of a second to reach any prescribed angular speed; mean values for the ramp-time are less than
1/100 of a second for the experiments reported here. The fastest intrinsic time-scales observed for
this particular fluid sample were at least an order of magnitude longer. The acceleration ramp is
one of the various parameters that the experimentalist has control of through the computer. The
observed behavior was always checked for possible dependence on the ramp-time.

4The laser head in order to supply the two-color beam has been equipped with a blue-green
output coupler, a flat broadband reflector, an isothermal intracavity etalon and, a polarization
rotator at the lasing end. The intracavity etalon is used to operate the laser in single mode for
both lines and in this way a more stable operation for the intensity of the two colors is obtained.
Furthermore, the stability of the light intensity depends on the temperature of the etalon. The
control of the temperature of the etalon’s oven provides the means of balancing the intensity of
both beams so that the most stable operation is achieved for both lines. The argon laser equipped
with these items, becomes a light source with the following important characteristics: (a) one
laser provides the two colors, and consequently the initial optical characteristics of both beams
are identical, (b) both lines operate in single transversal emission mode T'E Mg, maintaining it
for periods up to several weeks at a time. In this manner, the light intensity distribution across
the beam is very stable and can be assumed to have a Gaussian profile at all times; and, (c) the
stability of the light intensity is best for both lines independently, remaining within a percentage
point.
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Figure 4.2: Relative orientation of the Optical system and the flow cell

measuring the light intensity that passes through crossed polarizers for both colors
separately, with the relative orientation of the incident polarization of the green
beam -with respect to that of the blue beam- rotated to some fixed angle. The
most convenient angular separation for the polarization of the two beams is 45°,
and for the experiments reported here the initial polarization of the green and the
blue beams is at angles of +22.5° and —22.5° respectively, relative to the symmetry
plane which bisects the two-roll mill. Figure 2 shows the relative orientation of
the blue and green analyzers, as well as the principal optical axes of the solution
and the symmetry axes of the flow field. The general principles for the two-color
measurements, including the general basis for data analysis, are discussed by Chow
and Fuller [15] and will not be repeated here.

However, a few details of our present system are worth stating, specifically as

they relate to measurements that have been done on the test liquid M1. First, the
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current system is extremely sensitive, with extinction ratios in the absence of the
flow device of O(107°). In the presence of the flow device, the residual birefrin-
gence of the glass windows is the primary limitation on sensitivity, since it can be
larger than the birefringence of a slightly anisotropic fluid. With our flow device
it is possible to rotate the glass windows (perpendicular to the incident beam),
and pre-load them (at three different points along their perimeter) so that the
residual birefringence is minimized prior to the execution of the flow-birefringence
experiments. The lowest detectable values for the glass birefringence depend on
the minimum detectable values of the measured light intensities past the analyzers.
The maximum extinction ratios detectable with our device, for both colors, are
typically O(5 x 10* : 1), which represents the maximum sensitivity of our optical
arrangement. Within this range of sensitivity, the residual glass birefringence al-
ways exists, and, in fact varies (specially in its orientation angle) from day to day,
due mainly to changes of the room temperature. The possibility of pre-stressing the
glass windows is an important advantage of this system especially when the fluid
sample is only slightly anisotropic, such as for the solvent data that is presented
later on.

Another important characteristic of this two color system is that the beam waists
for both the green and blue beams are approximately 75 microns in diameter, and
the extent of the beam waist regions is about 0.75 cm. Thus, the birefringence
measurements are very localized, relative to the dimensions of the flow device. A
typical beam dimension of this size is not particularly difficult to achieve for a
single color birefringence system. On the other hand, for the two-color system, the
optical set-up must not only provide a narrow beam, but the dimensions, shape
and location of the blue and green beams must be as nearly identical as possible
across the flow device. This is a difficult task when both beams are 75 microns in
diameter and the above conditions are to be maintained for long periods of time.

The flow device is mounted on a support with four degrees of freedom (z,y, 2, 9)

in order to adjust the relative position of the two-roll mill with respect to the
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incident beams. The translating stages (three) for these degrees of freedom are
driven by differential micrometers with a resolution of 0.00005 inches, while the
azimuthal orientation is adjusted with a micrometer providing an angular accuracy
of 0.0003 radians. The re-positioning of the flow cell is always better than 0.001
inches and 0.001 radians, even when the flow device is dismounted for the purpose
of replacing the solution.

The speed of data acquisition is mainly limited by the electronics in the exper-
imental apparatus. It takes about 1 msec. to execute all the necessary irradiance
readings to obtain a data-point for the extinction angle and the birefringence of the
fluid sample. In order to increase the signal to noise ratio, the computer program
performs several readings sequentially, at full speed, and performs the appropriate
statistical analysis on the data sample. For the steady state flow conditions, the
average number of readings per data point was about 500. For the transient flows,
ten readings are taken sequentially (at the fastest pace possible) for every point in
time, and the sum of results from ten repetitions of the experiments are used for
the statistical analysis. The flow conditions were kept identical for each one of the
ten different experimental runs.

The chief limitation of the M1 solution for the birefringence studies is that it is
relatively dirty for optical work. Thus, we have found that there is a significant loss
of intensity from the incident light beams as they traverse the sample due primarily
to scattering of light from small dust particles that exist in the fluid M1. Although
dust can normally be removed from liquid samples—by filtration, for example—this
is difficult at best when the fluid is as viscous as M1. We were also hesitant to filter
the sample due to the potential for significant changes of the fluid properties via
degradation. On the other hand, in order to remove some of the largest and most
troublesome dust particles, our samples were centrifuged in a Serval S-6 centrifuge
at approximately 5000 rpm., for approximately four hours. The top and bottom of
the sample were discarded, and the remaining fluid was allowed to rest for several

days at room temperature before being used.
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It is also likely that the M1 fluid exhibits measurable dichroism, which increases
with increasing values of the velocity gradient, but this is difficult to distinguish
from the loss of intensity due to scattering from the dust or dirt. This combination
of factors leading to less light intensity makes the data analysis extremely diffi-
cult when the birefringence becomes strong enough to produce multivalued light
intensity values with increase of G (the measured light intensity is proportional
to the square of the sign of the retardance, i. e., i ~ sin?(§/2)). Furthermore,
for the flow geometries and values of G reported in this work, the degradation
of the fluid samples was already significant in the vicinity of the first maxima of
the retardance. Rather than attempting to deconvolute the light intensity data
which requires a knowledge of the dichroism for fluid samples that are difficult to
characterize because of the fast degradation that is taking place, we have limited
ourselves to the limited range of values for the velocity gradient where the light
intensities are monotonically increasing functions of G. Furthermore, instead of
normalizing the measured intensities with the intensities of the incident beams, as
would be “normal” for the two-color system, we measure the total maximum light
intensity after the beams pass through the fluid sample, and normalize with that
value rather than the incident beam intensity in order to reduce fluctuations and
noise contributions due to the presence of the dust particles.

The measurements reported below were primarily made at the central region,
around the stagnation point of the flow. However, some measurements were also
done in the plane that passes through the two roller axes, that is, across the gap
between the cylinders. These measurements were necessary in order to locate the
region of maximum birefringence and also provide a basis which could be used to
evaluate the degree of localization of the birefringence zone for the various flow
rates. However, in the present paper, we only report on data from the point of
maximum birefringence.

As a general practice and whenever a fresh solution is used, the relative orien-

tation of the symmetry axes of the flow cell with respect to the bisector defined by
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the azimuthal orientation of the blue and green analyzers was also fine-tuned based
upon the measured orientation angle for the polymer for two sets of experiments

at the stagnation point in which the direction of roller rotation was reversed.®

4.2.3 Homodyne Light Scattering

Our experimental system is also designed to do homodyne (dynamic) light scatter-
ing measurements at any position within the flow device, using the scheme originally
developed in this laboratory by Fuller et al. [18] to relate this data to the local
velocity gradient in the flow. Asindicated in the introduction, our goal is to directly
measure the velocity gradient in the flow in order to correlate with the measured
birefringence levels. Indeed, the current experimental set-up is designed to perform'
measurements of the velocity gradient in both steady and time-dependent flows.
In general, if the polymer undergoes a change of conformation, the flow will also
change, and measurements of the velocity gradient become an essential part of any
study of the birefringence involving polymer solutions (or melts) that are not ultra-
dilute. Without flow measurements, for example, any tendency towards non-linear
dependence of the birefringence on roller rotation rates cannot be ascribed in an
unambiguous way to changes in the polymer response to the flow, as opposed to
changes of the flow. Nevertheless, no measurements of the velocity gradient were
made for the M1 fluid. Even for steady state flows, where no repetition of the
experiment is necessary, the addition of light scattering measurements increases
significantly the time the material must be subjected to large strains. For M1, we
found that the solution degrades rapidly and this precluded additional measure-
ments beyond the birefringence measurements reported below, both because the

limited amount of available test-fluid limits the number of “recharges” that it is

5The azimuthal calibration was done with a clean solution of polystyrene in toluene. With
this solution, data for the orientation angle is reproducible within +0.25° for the complete range
of speeds of the rollers. The flow device and optical system orientation are considered to be
equivalent when the absolute value of the extinction angle of the measured anisotropy coincides
within 0.5°, for the clockwise and counterclockwise rotation of rollers. It may be noted that the
flow cell mount is capable of positioning the flow device with a reproducible azimuthal orientation
of +£0.05 degrees.
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possible to do, and because of the excessive time required to evaluate the flow field
characteristics of a sample that, because of dust particles has poor signal-to-noise
ratios. Since, no measurements were made, we postpone any detailed description

of the light scattering system to a later publication.

4.3 Results for the Test-Fluid M1

The complete characterization of the flow-induced anisotropy of a polymeric fluid
requires determination of the birefringence An, as well as the orientation angle x of
the principal axes of the refractive index tensor with respect to the flow field. Two
typical data sets are shown in Figure 3 and 7. In the upper part of these figures,
the birefringence is plotted as a function of the principal eigenvalue of the velocity
gradient tensor, i. e., G/ for steady flow. The graph on the bottom of the figures
shows the orientation of the principal axis of the refractive index tensor measured
relative to the bisecting symmetry axis for the two roll mill. A positive value for
this angle, corresponds to the optical axis lying between the symmetry axis and the
outflow axis along the direction of the principal eigenvector of the velocity gradient
tensor (see Figure 2). Previous studies of polymer solutions in this lab have shown
that the degree of orientation (and presumably extension) of the polymer molecules
is a function solely of GV for all values of A > 0. Thus, in the current studies
we plot all results, including those for the solvent, versus Gv/X. Surprisingly, the
birefringence data for the solvent shows a reasonable correlation with this parameter
even though there can only exist a (presumably) weak orientation of the solvent

molecules.

4.3.1 The Solvent

In order to unambiguously interpret birefringence data for a polymer solution,
it is necessary to independently measure the birefringence properties of the sol-

vent. Thus as a preliminary to the main body of experiments, a set of results was
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obtained for the solvent used in the preparation of M1. Figure 3 presents the optical
properties of the solvent as a function of Gv/X for rollers F. It may seem surpris-
ing at first that the solvent shows a measurable and easily reproducible level of
birefringence as a consequence of the flow in the two-roll mill. Rheological studies
reported in these proceedings, using mechanical rheometers showed no measurable
level of non-Newtonian behavior for the solvent at comparable values of the velocity
gradient of the flow. The birefringence measurements show the existence of a flow-
induced anisotropy in the solvent that is usually associated with non-Newtonian
fluid properties. However, the birefringence is very weak (almost two orders of
magnitude smaller than measured for a fresh sample of M1 solution at the same
value of G\/X), and presumably represents too little conformational anisotropy to
be reflected at measurable levels in macroscopic mechanical properties.

The initial values for the orientation angle, and the birefringence shown in Fig-
ure 3, reflect the presence of the residual stress birefringence of the glass windows of
the flow device. Thus, the observed behavior (at low values of the velocity gradient
eigenvalue) is the result of a weak anisotropy of the fluid that is comparable in
magnitude to the anisotropy of the glass windows, but with the principal direction
of the refractive index tensor for the glass (which may change on a daily basis) be-
ing quite different from that of the fluid. Not withstanding this complication, the
solvent birefringence shows a linear increase with Gv/X for values beyond 5 sec™!.
The glass birefringence is only significant at the lowest values of Gv/X and affects
the measured values of An for the fluid in a way that changes the zero shear-rate
intercept (no flow conditions) relative to the extrapolated solvent birefringence line.

Once the measured birefringence is dominated by the contributions of the sol-
vent, it is seen that the measured orientation angle is relatively close to the principal
axis of strain of the flow, which corresponds to an orientation of 45° with respect
to the symmetry axis of the flow cell. This is the same orientation that has been
observed for other fluids of small asymmetric molecules, and is equivalent to the

expected initial orientation of a slightly deformable sphere (corresponding to a 45°
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Figure 4.3: Birefringence and extinction angle for the solvent with rollers F (A =
0.1501). The three markers represent three different experiments consecutively
done.
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orientation in these plots). For larger values Gv/), the orientation angle shown in
Figure 3 appears to rotate slightly towards smaller values. This behavior was ob-
served for all flow geometries and values of Gv/A accessible to this flow cell. There
exist two possible reasons for the rotation of the measured orientation angle: (a)
the “initial” orientation of the solvent molecules rotates slightly toward the outflow
axis as the value of the velocity gradient increases, in a manner reminiscent of the
behavior of a slightly more elongated deformable body (note that a sufficiently elon-
gated body will align along the direction of the principal eigenvalue of the velocity
gradient); or (b) there is a stress build-up on the glass windows due to the flow
which does not contribute significantly to the total birefringence, but may induce
a slight rotation of the measured orientation angle. There is no way at the present
time to distinguish between these two possibilities. Figure 4 shows results obtained
using two different flow geometries (that is, for different values of the flow param-
eter \). The two sets of data show a good correlation when plotted against Gv/\.
Furthermore, they show an almost linear increase of the birefringence as a function
of the eigenvalue of the velocity gradient up to the maximum values possible with
this flow device. These facts indicate that any change in the relationship between
the shear rate and the roller speed is negligible, i.e., the solvent is responding as a
Newtonian fluid for two different flow geometries (A values of 0.04, and 0.15).

We also examined the abrupt start-up of steady motion of the solvent for two
flow geometries: A = 0.15 and 0.04 using a linear ramp-up of the cylinder rotation-
rate from rest to the final steady value in a time interval less than 0.01 seconds.
Relaxation experiments from steady flow to rest were also done. Two typical results
for the solvent are shown in Figure 5 and Figure 6. In the first, we see results for
start-up to, and cessation from, a steady flow at an eigenvalue of 24 sec™! and

”

A = 0.15. The start-up of flow always follows a prescribed “rest-time.” Changes
in transient effects at the onset of flow, following different rest-times can often be
used to probe for the presence of relaxation phenomena that may not be easily

detectable in birefringence data after cessation of flow; see for example Liu et al.,
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[7, 8] and Dealy and Tsang [9, 10]. In Figure 5 there are four sets of traces of
birefringence measurements which correspond to two different experiments for start-
up and cessation. In both experiments the duration of the steady flow is 10 seconds,
while the “rest-time” (after cessation of flow) is 5 seconds in one case and 20 seconds
in the other. However, there is no evidence of any dependence of the start-up of
flow on the duration of the rest-time for the solvent.

It may also be noted that the start-up of flow is quite fast as there is only a
single reproducible data point at At = 2 x 1072 sec. which is indicative of the
transient behavior of the fluid during onset of the flow. However, the apparent
time-scale for transition to steady state based on this data point (between 0.01 to
0.05 sec.) is of the same order as the expected start-up time scale for the flow based
on diffusion of vorticity. Since the length scale for the roller gap is of the order of
0.5 cm for A = 0.15, and the solvent viscosity is reported by other investigators
in this symposium to be O(15 poise), then the vorticity diffusion time scale is
O(I?/v) = ©(0.017) sec. Consequently, the single transient data point for onset
of birefringence may be due to vorticity diffusion rather than any type of molecular
re-orientation. The same characteristic behavior can be observed for the orientation
angle.

For cessation of flow, there is a fast observable relaxation of the solvent bire;
fringence that happens within the first data point (2 x 1072 sec.). There is also a
fast and small reorientation of the extinction angle. The slight upward drift ob-
served in the orientation angle for large times (¢ > 1 sec.) is probably due to stress
relaxation in the glass windows—produced by the previous shearing conditions of
the flow field—that without changing significantly the total birefringence, rotates
the principal axis of the refractive index tensor. This qualitative behavior, ob-
served for start-up and cessation of steady flow, is generally present at all accessible
roller speeds. However, it is interesting that the orientation angle provides a more
sensitive probe of flow-induced conformation changes than the birefringence. For

example, in Figure 6, we consider a case in which the flow-induced birefringence
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is only slightly higher than the lowest measured levels under no-flow conditions,
but it is still possible to detect changes of the extinction angle within +2 degrees.
Double-step experiment (for A = 0.04) were also performed for the solvent with

results that are similar to the transient flows described above.

4.3.2 The Test-Fluid M1

Birefringence measurements do not directly yield the corresponding changes in bulk
stress, except for simple and weak flows. Nevertheless, birefringence data for pos-
itive values of the flow parameter A, can contribute to our understanding of the
fluid behavior in extensional flows. Among the fluid properties that can be deter-
mined is the longest relaxation time for both near-equilibrium and non-equilibrium.
conditions. Birefringence is also sensitive enough to detect relative changes in the
molecular weight distribution for a given sample, including changes in a very small
percentage of the highest molecular weight portion of the distribution [23, 24].

The relaxation times for a polymer fluid can, in principle, be measured in several
ways. The most straight-forward, with a transient birefringence device like the two-
color system, is simply to examine the relaxation of birefringence from an initial
steady value to an isotropic rest state when the flow is suddenly removed. Another
approximate method that has been used by other investigators, based upon steady
state flow data, is to estimate the characteristic time-scale from the critical effective
strain-rate G4/ = 7, for onset of birefringence. This later method appears to work
especially well for dilute solutions of (narrow MW distribution) polymers that are
highly coiled in the rest state, and has even been applied with some success (though
less justification) to semi-dilute solutions. Other measurements of relaxation times
can be obtained from overshoot or relaxation data in double-step and/or start-up
experiments [9, 10].

The results actually obtained here for M1 are somewhat less comprehensive
than suggested by the above list of possible measurements. The main limita-

tion for experimental studies of the test-fluid M1 is that it undergoes irreversible
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degradation at very low effective strain-rates, Gv/X. Hence, many measurements
that one would like to make, involving multiple steps or runs, are rendered more
or less futile, and were not pursued. Consequently, in this section we concentrate
on a series of experiments that were done to evaluate the effects of degradation.
It is this data that we believe to be the most pertinent to the other investigations
reported in this volume, because it suggests strongly that any flow which induces
significant stretching of the polymer will tend to introduce degradation. However,
we have carried out a number of measurements involving M1 that appear to be of
general interest in the context of a fundamental understanding of the dynamics of

polymeric liquids in time-dependent flows.

Flow Degradation of the Test-Fluid M1

The presence of flow-induced degradation of the polymer even at very low shear
rates, is perhaps the most important result of our study, insofar as it relates to the
other work reported in these proceedings on the M1 fluid. One clear example of
degradation is shown in Figure 7, where we plot the birefringence and orientation
angle for steady flow corresponding to A = 0.15 and a small range of values of
GvVX. Two distinct plots of birefringence are clearly evident. The upper set of
birefringence data corresponds to a fresh sample of M1, while the lower data set
was taken using the same solution after flowing at Gv/A =~ 6.6 sec™! for a total
period of 50 minutes. Although this is a long period of time, and corresponds to a
large total strain of approximately 2 x 10* (as calculated for a fluid element that is
at the stagnation point), the velocity gradient is very low, indeed, substantially less
than values that we have previously studied with no sign of degradation for narrow
MW distributions of polystyrene or polystyrene sulfonate of a comparable average
molecular weight in a solvent of a similar viscosity! We conclude from this, that the
M1 fluid must exhibit a very broad molecular weight distribution (MWD), because
it can only be the very high MW portions of the MW distribution of the polymer,
that are ‘destroyed’ at these very low values of GV/\. Also shown in Figure 7 is the
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Figure 4.7: Flow induced birefringence of the test-fluid M1 as a function of Gv/X
for rollers F (A = 0.1501). Experiments 1 and 2 for a fresh solution (<, x), and

experiments 3 and 4 for the same fluid sample after been sheared for approximately
50 minutes at Gv/X = 6.6 s71. (O, +).
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measured orientation angle for both the fresh and degraded fluid M1. However in
both cases, the orientation angle simply undergoes a transition from the residual
initial value of about 10° to a final orientation of 17° which is 4° under the expected
orientation for alignment along the principal axis of VU for A = 0.15 .

We have noted above that the onset velocity gradient for significant birefrin-
gence has often been used to estimate the relaxation time for the polymer in an
equilibrium (or near equilibrium) configuration [12, 24]. This process is based upon
the theoretical prediction from linear (bead-spring) models for dilute solutions that
polymer stretching commences when |[VU|7gr = O(1), (7g being the characteristic
relaxation time) and requires extrapolation of the birefringence data back toward
the horizontal axis in order to minimize the effects of the residual glass birefrin-
gence. This extrapolation is obviously subject to significant arbitrariness, especially
if the polymer has a broad MW distribution that will tend to smooth out the onset
of birefringence over a wide range of values of Gv/), or if the data is noisy as for
the “fresh” solution in Figure 7.6 In any case, it is clear from Figure 7 that there is
a substantial (~ 2x) decrease in the relaxation time when the solution is degraded.
Indeed, based upon the straight-line extrapolations shown in Figure 7, we estimate
the polymer relaxation times in terms of the apparent critical value of Gy/X as
approximately 1 sec. for the fresh solution and 0.6 sec. for the degraded fluid. We
shall shortly show how this compares with the relaxation time obtained in a direct
relaxation experiment, but we may note that the quantitative values obtained in
this way, depend significantly on the somewhat arbitrary choice of the extrapolated
line. For example, in Figure 8 we show a second pair of lines based on the same data

set but within a more limited range of values for the velocity gradient. Although it

6The rather noisy data set for the fresh solution in Figure 7 is a consequence of (a) tiny bubbles
generated while loading our flow device; and (b) a seemingly poor initial mixing of the polymer
in the solvent. Normally these conditions would be removed by running the two-roll mill for a
period of time before taking any data. However, for experiments designed to characterize the
degradation of the fluid this is no longer an acceptable procedure, and one is forced to accept
more noise than usual in this data set for the fresh M1. The noise level for the data set of the
degraded fluid taken after 50 minutes of elapsed run-time is more nearly typical of the expected
results for our apparatus.
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Figure 4.8: Flow induced birefringence of the test-fluid M1 as a function of GV
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is still clear that the relaxation time for the degraded solution is much shorter that
that of the fresh fluid, the numerical values are significantly modified.

A much more accurate and reliable estimate for the characteristic relaxation
time of the polymer is obtained by a direct study of birefringence relaxation from
steady-flow to a state of rest, though this would generally depend on the initial
polymer conformation. At the same time, a more detailed view of the rate of
polymer degradation can be obtained by combining such relaxation studies with a
succession of steady flow periods of known length. Some selected results for this
type of experiment are shown in Figure 9, and a complete set of relaxation times
obtained from Figure 9, and a series of related studies is presented in Figure 11,
which will be discussed shortly. |

As indicated above, the data in Figure 9 was obtained by performing a series
of relaxation experiments each separated by a period of continuous flow (when the
most significant flow degradation of the fluid occurs). The relaxation data shown
in Figure 9 represents an average over five repetitions of a “characterization” se-
quence, in which a steady flow was maintained for 30 seconds at Gv/A = 1.18 sec™!
followed by a 40 seconds relaxation period with the rollers completely stationary.
Furthermore, for each such relaxation sequence, each “instantaneous” data point
represents an average of ten data readings taken over a sampling period 2 msec.
Thus, each data point in Figure 9 corresponds to an average of 50 independent
readings. It is important to emphasize that the velocity gradient during this char-
acterization portion of the experiment was very low, Gv/A = 1.18 sec™!, and the
total strain corresponding to the complete start-up cessation sequence, i.e., Gv/A T
with Ty being the total flow time for the sequence, was only 213. In contrast, the
period of continuous steady flow between each set of relaxation experiments was
T, = 300 seconds, corresponding to a total applied strain equal to Gv/A T, = 2664.
Two additional details of these relaxation time-scale experiments may by worth
mentioning. One is that a significant period, with the system completely at rest,

separated each steady flow and relaxation “characterization” sequence; one minute
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after each steady flow and three minutes after each relaxation time-scale sequence.
Second, one start-up/cessation segment was run prior to any data being taken in
each relaxation time-scale sequence in order to ‘erase’ the previous history of the
fluid (¢.e., each sequence actually consisted of six inception-cessation segments with
data collected during the last five).

Returning to Figure 9, the numbers corresponding to each set of data indicate
the sequence number, where #0 is the fresh solution, #1 is the relaxation data
taken after one 7, = 300 sec. flow period, #2 follows the second period of steady
flow and so on. The markers (+, O, x, <) on the left hand side, next to the
ordinate, correspond to measured levels of the birefringence and orientation angle
for experiments #0, 2, 5, and 10, just prior to the abrupt cessation of flow at ¢ = 0.
Clearly, as the polymer is sheared for an increasing period, the steady birefringence
level at Gv/X = 1.18 sec™! (the value used for the relaxation experiments) decreases
due to degradation. It may be noted that the final apparent value for experiment
#10 is lower than the other cases because a higher gain was used for the light
detectors and the minimum detectable levels thus improved; the final orientation
angle is also different for the same reason. To a first level of approximation, the
relaxation data in Figure 9 decays as a single exponential. Thus, an estimate of
the relaxation time for this process can be obtained from the value of ¢ where the
magnitude of birefringence is 1/e times the initial value. The values obtained in
this way, from the experiments in Figure 9, as well as additional cases carried out
at different values of G for the same A = 0.0403 are plotted in Figure 11 and will
be discussed shortly. Clearly, it it evident that there is a decrease in the relaxation
time due to degradation as the total elapsed flow time is increased.

Also shown in the lower part of Figure 9 is the corresponding behavior of the
orientation angle as the polymer sample is subjected to the degradation process.
The “initial” orientations—reached just before the abrupt termination of the steady
flow—are also plotted along the left side ordinate. The traces for the birefringence

and orientation angle show a quite different time evolution, with the apparent
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characteristic time-scale for the evolution of the orientation angle being significantly
longer than that observed for birefringence. That is, a characteristic time scale
for relaxation based upon a complete return of the polymer fluid to an isotropic
state (i.e., no preferential orientation other than that of the glass) is significantly
longer than the time-scale observed for the relaxation of birefringence alone. In
a macroscopic sense, it appears that the final state of equilibrium is achieved via
two distinct relaxation mechanisms; a fast contraction and second, a later rotation
towards the “final” orientation angle along the roller gap (at 0 degrees).”

The difference in the behavior of the birefringence and orientation angle though
perhaps initially surprising, does appear to be consistent with prior rheological
measurements of stress components in simple shear flow. To see that this is true,‘
we rely on the so-called stress-optical law which relates birefringence and stress.
Even though the stress-optical law is not an acceptable methodology for a quanti-
tative evaluation of the shear stress and/or the first normal stress difference from
birefringence data except for weak and slow flows (cf. Janeschitz-Kriegl [1]), it is
likely that it can be used for low values of Gv/X 8. Certainly, it can be used to pro-
vide a qualitative comparison between the birefringence measurements described in
the previous paragraph, and earlier rheological measurements for semi-concentrated

polymer solutions in relaxation from simple shear flow. The proposed relationships

“For times longer than those past the minima in the orientation trace, the sensitivity of the
light detectors and glass birefringence always determine the experimentally measured asymptotic
values of the extinction angle.

8The stress optical law is widely used to determine the components of the stress tensor for
simple shear flows when birefringence data is available, even for transient flows. One should
expect this relationship to be an approximation valid only under the following assumptions: (a)
the total strain for the molecule must be small; and (b) the molecule must be slightly birefringent.
If the stress is a non-linear function of the polymer conformation then for large strains the stress-
optical law will not be valid because the birefringence only varies linearly with the polymer
deformation. If the polymeric fluid has a strong optical anisotropy, then, again the “law” fails
mainly because birefringence only corresponds to the real part of the refractive index tensor,
while the imaginary part (that is, dichroism) must also enter into the relationship with the stress
tensor. Whenever large retardances are involved, the macroscopic birefringence is a multivalued
function of the measured light intensities and a unique determination of the birefringence—as well
as the extinction angle—at higher orders can be quite difficult, even when only small amounts of
dichroism are detected. -
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between the shear and first normal components of the stress tensor and the optical
anisotropy, based on the orientation of the optical axis and the flow field shown in

Figure 2, are
AnY .
Ooy = (ﬁ) sin(2x)

and

An
Opz — Oyy = (-2—C-,—> cos(2x) ,

where C is known as the stress-optical coefficient of the material, and o;; are the
components of the stress tensor. Given the fact that the relaxation time scale
based on birefringence is much faster than the relaxation time for the orientation
angle x, then, we infer from these stress-optical relationships that the shear stress
should decay faster than the first normal stress difference. This type of behavior is
characteristically observed in semi-concentrated polymeric solutions when subjected
to simple shear flow [15].

It is tempting to try to extract a rate of degradation from the data we have
collected, and determine the dependence of this rate on the flow parameters G and
A. For this purpose we can plot the measured relaxation times, or the steady-
state birefringence values as a function of time for various constant values of G
and A. These results are shown in Figures 10 and 11, respectively, with time
non-dimensionalized using the eigenvalue of the velocity gradient tensor: Gv/\.
Evidently, the continuous decrease in both the steady-state birefringence and the
relaxation time reflect a continuous degradation with time of the polymer in the
birefringent region of the flow. It is noteworthy and especially obvious in Figure 10,
that the most rapid degradation occurs at early times.

The two somewhat surprising features of the data shown in Figures 10 and 11
are: first, that the apparent degradation continues for such a long period, and
second, that the data does not correlate with G+v/)\. The idea that the latter might
be expected is suggested by the fact that a large number of previous measurements

have shown that the birefringence level correlate to a single curve for each fluid
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when plotted versus Gv/X ° (see for example references [7, 16, 17] dilute solutions
and [8] for a concentrated polymeric fluid). Since birefringence is a measure of
polymer deformation, and degradation is thought to arise from deformation, it
seems reasonable to expect that degradation should also correlate with Gv/X. As
already noted, however, the data in Figures 10 and 11 does not correlate in this
manner.

In our view, there are two essential reasons why the degradation data do not
correlate in the “expected” manner. The first is that existing models of degradation
phenomena suggest that to achieve a significant degree of deformation it is necessary
not only to stretch the polymer, but to subject the stretched polymer to strain-rates
that exceed the critical strain value for stretching by some amount that depends
on molecular weight. Thus, though the degree of polymer extension does correlate
with Gv/), there is no reason to think that degradation rates will also correlate for
a sample that has a very broad molecular weight distribution.

The second reason for lack of correlation with Gv/X is, quite simply, that the
two-roll mill, operated in the manner described above, does not provide a direct
measure of degradation for a fixed sample of polymer. Thus, even if the polymer
were completely monodisperse, the suggested correlation would probably not occur.
Ideally, to establish an unambiguous degradation rate, one would like to subject a
fixed body of the polymeric liquid to a constant rate-of-strain for a known period
of time. However, the two-roll mill does not work in this idealized manner. The
“strong flow” region, with approximately uniform strain rates, is only a local part
of the flow, and fluid elements are convected continuously through this region.
Consequently, there exists a distribution of residence times (or total strain per pass)
that depends strongly on proximity of the particular streamline to the stagnation
point of the flow. Thus, any measurement of birefringence or relaxation time in the

vicinity of the stagnation point as a function of time can only represent an averaged

9This correlation also exists for M1 when birefringence data is graphed versus Gv/A, and fresh
samples of the fluid M1 are used.



128

degree of degradation for a continuously changing polymer sample that has actually
experienced wide range of accumulated times in the strong flow part of the fluid
domain.

The net conclusion from the preceding discussion is that it is extremely difficult
with the two-roll mill to establish a credible measure of degradation rates, at least
as understood by the kinetics of the rate-theory of unimolecular decomposition
[14]. In fact, the long time inherent in Figures 10 and 11 may be primarily a
reflection of time-scales for “averaging,” rather than time-scales inherent to the
actual degradation process.

Earlier studies of degradation by Odell and Keller [23, 24] for dilute solutions
in similar flows were generally focused on much higher strain-rates and narrow
molecular weight distribution polymer samples. Although the G values in the
present experiments are order of magnitude smaller than the critical values reported
by Odell and Keller [23, 24], the solvent viscosity of approximately 15 poise in the
present work is much larger, and thus |Gv/X v| is within the same range of values
here as in the earlier experiments. In view of the broad molecular weight tail, it is
therefore not surprising that there is significant degradation apparent in our results

even at very low values of GV/\.

Other Measurements of Characteristic

Time-Scales for the Test-Fluid M1

Thus far, the determination of a relaxation time-scale has only involved the decay
of birefringence after an abrupt termination of steady flow, and/or the onset point
for birefringence in a steady flow. In this section, we briefly consider the response
of M1 to other transient flow histories. Our objective is to simply highlight some
qualitatively interesting dynamical effects. Figures 12, 13, and 14 present a series of
start-up and cessation of flow experiments for different values of Gv/X but with the
same basic pattern of “flow history” in all cases. This basic flow pattern consists

of a 30 seconds in steady flow following a “step start-up,” followed by a 40 seconds
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“rest-time” and so on. The data shown corresponds to a complete cycle for the
inception and cessation of steady flow, but for convenience, the traces for both
inception and cessation are plotted on a logarithmic scale beginning at ¢t = 0

It is clear for all the values of Gv/X shown in Figures 12-14, that inception of
flow produces well defined overshoots which could, in principle, be used as another
basis to evaluate a characteristic dynamic time-scale for the polymer. However, the
particular data set shown in these figures, was obtained using a single sample of
the test-fluid M1, and thus includes an unknown, though presumably small degree
of degradation. For this reason, we focus on qualitative features of the results that
do not appear to depend strongly on the degradation of the sample, but are still
extremely interesting for the new insight that they provide on the dynamics of this
particular fluid at a fundamental macromolecular level.

It is evident, upon examining Figures 12-14 that level of complexity of the start-
up flow is much higher,—for both the time evolution of the birefringence and the
orientation angle— than what is seen for the abrupt termination of flow. For the
three experiments in Figure 12 the values of Gy/X are 1.18, 1.48 and 1.78 sec™l.
Even at these extremely low values of the principal eigenvalue of the velocity gra-
dient the birefringence shows a well-defined overshoot, thus providing evidence of
large changes of the polymer conformation and consequently of the likely presence
non-linear viscoelastic effects (¢f. Ferry [19]). These overshoots appear earlier in
time as Gv/X increases, in agreement with previously reported data in the litera-
ture for simple shear flows and many other polymeric systems. The maximum for
these overshoots appears only after the total strain is larger than 7, where the total
strain is defined by the product of Gv/\ x 7, and 7, is the time for the birefringence
maximum in the overshoot. These strains are of the same order of magnitude as
values already reported in the literature (see for example some recent results by
Pearson et al. [20] for a narrow MW distribution of polyisoprene using a Couette
device). However, in the present context, they are surprising and thus quite impor-

tant. One might have suspected that the steady-state birefringence levels at these
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Figure 4.12: Inception and cessation of flow birefringence for the test-fluid M1 and
rollers C. Gv/X = 1.18 sec™! (x), 1.48 sec™! (4), 1.78 sec™! (O).
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Figure 4.13: Inception and cessation of flow birefringence for the test-fluid M1 and
rollers C. Inception to: GvA = 2.08 sec™! (4), 2.52 sec™! (O), 2.97 sec™! ().
Cessation from: Gv/X = 2.08 sec™! (x), 2.52 sec™! (O), 2.97 sec™! (V).
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Figure 4.14: Inception and cessation of flow birefringence for the test-fluid M1 and
rollers C. Inception to: Gv/A = 3.71 sec™! (+), 5.93 sec™! (O), 7.42 sec™! ().
Cessation from: Gv/\ = 3.71 sec™! (x), 5.93 sec™! (O), 7.42 sec™?! (V).
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very low velocity gradients, in an extension dominated flow, would be due primarily
to a very small fraction of the highest MW polymer being highly extended, with
the rest of the polymer, more or less, in and equilibrium state. Certainly, dilute
solution models would support this point of view because they suggest that a poly-
mer molecule remains near equilibrium until a critical strain-rate is reached (that
depends strongly in MW), after which they achieve nearly full extension. However,
the data in Figure 12 is not compatible with this picture. The steady birefringence
is reached at such a relatively short time (i.e., small total strain from t = 0) that
only very modest extension is possible.

Although the data in Figure 12 seems quite straightforward, and consistent with
previous studies in shear flow, a complete understanding of the mechanisms involved
in the generation of overshoots may be quite difficult, as seen by a comparison of
the data sets in Figures 12 and 13. It appears from Figure 12 that whenever
GvV/X < 1.8 sec™! a steady birefringence value is reached after only about 8 seconds
of shearing. On the other hand, it can be seen from Figure 13 that the situation
becomes more complicated as Gv/) is increased. In particular, for Gv/X > 2 sec™!,
the birefringence undergoes a second step down to a “final” steady birefringence,
but this final level is not reached for approximately 20 seconds. It appears that this
second step becomes the dominant “mechanism” for overshoot at the higher values
of Gv/X, in the sense that the initial peak is gradually suppressed. We are not
aware of previous experimental evidence for this type of complicated multi-time-
scale structure in overshoot data. Although we believe that it may be a consequence
of the broad distribution of molecular weights, as well as the semi-dilute character
of the M1 sample, it is difficult to be more definitive in the absence of the same
type of data for a narrow molecular weight distribution version of the M1 fluid. We
are currently attempting to obtain such a fluid for further investigation.

For all cases, the orientation angle for the start-up of flow shows a very com-
plex and well defined “signature”—that is completely reproducible even when the

birefringence is very weak—which is very different from the signatures previously
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reported in the literature for start-up of simple shear flow. It is also important to
notice that there exists a strong correlation in time between the significant changes
that occur in the birefringence and in the orientation angle. In every case the
orientation angle begins at the residual value for the glass windows, and oscillates
through one very sharp maximum appearing when the total strain GV t ~ 3.5,
and which corresponds to the onset of birefringence and is present for all values of
Gv/X. For longer times, and at low shear rates (shown in Figure 12), the steady
value for the orientation angle is reached by a monotonic decrease to a smaller
angle. If GV/X > 2.08 sec™!, (as shown in Figures 13 and 14) then, the orientation
angle goes through a distinct minimum, which corresponds to the time interval of
the birefringence overshoot. Subsequently, the orientation angle reaches a second
maximum corresponding to a small overshoot before settling quite close to the ex-
pected asymptotic orientation for the particular flow.!® The orientation response
beyond the first maximum, is clearly due to the polymer.

The small overshoots observed just before the steady orientation value, (when-
ever Gv/X > 3.7 sec™!) are reminiscent of the behavior of a quite viscous drop which
is also found to overshoot to an orientation that is nearer to the principal strain
axis before settling on the final asymptotic orientation along the principal axes of
the velocity gradient tensor. The significant broad undershoot that is observed for
GvVX > 2.08 sec™!, corresponds to the time period when the birefringence is in-
creasing at the fastest rate and/or is actually above the steady asymptotic value
due to the overshoot. That is, the observed decrease of the orientation angle re-
flects an average among the fully stretched high MW molecules that are well aligned
with the out-flow axis, and the lower MW fraction that is in the process of being
stretched and appears to have initial orientations close to the symmetry plane at
0°. Of course, an initial alignment near 0° does not correspond to expectations for a

deformable sphere which is usually aligned initially along the principal strain axis,

10The theoretically calculated angle for the principal axis of VU for a Newtonian fluid is 11.6°
when the A value is 0.0403 .
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but is more reminiscent of a slightly non-spherical rigid spheroid. As the imposed
strain becomes larger and the chains are significantly stretched, the orientation
angle rotates towards the outflow axis. The rotation, as a function of time, of a
measured extinction angle that represents an average over a broad MW distribu-
tion has also been observed by Zebrowski and Fuller [21] on the relaxation after

cessation of simple shear flow The regions prior to t ~ 1 sec™!

although having
well defined time-histories are not currently understood by the authors, and may
only represent the effects of residual glass birefringence.

For even higher shear rates (Gv/A > 6 sec™!) shown in Figure 14, the relative
size of the birefringence overshoot (normalized by the steady birefringence level)
begins to decrease, although there is still significant oscillation around the mean. |
The obvious question is whether the apparent saturation of the optical anisotropy
is an artifact of the experimental conditions or truly represents a decrease in the
magnitude of the overshoot due to saturation of the degree of stretching. Unfortu-
nately it is not possible to resolve this question due to degradation, dust particles
in solution, and the possible presence of flow-induced dichroism for the test fluid
M1. Since the birefringence levels reach values where the retardance is close to 7 /2,
it is necessary to evaluate the possible contributions of dichroism of the sample, for
a very small level of dichroism may cause large variations of the retardance for only
minute decrements of the measured light intensities (thus leading to significant un-
certainty in the measured An). In spite of the difficulties evaluating the magnitude
of birefringence, however, the calculated values for the orientation angle show a
“signature” for the trace that is almost identical to those observed for lower shear
rates, leading us to believe that the birefringence and orientation angle in Figure 14
do represent the correct transient behavior. On the other hand, saturation of the
optical anisotropy in steady flow was not observed for the test-fluid M1 even for
the highest shear rates used for these experiments, and by then a significant rate of
degradation was already present. Indeed, in steady state flow experiments we were

able to reach levels of An of 1.4 x 10~°, that are approximately 50% larger than the
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level where the overshoot in the birefringence disappears, with no clear indication
that a saturation level is in sight. The fact is that M1 does not appear to overshoot
beyond a shear rate of Gv/A = 6.0 sec™!, even though there is no saturation of the
optical anisotropy of the sample. Consequently, any overshoot of the stress under
these transient flows will most likely be the result of polymer reorientation rather
than changes associated with the end-to-end distance of the molecules.

Figure 15 presents a second type of transient experiment, the so-called double-
step consisting of step changes from a steady flow at low Gv/X to a higher steady
value, followed—after a prescribed time at high shear—by a step change towards the
original low value. Here again, the complete flow history is a sequence of identical
runs where the duration at high-flow (high shear) and low-flow, although distinct,
is the same for all the runs. In a similar manner to the other transient experiments,
the first run is always used to erase any previous conditioning of the fluid. Every
point plotted in Figure 15 is thus the average of 100 readings taken in sets of 10
during each run. For the three experiments in Figure 15 the high-flow condition
is always GV/X = 1.19 with a duration of 30 seconds, but with each experiment
having a different low shear value of Gv/XA = 0.74, 0.15 and 0 respectively, with a
fixed duration of 40 seconds for all three cases. The observed relaxation of bire-
fringence for zero shear corresponds to that already seen for start-up and cessation
of steady flow, and represents the outer envelop for the traces of birefringence An
and orientation angle x.!! The relative size of the plotted overshoots for the two
experiments with the lowest values of the low-flow Gv/X do not appear to be sig-
nificantly different. However, as the low-flow shear rate increases, the overshoot
upon re-starting the flow almost disappears, and the long time magnitude of the
birefringence drops considerably. We believe that this “secondary” level for the

birefringence corresponds to the steady limit of the previously described secondary

1 The slight difference in levels at large times for the two weakest low-flows is, mainly the result
of polymer degradation requiring the use of fresh solutions for all experiments. Please also note
that the experiment with zero shear rate during the low-flow part of the experiment has shorter
time periods for the high and the low-flow sections of the experiment.
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Figure 4.15: Double-step flow birefringence for the test-fluid M1 with rollers
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relaxation process that appears quite clearly whenever Gv/X is greater than 2.07
sec™! as shown in Figure 13. The fact that it did not appear upon inception of flow
at the lower values of G\/X is apparently a result of the fact that the time period
for flow was too short, even though the steady rotation of the rollers was imposed
for up to 30 seconds.

Figure 16 shows another double-step experiment, but performed at significantly
higher shear rates (for these experiments the value for Gv/X at high-flow is 4.45
sec™! with low-flow shear values of 2.23, 0.74 and 0 sec™!; the time periods are
those reported for the previous double-step experiment). In this case, the levels
at long times appear to be the same for all experiments, and the step towards the
high-flow shear rate loses all trace of an overshoot for the low-flow shear of 2.23

1

sec!. Even the low-flow shear rate of 0.74 sec™!

seems to affect the start-up of
flow in the sense that the magnitude of the overshoot decreases, even though no
significant steady-state birefringence is seen in Figure 8 for the same value of Gv/).

Even more interesting than the behavior upon start-up of flow, however, is the
relaxation from the high to the low-flow condition. Clearly, as seen in Figures 15,
and 16 the relaxation process is slowed significantly when there is a step change to
a weaker extensional flow, rather than to the fluid at rest. This effect is present
for the whole range of shear rates that we tested using M1. Indeed, for Figure 15
a step-down to 0.15, or 0.44 sec™! increases the apparent relaxation time from ap-
proximately 0.81 to 3.22 sec., respectively, compared to 7r ~ 0.61 sec™! for the
step-down to a complete rest state. Similarly, for the data presented in Figure 16,
the increments in 7p are 0.34, 0.44 and 0.62 sec. as the low-flow shear rate is
increased from 0, 0.74, and 2.22 sec™! respectively. The variation of the orienta-
tion angle is qualitatively similar to the equivalent start-up and cessation of flow
experiment, until the low-flow shear rate is high enough to maintain the polymer
molecules sufficiently stretched and aligned close to the orientation observed during
the high-flow regime so that the time evolution is simply a monotonic change to

and from the long time asymptotic limits.
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Figure 4.16: Double-step flow birefringence for the test-fluid M1 with rollers C
(A = 0.0403). GV/X at high-flow is 4.45 sec™! with low-flow shear values of 2.23,
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4.4 Discussion

The solvent properties do not seem to affect the observed properties of the test-fluid
M1, apart from the fact that they provide for a high monomeric friction coefficient.
The solvent appears to have characteristic time scales that are at least two orders
of magnitude faster that those observed for the test-fluid M1 under the same flow
conditions. The solvent birefringence always showed a linear dependence on Gv/X.
Furthermore, the magnitude for the solvent birefringence is almost constant for
a wide region between the rollers, and decreases only slowly for points far away
from the stagnation region. This global region actually has a length scale similar
to the roller radii, and for the larger rollers is several times the roller gap width.
We have measured a slight asymmetry of the birefringence data within this wide
region, say between the right and the left sides of the stagnation point, which we
believe corresponds to spatial variations of the residual glass birefringence that is
always superimposed upon the solvent birefringence. The characteristics within the
central region of the flow reported in this work in Figures 3-6, as well as the spatial
mapping of An for the solvent, lead us to postulate that: the solvent behaves as a
“quasi-Newtonian” fluid within the time-scales observed for the test-fluid M1.

On the other hand, there are many interesting features of the data for the test-i
fluid M1. To begin with, the spatial behavior for the test-fluid M1 is quite different
from that of the solvent. There exists only a narrow gap that includes the central
stagnation region of the flow that is highly birefringent. In fact, the width of the
birefringent region is not much greater (~ 2x) than the linear dimension of the
cross sectional area of the laser beam. This thickness is much smaller than the gap
width between the rollers implying that it is only those molecules moving along
streamlines close to the stagnation region and thus subjected to a sufficiently large
total strain—at a high enough shear rate—that become stretched. The width of
this birefringent region depends also on the values of the principal eigenvalue, and

grows wider as G increases. However, when the spatial variation is normalized with
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respect to the level of birefringence at the stagnation point, the apparent width
appears almost constant and independent of G. The width of the birefringent
region decays to one half of the maximum birefringence level over a distance less
than 100 microns.

This localized behavior for the birefringence of the test-fluid M1 is similar to
that reported by Dunlap and Leal [7] and by Odell et al., [24, 23] for dilute solutions
of polystyrene with different types of solvents. However this similarity between the
dilute solutions of polystyrene and the solution M1 is quite surprising, because the
characteristic behavior for a semi-dilute solution such as the test-fluid M1 (with a
nominal concentration of 2440 PPM) should resemble that of a more concentrated
solution where intermolecular interactions are dominant and the birefringent zone |
is less localized. On the other hand, the characteristic relaxation time, based on the
relaxation of birefringence after cessation of steady flow as shown in Figures 12, 13,
and 14, depends on G\ in a matter that is characteristic of concentrated solutions.
In particular, the relaxation time decreases as the eigenvalue increases. As stated
above, this behavior is characteristic of truly concentrated polymeric systems where
entanglements are the dominant physical phenomena. For an example, see the
results by Zebrowski and Fuller [21].

Dunlap and Leal [7] have also measured the velocity gradient for dilute solutions
of polystyrene, using the HLS technique previously described, and constructed a
“global” map for the velocity gradient within and around the stagnation region.
They found that even though birefringence is very localized, the effects of highly
stretched molecules on the flow are important; as seen by comparison with the flow
field of a Newtonian fluid, over domains significantly larger than the well defined
birefringent regions. This phenomenon has also been observed in our laboratories
for solutions of polystyrene but at much higher concentrations. One implication
is that the real value of Gv/X around the stagnation region, is actually lower than
the values “assigned” for the test-fluid M1, which are based solely on the values

for a Newtonian fluid at the same rate of roller rotation. If this is the case, then
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the relaxation times determined from plots of the birefringence vs. Gv/X as shown
in Figures 7 and 8 would be longer than suggested earlier. This conjecture is also
corroborated by the fact that overshoots on start-up of flow appear for values of the
shear rate as low as 1.2 sec™!, which implies a non-linear viscoelastic behavior with
a characteristic time-scale for the fluid as long as 0.8 seconds. The possibility of flow
modification also has other important consequences. In particular, since the largest
changes in the flow would be correlated with the largest values of birefringence,
the transient behavior measured for the flow-birefringence in this paper may be
considerably smoothed as compared to what it would be if the velocity gradient
remained constant. Furthermore, characteristic time-scales based on the inverse of
GV/X, given as a function of roller rotation, may also be underestimated.

It is also important to note that the degradation observed with our apparatus
is essentially irreversible. The degraded solutions did not show any recoverable
birefringence even after remaining at rest for more than 90 hours. In particular,
the total degradation, based on the birefringence values reached at long times for the
steady flow, and the measured relaxation time after 90 hours of rest was determined
to be equal within 10% of the original “degraded” value. It should be noted,
however, that some exchange of polymer between fluid elements that occupy the
stagnation point, where measurements are made, and the surrounding fluid occurs
in a period of 90 hours.

The fact that we have observed significant degradation of the test-fluid M1 for
quite small values of G, implies that conformational changes of the macromolecules
are important, and that there must be a significant fraction of the polymer with a
very high MW. This is also consistent with the fact that (a) the measured relaxation
times for steady flow appear to be longer than those measured by cessation of steady
flow; (b) that birefringence increases monotonically and quasi-linearly for a wide
range of values of Gv/X; and (c) that overshoots appear even at the lowest values
of shear rate.

Of course, the interesting phenomena reported in this work are all a consequence
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of the extension of the polymers. In order to achieve a transition from coiled
to stretched state, it is necessary to impose upon the polymer a large enough
strain rate (Gv/X > 7. a quite low but nonetheless critical value as measured with
our apparatus) for a sufficiently long time period in order to stretch it to the
point where its elastic effects are important. This is precisely the advantage of the
two-roll mill, where the residence time of polymer molecules at the stagnation is
extremely long and even shear rates very close to the critical values are capable of
significantly extending polymer molecules of sufficiently high MW. Therefore, the
observance of degradation at very low shear rates may not be possible except in
flows with stagnation points. On the other hand, degradation will occur whenever
the fluid mechanics are such as to induce major departures from the equilibrium
configuration of the polymer.

Consequently, in view of the degradation levels observed here at very low strain-
rates, we believe that the use of spin-line or other type of extensional rheometers
does not guarantee a trustworthy characterization of the test-fluid M1 in regions of
high extensional viscosity. Even for the smallest strain rates, given the very broad
MW distribution, significant degradation should be expected.

In a more general vein, we believe M1 to be a useful first step toward a test-fluid
for extensional rheometry that could be improved significantly if the disadvantage
of a broad molecular weight distribution were removed. It would also be useful
to provide the system with a solvent that is chemically characterizable in a less
ambiguous manner than kerosene. Such solutions similar to the test-fluid M1 offer
considerable potential for future rheological as well as rheo-optical studies. For
optical measurements however, special care should be taken in the preparation of
the sample in order to avoid dust particles in the solution and thus insure highly

reproducible and accurate data.
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4.5 Conclusions

We have measured the optical anisotropy induced by flow fields generated by a
two-roll mill for the test-fluid M1, and also separately, for its solvent. The flow
conditions that were studied include steady state flows, as well as two transient
flow histories: (1) inception and cessation of steady flows; and (2) the so called
double-step steady flows. One of the most important characteristics of these flows
is the fact that the strain rate is always larger than the vorticity of the flow. These
flows are classified as strong flows and share many of the features of other (purely)
extensional flows, the main characteristic being the capability of inducing significant
changes in polymer conformation into a highly aﬁisotropic state. The two-roll mills
are capable of producing large strains near the stagnation region located between
the rollers even when the fluid is subjected to rather small shear rates.

The experimental data presented here comprises measurements of birefringence—
or degree of deformation of the polymer molecules—and the orientation of the poly-
mer with respect to the outflow axes. The relative complexity of the phenomena
associated with the orientation angle as well as that observed for the birefringence,
represents a unique opportunity for subsequent detailed analysis of polymeric fluids
under flow conditions that are of the strong type but also include vorticity within
the velocity gradient. However, to carry out this analysis, it will be necessary to
obtain corresponding data on a narrow MWD version of M1.

The solvent birefringence does not show any measurable time dependence for
the transient flows presented in this work. It does not show any localize phenom-
ena and is always weakly birefringent, even at very high strain-rates. On the other
hand, the test-fluid M1 shows a very localized and strong birefringence along the
outflow axes. The fluid M1 showed appreciable degradation, even though the shear
rates used in this study were quite low, making it very difficult and time consuming
to perform a complete characterization. We also present in this work a series of

characteristic time-scales for the fluid evaluated by means of flows with different
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time histories. The variations observed between these time-scales show the im-
portance of the polymer conformation—at the molecular level—on the dominant
dynamic processes and their relationship to the macroscopic behavior. Among the
features presented are (a) a birefringence that slowly increases—up to very high
values—as a function of the flow strength, (b) relaxation time-scales that decrease
as a function of shear rate, (c) two mechanisms for the presence of overshoots: one
seen whenever the shear rate is very small and of the same order of magnitude as
the relaxation time-scale of the fluid and the second one with quite different char-
acteristics, being the dominant mechanism at higher shear rates. Also, step flows
(from a high to a low flow conditions) show a significant increase of the relaxation
time. These transient histories provide some insight into the complex nature of
the fluid as well as the fluid mechanics under experimental conditions that are well

characterized and highly reproducible.
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Birefringence Studies in Transient Flows of a
Two-Roll Mill for a Concentrated Polystyrene
Solution.

Abstract

We have studied a 5 percent solution of polystyrene of 3.84 x 106 MW in flows
generated by a co-rotating two-roll mill. These flows have a stagnation point at
the midpoint between the roller axes, are linear, two-dimensional, and the magni-
tudes of the strain-rates are greater than the vorticity. The observed characteristic
times-scales are mostly dominated by the polymer relaxation dynamics of a highly
anisotropic conformation since, around the stagnation point, fluid elements are
subjected to very large deformations.

In this work, point-wise birefringence data is presented for steady and transient
flow histories, such as inception of steady flow. The steady and transient data are
used to analyzed the linear and non-linear viscoelastic regions of material behav-
ior. A set of macroscopically defined characteristic relaxation times were measured
and a correspondence is made with the relaxation mechanisms suggested by repta-
tional models for concentrated polymers. A time-scale for the onset of non-linear
viscoelastic behavior is determined as well as a characteristic time for significant
deformation of the polymer structure. The main objective of this work is to pro-
vide a better understanding of how the macroscopic relaxation mechanisms are
affected by the relative amount of vorticity and by the magnitude of the principal
eigenvector of the velocity gradient tensor. Thus, this work provides a basis for
understanding the strikingly different predictions of the reptational dynamics for

simple shear flows and for elongational flows.
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Chapter 5

Transient flow Birefringence of
Concentrated Polystyrene
Solution

5.1 Introduction

In this paper, we report a flow-birefringence study of a concentrated polystyrene
solution with an average molecular weight of 3.84 x 10%, a narrow MW distribution,
and a concentration of 5 percent. Birefringence provides a measure of the degree of
optical anisotropy, and of the orientation of the principal axes of the refractive index
tensor, that is induced in a polymeric liquid by the imposed flow (see, for example,
Janeschitz-Kriegl [1]). This is a reflection of changes in the polymer conformation
due to the flow, and for weak departures from the state of equilibrium, it is also
directly related to changes in the stress (via the so-called stress-optical law). The
- birefringence data reported here provides a point-wise, instantaneous, and direct
measure of polymer conformation in an extensional flow.

The flows used for this report are two-dimensional strong flows that are gener-
ated in a co-rotating two-roll mill. The designation strong in this instance is taken

from the general criterion as expressed by Olbricht et al. [2] and others (see, for
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example [3]-[6]). In two-dimensional flows this criterion implies that the magnitude
of the strain-rate ezceeds the vorticity, and therefore, large conformational changes
are possible for the polymer molecule. Previous studies of both dilute and con-
centrated polymer solutions have shown that polymer extension and orientation is
qualitatively (and even quantitatively) similar for all strong flows, including pure
extension, provided that the polymer orientation is comparable with the principal
eigenvector of the velocity gradient tensor, and the effective strain rate (i. e., the
magnitude of the principal eigenvalue) along this direction is used instead of the
velocity gradient itself (see for example Dunlap and Leal [7] and Fuller and Leal
(8])-

On the other hand, the conformational changes that are possible with steady
shear flows (such as those produced in Couette devices) are only marginal for it
is a weak flow in the sense of Olbricht et al. For simple shear, it is necessary to
imposed a exponentially increasing shear rate in order to achieve a strong flow
condition [9]. In the laboratory environment it is only possible to maintain such
a flow for a limited amount of time, and therefore, one can only achieve a small
total strain. The same laboratory constraint applies to existing steady uniaxial
extensional flow experiments where the Hencky strains commonly have maximum
values of about 4, except for a few cases where Hencky strain measures < 7 have
been reported [10]-[12]. This latter limitation does not apply to fluid elements in
the neighborhood of the stagnation point of the two-roll mill, where the residence
time is very long, and very large strains are possible. Indeed, strains as high as 100
are possible with this system; we will discuss in length, these and other related ideas
shortly. Furthermore, with our two-roll mill, we were able to study both steady and
transient flows of various types, i.e., start-up, relaxation from a steady flow, or
double-steps, etc. We shall describe these flows in the next section. Steady flows in
a two-roll mill can be of great importance simply because most other extensional
flows do not reach a steady flow condition at the highest elongational rates.

The present study was carried out using a new experimental system that was
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designed to study birefringence in time dependent strong flows, and that also allows
detailed measurements, via dynamic light scattering, of the velocity gradient field
as a function of time and spatial position. The latter, in our view, is essential for
any quantitative interpretation of the birefringence data (that is, of the response
of the polymer to the “real” strain-rate imposed by the flow), because significant
departures from the equilibrium conformation will not only be accompanied by
measurable amounts of birefringence, but also usually, by significant changes in the
flow compared with the motion of a Newtonian fluid in the same flow device, at the
same Reynolds number.! In spite of this, however, measurements of the velocity
gradient field have not been made to date and will be presented elsewhere as soon
as data is available. Nevertheless, important qualitative features of the measured
anisotropy of this fluid have been found and these provide significant insight into the
polymer dynamics and rheology of these flows. In this paper, we briefly summarize
the main features of the experimental system as they are related to this particular
solution (details for the apparatus can be found in reference [13] Chapters 1-3).
Subsequently, the experimental data for the concentrated polystyrene solution is

given and, finally, we discuss our views on the significance of these results.

5.2 A Brief Summary Description of the
Experimental System

A full description of this apparatus is given in reference 13. Also, specific details
of the apparatus related to the polymer solution designated as the M-1 fluid are
presented in [14]. Here, we limit ourselves to a brief summary of the experimental
set-up with enough detail, as it relates to the optical and rheological characteristics
of this polystyrene solution, to allow the reader to understand what we have done.
This experimental system is composed of three main parts: (a) the Two-Color

Flow Birefringence optical arrangement used to measure the optical anisotropy of

LOf course, the same is true of the flows in all “extensional” rheometers, and even in time-
dependent simple shear flows [7, 12].
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the fluid, (b) the two-roll mill flow cell generating the strong flows, and (c) the

software used to execute the different experiments under full control of a computer.

5.2.1 Two-Color Birefringence System

In order to perform birefringence measurements in time dependent flows, we have
adopted the two-color flow-birefringence technique (TCFB) originally developed by
Chow and Fuller [15]. The basic problem with transient birefringence measurements
is that both the degree of birefringence (i.e., the difference of the principal values
of the refractive index tensor in the plane of the flow), and the orientation of the
corresponding principal axes of the refractive index tensor are unknown and varying
in time [1]. Clearly, two independent measurements are necessary to determine both ‘
the degree of optical anisotropy and the time-dependent orientation angle [16].
The two color system is designed to provide these two independent measurements
simultaneously by using, for example, the two main colors of an Argon-ion laser
(respectively, with wavelength of 4880 A and 5145 A).

The retardance of the sample is determined by measuring the light intensity
that passes through crossed polarizers for both colors separately, with the relative
orientation of the incident polarization of the green beam—with respect to that
of the blue beam— rotated to some fixed angle. The most convenient angular
separation for the polarization of the two beams is 45°, and for the experiments
reported here the initial polarization of the green and the blue beams is at angles
of +22.5° and —22.5° respectively, relative to the symmetry plane which bisects
the two-roll mill. Figure 5.1 shows the relative orientation of the blue and green
analyzers, as well as the principal optical axes of the solution and the symmetry axes
of the flow field. The principal ideas for the two-color measurements, including the
general basis for data analysis, are discussed by Chow and Fuller [15] and will not be
repeated here. Our implementation of the TCFB technique is given in Chapter 2 of
reference [13], emphasizing those ideas necessary for the study of non-homogeneous

flows.
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Outgoing Flow Axis

Polymer Orientation I/

Figure 5.1: Relative orientation of the Optical system and the flow cell

However, a few details of our present system are worth stating, specifically as
they relate to measurements that have been done on this polystyrene solution. First,
the current system is extremely sensitive, with extinction ratios in the absence of
the flow device of O(10~°), which correspond to retardations of only 0.002 radians
for the full length of the flow cell. In the presence of the flow device, the residual
birefringence of the glass windows is the primary limitation on sensitivity, since
it can be larger than the birefringence of a slightly anisotropic fluid. The lowest
detectable values for the glass birefringence depend on the minimum detectable
values of the measured light intensities past the analyzers. The maximum extinction
ratios detectable with our device, for both colors, are typically O(5 x 10* : 1),
which represents the maximum sensitivity of our optical arrangement. Within
this range of sensitivity, the residual glass birefringence always exists, and, in fact

varies (specially in its orientation angle) from day to day, due mainly to changes of
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the room temperature. However, glass birefringence is a physical phenomenon to
be reckoned with only if the fluid is very weakly birefringent [17], such as for some
solvents used to prepared polymeric solutions (see for example Geffroy and Leal [14]
for the case of a solvent made of kerosene and polybutylene with a molecular weight
of only 500). For this concentrated solution of polystyrene, the solvent birefringence
is two orders of magnitude smaller and glass and/or solvent birefringence were
not considered significant for the studies reported here. The essential obtical and
rheological characteristics for the solvent used in this polystyrene solution and those
of the solvent reported in reference 14 are the same.

Another important characteristic of this two color system is that the beam waists
for both the green and blue beams are approximately 75 microns in diameter, and
the extent of the beam waist regions is about 0.75 cm. Thus, the birefringence
measurements are very localized, relative to the dimensions of the flow device. A
typical beam dimension of this size is not particularly difficult to achieve for a
single color birefringence system. On the other hand, for the two-color system, the
optical set-up must not only provide a narrow beam, but the dimensions, shape
and location of the blue and green beams must be as nearly identical as possible
across the flow device. This is a difficult task when both beams are 75 microns in
diameter and the above conditions are to be maintained for long periods of time.
This is one of the main advantages of our apparatus [13] compared to the device

originally constructed Chow and Fuller [15].

5.2.2 Two-Dimensional Strong Flows Generated
by a Two-Roll Mill

All of the birefringence and light scattering studies carried out in this laboratory
over a number of years have utilized either a two- or a four-roll mill to generate
the flow fields [7, 18]. (streakline photography for these flow fields is shown in
Figure 5.2). When properly designed, these flow devices produce a good approxi-

mation to a linear flow in the region between the rotating cylinders, with the ratio
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Figure 5.2: Streakline photography for the flow fields of a Four-Roll and a Two-Roll
mill. The flow fields of the four roll mill correspond to A = 1 left side and A = 0.4
right side. The two-roll mill corresponds to a flow parameter value of A = 0.15.
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of strain-rate to vorticity and the magnitude of the velocity gradient independently
controlled [7, 18, 19]. In the case of the two-roll mill, with cylinders co-rotating at
the same angular velocity (and a Newtonian fluid at a very small Reynolds num-
ber), the flow type is uniquely controlled by the geometry of the flow device, i. e.,
by the ratio of the cylinders’ radius to the gap width between the cylinders. Also,
the magnitude of the velocity gradient is proportional to the angular velocity of the
cylinders [7, 13, 20, 21].

It is convenient to parametrize the (approximately) linear flow that exists in the

region between the cylinders by expressing the velocity field in the form

[ 010
U=% A 00| -X, (5.1)
0 00

where the position vector X is measured from the origin of a coordinate system that
is centered at the geometric center of the two-roll mill, and the abscissa corresponds
to the symmetry line between the rollers. The abscissa of the flow field is also
equivalent to the z-axis of the coordinate system for the optical arrangement. Thus,
the flow is completely characterized by the two parameters 4 and A, where ¥ is the
magnitude of the velocity gradient (often called the shear rate), and A determines

the ratio of strain-rate to vorticity (i. e., the flow type) by the expression

IE 1+
el 1=A

(5.2)

Clearly, A varies from —1 to +1, with A = +1 representing a pure straining flow,
A = 0 a simple shear flow, and the range of possible strong flows (as defined earlier)
corresponding to 0 < A < 1. The two-roll mill can generally produce flows with A
values in the range of 0 < A < 0.25. Another critical feature of the flow generated
by a two-roll mill as indicated by equation (1) is that it contains a stagnation
point at its geometric center. Thus, in contrast to many extensional flow devices,
the residence time of the polymer molecules near the stagnation point are very

long, and thus, they are subjected to very large total strains. Consequently, it
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is possible to realize the maximum change in conformation of the macromolecules
that is consistent with a particular strain-rate.

In the present study, the polystyrene solution was studied with four pairs of
rollers. The dimensions of these sets of roller pairs, together with the gap width

and the length-to-gap ratio are listed in Table 1. The two-roll mill used here was

A

VM maz

Roller | radius | gap height: Ymaz
ID. (cm) | (cm) | gap ratio (sec™!) | (sec™?)
B 1.635 | 0.130 20:1 0.0196 | 109.3 780.6
D 1.510 | 0.380 | 6.7:1 0.061 58.8 239.1

F 1.278 | 0.844 3.1:1 0.150 32.9 84.6
H 1.075 | 1.250 2.0:1 0.249 21.8 43.7

Table 5.1: Characteristics of the two-roll mill, and calculated parameters of its flow
field based in the creeping flow solution presented in Chapter 1 of reference 13. The
minimum values for the shear rate and the magnitude of the principal eigenvalue
of the velocity gradient tensor are 1/2000 of the maximum values.

designed so that both rollers are driven simultaneously by a single stepping motor.
This type of motor has good accuracy in maintaining a constant speed, as well as a
very fast acceleration. However, there is a discrete number of rotational speed that
is possible to generate with such motors, and for the case of rollers B, the lowest
possible shear rates are slightly high for this polystyrene solution. That is, some of
the interesting behavior observed at low shear rates for other set of larger rollers is
almost “skipped” in this geometry. Furthermore, for this geometry at slow shear
rates, the spacing between distinct values of the shear rate is quite broad with only
a “coarse sampling” of experimental points being possible to take for this polymeric
fluid —these details will be discussed in length later.

The motor electronics is interfaced with a computer, so that a variety of different
transient flow-histories can be produced, as well as an automated sweep through a
series of steady flows with different values of 4. In this work, data for steady flows

and for inception of flow—where the fluid at rest is put abruptly into a condition
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of steady? flow—are presented. The flow device is mounted on a support with four
degrees of freedom (z,y, z,0) in order to adjust the relative position of the two-roll
mill with respect to the incident beams. The translating stages (three) for these
degrees of freedom are driven by differential micrometers with a resolution of 10
microns, while the azimuthal orientation is adjusted with a micrometer providing
an angular accuracy of 0.0003 radians. The re-positioning of the flow cell is always
better than 25 microns and 0.001 radians, even when the flow device is dismounted
for the purpose of replacing the solution.

As a general practice and whenever the flow cell is taken out and placed back
into the apparatus, the relative orientation of the symmetry axes of the flow cell
with respect to the bisector defined by the azimuthal orientation of the blue and
green analyzers was always recalibrated. The calibration requires fine-tuning the
azimuthal reference orientation of the flow cell with respect to the optical axis,
and is based upon the measured orientation angle for the polymer for two sets of
experiments at the stagnation point in which the direction of roller rotation was
reversed.>

The speed of data acquisition is mainly limited by the electronics in the experi-
mental apparatus. For steady state flows, it takes about 1 msec. to execute all the
necessary irradiance readings to obtain a data-point for the extinction angle and
the birefringence of the fluid sample. In order to increase the signal to noise ratio,
the computer program performs several readings sequentially, at full speed, and

performs the appropriate statistical analysis on the data sample. For the steady

2 Actually, all flow conditions are achieved via an acceleration ramp for the angular velocity of
the rollers that although quite high, is still finite. The motor always requires less than 1/20th
of a second to reach any prescribed angular speed; mean values for the ramp-time are less than
1/100 of a second for the experiments reported here. The fastest intrinsic time-scales observed for
this particular fluid sample were at least an order of magnitude longer. The acceleration ramp is
one of the various parameters that the experimentalist has control of through the computer. The
observed behavior was always checked for possible dependence on the ramp-time.

3With this fluid i.e., this solution, data for the orientation angle is reproducible within +0.25°
for the complete range of speeds of the rollers. The flow device and optical system orientation
are considered to be equivalent when the absolute value of the extinction angle of the measured
anisotropy coincides within 0.5°, for the clockwise and counterclockwise rotation of rollers.
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state flow conditions, the average number of readings per data point was about
500. For the transient flows, ten identical readings are taken sequentially (at the
fastest pace possible; 0.0002 seconds per data-point) for every point in time, and
the sum of results from ten repetitions of the experiments are used for the statistical

analysis.

5.2.3 The Polymer Solution Sample

Anionically polymerized polystyrene manufactured by Toyo Soda Manufacturing
Ltd. of Japan with a molecular weight of 3.84 x 10® and polydispersity index of
1.04 (F-380 polystyrene standard) was dissolved in toluene (high purity solvent
from American Burdick & Jackson) without further purification. Subsequently,'
polystyrene oligomer (obtained from Polysciences, Inc) with a molecular weight of
6000 and a broad MW distribution, was added to the dissolved polymer in order to
increased the viscosity of the solution. The oligomer was allowed to dissolve in the
solution at room temperature for a few days with occasional slow mixing with a
magnetic stirrer. The final concentration of the high molecular weight polystyrene
was 0.0484 g/ml, in a solvent made up of 33% by weight polystyrene oligomer in
toluene. Finally, the complete solution was centrifuged in a Serval S-6 centrifuge
at approximately 5000 rpm., for approximately 5 hours, with the top and bottom
discarded.

The fluid was always transferred into, and out of, the flow cell via an air tight
siphon system, where the pressure differential was maintained using compressed
nitrogen gas. The use of this siphon system reduced the losses of toluene that
occur in an open container. The minimal necessary pressure was always used to
drive the siphon system in a way that the fluid transfer (100 ml.) was done in a
couple of hours. The same polymer sample was used for all of the experiments done

on all four roller systems.
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5.3 Birefringence Results for the Polystyrene
Solution

For a concentrated solution, birefringence measurements are directly related to
changes in conformation of the polymer molecules. The complete characterization
of the flow-induced anisotropy of a polymeric fluid requires determination of the
birefringence An, as well as the orientation angle x of the principal axes of the
refractive index tensor with respect to the flow field. Two typical data sets are
shown in Figure 3 and 8. In Figure 3, steady birefringence data is presented, while
in Figure 8 is an example of transient data. For all steady flow data, the upper
part contains An as a function of the principal eigenvalue of the velocity gradient
tensor, i. e., 4v/A. For transient flows the birefringence is plotted as a function
of time. The graph on the bottom of the figures shows the orientation of the
principal axis of the refractive index tensor yx, measured relative to the bisecting
symmetry axis for the two roll mill. A positive value for this angle, corresponds
to the optical axis lying between the symmetry axis (z-axis) and the direction of
the principal eigenvector of the velocity gradient tensor (see Figure 1). Previous
studies of polymer solutions in this lab have shown that the degree of orientation
(and presumably extension) of the polymer molecules is a function solely of 4v/X for
all values of A > 0. Thus, in the current studies we plot all results versus ¥v/X. It
will be shown shortly that such a correlation exists within the linear viscoelasticity
domain for the present solution.

Using the measured optical anisotropy, a number of different characteristics of
the fluid can be determined. These include the necessary shear rates and/or strains
in order to observe significant departures from near-equilibrium dynamics. Incep-
tion of flow provides a direct measure of the strains required for such departures to
occur. Also, the steady and inception of steady flow birefringence can be used to
evaluate the different relaxation mechanisms as proposed by the reptational mod-

els. In turn, and based on such reptational models we give a plausible qualitative
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explanation for the observed birefringence for the wide variety of flow fields tested

in our apparatus*

5.3.1 Steady Flow Birefringence

As seen in Figure 3, the birefringence is a monotonic increasing function of the
magnitude of the principal eigenvalue of the velocity gradient tensor. The orien-
tation angle x, on the other hand, shows an initial value that is the result of the
glass birefringence. This particular initial value varies from experiment to exper-
iment and represent the limit of sensitivity for this apparatus in determining a
minimum (residual) birefringence and its associated orientation. Subsequently, the
maximum value is reached which corresponds to the polymeric fluid with a small
anisotropy aligned along the principal axis of strain. Theoretically, it is expected
the maximum orientation angle for deformation to a slightly spheroidal “shape”
should be 45°. Experimentally, we have been able to measure values as high as
43° with birefringence values of only 2.5 x 10~7. The small discrepancy, is due to
comparable magnitudes of the residual glass and polymer optical anisotropy. For
greater values of the principal eigenvalue of the velocity gradient tensor (equal to
4v/X, and subsequently referred in the text and figures simply as the eigenvalue),
the orientation angle decreases approaching asymptotically the outflow axis.> Fig-
ure 4 shows the complete range of values of 43/X for the pair of rollers of smallest
radius (A = 0.249). By looking at this wider range of deformation rates, we see
that the birefringence trace starts with the maximum slope and smoothly changes

to a slower rate of increase at higher 4v/X. That is, there is a fairly abrupt decrease

4Cessation of flow can also be used to measure the longest relaxation time for both near-
equilibrium and non-equilibrium conditions [22]. We have carried out such measurement and
these results will be presented elsewhere. Birefringence is also sensitive enough to detect relative
changes in the molecular weight distribution for a given sample, including changes in a very small
percentage of the highest molecular weight portion of the distribution [14, 23, 24].

5The outflow axis angle for the case of a Newtonian fluid at small Reynolds number has been
calculated using the results of Chapter 1 of reference 13. For a non-Newtonian liquid such as the
polymer solution been studied here, the outflow axis orientation will be dependent on the shear
rate.
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in the rate of increase of birefringence at about 0.4 s~. Later on, we proposed a
simple method to characterize the eigenvalue where this abrupt change of the rate
of increase occurs and is called the “inflection” point of the birefringence trace.
However, when the observed change on the rate of deformation of the polymer
molecules occurs, the orientation angle is still far from the expected orientation
along the outflow axis.

In Figure 5, we show that a correlation exists for 4v/A < 0.4 s~! when the
birefringence curves are plotted as a function of the principal eigenvalue, for the two
flow fields with A equal to 0.06 and 0.15. A correlation of this type was found earlier
for a wider range of A values in a four-roll mill by Fuller and Leal [8], specifically
for 0.02 < A < 1. There are plaussible effects of a fluid mechanistic nature that
may explain these discrepancies, and have nothing to do with the dynamics of the
polymer. It is clear that for small deformations, curves for different \’s should
collapse into a single one. This is not the case for A = 0.249 as shown in Figure 6.
In particular, birefringence is the result of integration of the polymer retardation
along the sample cross section and therefore depends on the “thickness” of the layer
of the two dimensional flow field. Flos generated by two-roll mill must include some
“boundary” effects due to finite length of the flow device along the axes of the rollers.
Moreover, the size of the gap between the rollers increases with increase in the flow
parameter A and consequently there will be a more pronounced boundary effect
normal to the plane of the flow, for flows with the largest A value, i.e., for the flow
geometries with the largest relative gap. Hence, the flow field “thickness” is smaller
for larger A, and it may be possible to obtain a good correlation if the optical path
is calibrated according to the “real” thickness of the two-dimensional flow field.
This correction could remove the correlation breakdown observed between rollers
H and rollers F and D.

The breakdown for A = 0.02, is probably due to a totally different effect. The-
oretically a breakdown of the birefringence correlation for small A is predicted by

Leal and coworkers, [25] for a dumbbell model that includes full-conformation-
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dependent anisotropic bead friction and strain inefficient rotation. Specifically, for
that model the breakdown of the correlation of AN ws. 41/ occurs for A = 0.01 for
molecules having 100 Kuhn segments. The underlying reason for this breakdown
is essentially the result of asymptotically approaching the behavior of a weak type
of flow [2], while still using a strong flow correlation. The same type of singular
behavior should be expected regardless of the solution concentration. Furthermore,
the breakdown for the birefringence correlation should always occur for a non-zero
positive value of A. Taking these factors into account, we interpret the data in
Figure 5 as indicating that the birefringence will correlate with 4v/X over the whole
range of A from 0.06 to 1.0, in an ideal two-dimensional flow provided that the
magnitude of the principal eigenvector of the velocity gradient tensor is smaller
than approximately 0.4 s~!. This correlation defines the upper limit for the linear
viscoelastic domain as we will show shortly based on data for inception of flow.

As seen in Figure 6, (which includes the birefringence data presented in Figure 5
plus a wider range of values of the principal eigenvalue) the rate of increase of
birefringence—at higher shear rates—decreases for all values of A, showing a slower
but almost linear rate of increase. This linear increase in optical anisotropy of the
polymeric fluid exists for eigenvalues greater than 1 s=! and for A values 0.06 <
A < 0.25. For the smallest value of A, the birefringence grows in a non-linear
manner as function of the eigenvalue, distinctly to what is observed for larger A
values. There is a first section (at the smallest eigenvalues, and within the linear
viscoelastic regime) where birefringence grows in an equivalent way to that observed
for other A values, that is, a fast onset that slowly changes towards a slower rate of
increase. However as seen in Figure 7, at higher eigenvalues and within non-linear
viscoelasticity, the birefringence appears to increase linearly, but with two distinct
rates. The slower rate of increase for the smaller eigenvalues and a higher rate of
increase for the largest values of the principal eigenvalue.

For eigenvalues larger than 1.0 s7!, the orientation angle y, also reaches a rate

of rotation that is small but proportional to the principal eigenvalue. The be-
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havior of the orientation angle at large eigenvalues is representative of a polymer
macromolecule that is aligned very close to the outflow axis of the flow field. Such
a alignment is only possible if the polymer molecule has a conformation that re-
sembles a highly elongated body. The observed final orientation angle decreases
for smaller values of A as the direction of the principal eigenvector of VU rotates
towards smaller x values. Despite the good apparent alignment of the polymer
molecules, it is possible to achieve even greater degrees of deformation of the poly-
mer conformation. That is, we have observed birefringence values still linearly
increasing for shear rates higher than those presented here. For the smallest A
value, we have measured birefringencey levels 50% higher than those reported in
Figure 6 with no apparent signs of its saturation (shown in Figure 7). A linearly
increasing birefringence suggests a polymer conformation that is highly elastic and
still far away from the maximum extension that can be achieved under this type of

flow.

5.3.2 Inception of Steady Flow

First, we present in Figure 8 the observed transient flow birefringence for the flow
geometry with the largest flow parameter. For small shear rates, the birefringence
increases monotonically, until the steady state value is reached. The orientation
angle at the onset of flow is dominated by the residual glass anisotropy. It is only
after the anisotropic contribution of the polymer becomes dominant that the ori-
entation angle reaches a maximum value. At this point, the polymer molecules are
slightly deformed and the orientation angle of 45° corresponds to alignment along
the axis of principal strain. The earliest portion of the behavior of the orientation
angle, which is due mainly to the residual glass birefringence, is present in all cases
for inception and cessation of flow. Since it provides little information regarding
the polymeric liquids, it will be subsequently ignored in the discussion that follows.
In all cases, the initial orientation of the polymer coincides with the principal strain

axis of the flow.
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For A = 0.249, the first indication of non-linear viscoelastic behavior, based on
start-up of flow, occurs around 0.35 s=! (Figure 8). That is, the transient birefrin-
gence shows well defined overshoots, and undershoots following the maximum, for
all eigenvalues greater than 0.35 s7. For this low geometry, there is always a very
large undershoot following the principal overshoot. In fact, the undershoot always
coexists with the overshoot and the ratio of the relative magnitudes of the overshoot
and undershoot is always less than one; we will discuss the relative values of such
overshoot-undershoots shortly. Looking back on the birefringence data for steady
flows in Figures 3 and 4, we can see that the birefringence and the orientation angle
begin to change their respective slopes, towards smaller values, at approximately
4V =~ 0.4 s~!. Clearly, the change of slope in the steady flow graphs occurs at
a value of 4v/X that coincides with the onset of non-linear viscoelastic behavior in
the start-up data.

The temporal evolution of the orientation angle also shows undershoots before
the final orientation is reached, although these appear at higher eigenvalues. For
example, in Figure 9, the orientation shows an undershoot after 2 seconds (which
corresponds to a strain of 1.44) for 4V X = 0.72 s71. For A = 0.249 and eigenvalues
larger than 0.72 s~! the local undershoot in the orientation angle coincides with the
point at which the birefringence crosses the steady asymptotic value, between the
birefringence overshoot and undershoot. The orientation angle reaches its second
maximum (the first being that observed at the earliest times due to the artifact of
glass birefringence) as the birefringence increases, after its undershoot, towards the
final steady state value. The orientation continues to decrease, reaching its final
value slightly after the birefringence becomes constant.

The presence of the undershoot in the birefringence, coupled with an increase in
the orientation angle (i. e., a rotation towards the principal axis of strain), a clear
indication of segmental stretching occurring within the macromolecular “matrix”
of the fluid. We believe that the stretching of polymer segment is manifested as the

result of two distint effects: the first corresponds to the decrease in birefringence
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after the overshoot and is a result of a change in the density of entanglements
within the polymer network, and the second is due to the stretching of the remaining
segments up to a highly elongated state. This type of behavior has not been reported
in the published literature to knowledge of the authors. As we will show later, this
behavior seems to be unique to two-roll mills of a large flow parameter value, i.e.,
unique to flows with a significant extensional component.

For inception of flow with rollers F, which correspond to a flow parameter equal
to 0.151, the birefringence trace shows the same qualitative features as for A =
0.249. The transient behavior for A = 0.151 is presented in Figures 10 and 11.
However, there are significant quantitative differences for the two values of A\. The
trace for the birefringence changes its “signature” noticeably. First, the ratio of the
magnitude of the overshoot and undershoot clearly depends on A, with the relevance
of the undershoot decreasing as the vorticity of the flow increases. Secondly, after
the occurrence of the birefringence undershoot, the trace is now followed by a
pair of oscillations that occur just before the steady states values are reached.
These oscillations have relative magnitudes of 2 — 4%. Thirdly, for A = 0.151 the
overshoots appear for eigenvalues larger than 0.33 s~!, with overshoots followed
by well defined undershoots occurring only for eigenvalues larger than 0.66 s~
Undershoots in the orientation angle are more difficult to characterize for this flow
geometry, although, undershoots of the orientation angle always occur, only after
the appearance of well defined undershoots for the birefringence trace.

For rollers D, and A = 0.061 (presented in Figures 12 and 13), the birefringence
for inception of flow is similar to the previous value of the flow parameter. Again,
the birefringence trace shows a well defined “overshoot-undershoot” signature that,
at higher shear rates, becomes even more complicated with the appearance of a
more pronounced double hump just before the steady value is reached. However,
the relative magnitude of the undershoot continued to decrease for this flow field,
with the ratio of overshoot to undershoot now being larger than one. For eigen-

values larger than 4.72 s~1 the birefringence value at the overshoot corresponds to
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retardation values greater than m/2. For a trace of the retardation that is oscil-
latory in character, and has a mean value greater than or equal to 7/2, a unique
determination of the birefringence trace is difficult. Thus, the transient birefrin-
gence data shown here is restricted to values of #v/X where the retardance is always
less than /2 and the uniqueness of the birefringence trace is guaranteed.

Inception of flow-induced birefringence for A = 0.02 shows some distinct charac-
teristic not observed with the other flow geometries. For 4v/X = 0.396 s~! (which
corresponds to the second smallest eigenvalue possible with rollers B) the birefrin-
gence data already shows an overshoot of 7.2% (see Figure 14). For higher shear
rates, the birefringence overshoots become much larger until, finally, for eigenval-
ues 4v/X > 3.5 s~1 the birefringence shows an almost imperceptible undershoot,
similarly to birefringence traces observed in Couette flows [26]. The orientation
angle starts with a maximum value of 37°. For the lowest eigenvalues, the temporal
evolution of y is a monotonic decrease to the steady flow value (this part of the
response is within the linear viscoelastic domain). However, as has been observed
with Couette devices, the orientation angle shows significant undershoots for all
eigenvalues larger than 0.55 s~

For the rollers with the smallest value of A there are significant differences
between the data curves for birefringence as function of the eigenvalue, and for the
time evolution of birefringence and orientation angle upon inception of steady flow,
compared to the same type of data for larger values of A. There is a breakdown
of the correlation of birefringence with the eigenvalue for values A < 0.06, as seen
in Figures 4 and 5. In addition, the transient signature of the time traces for the
birefringence and orientation angle has changed significantly compared to the other
geometries. Actually, There is a stronger similarity of the data for A = 0.02 with
the data reported in the literature with Couette devices [26, 27], than for the other

A values where studied here.
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5.4 Discussion of Results

Although the polymer sample investigated here is a three component system, the
use of the oligomer of styrene (referred as oligostyrene) does not affect the dynam-
ics of the high molecular weight polystyrene, even at this high a concentration,
except through its effects on the monomeric friction coefficient. The function of the
oligomer is simply to increase the viscosity of the solvent up into the range of 1 Pa-s,
with the net advantage of requiring lower shear rates to reach the same degree of
conformational change in the macromolecules. The use of this type of solvent blend
is especially advantageous when the high MW polymer solute has a concentration
around or slightly higher than ¢* since the behavior of the configurational statis-
tics of the polymer chain segments® depends on the affinity of the solvent-polymer
system, with non-Gaussian statistics more likely for a good solvent compared to
a solvent at ©-conditions’. In the next section we will discuss the importance of
chain segment dynamics and its relationship to this work.

Whenever large deformations are induced by flows, for solutions with concen-
trations higher than, but close to c¢*, the importance of the relaxation dynamics
associated with the chain segments becomes more prominent, at least as suggested
by recent improvements in the reptational models. These new “versions” of the
reptational models, originally introduced by de Gennes [30], and Doi and Edwards
[31], now include “constraint release” through “tube renewal,” see, for example, ref-
erences [32]-[35], and “tube relaxation” via segmental stretching when the macro-
molecular fluid is subjected to larger strains, see references [27] or [36]-[38]. Ex-

perimentally, it is likely that the solvent type will make a significant difference

SFor a concentrated solution the dominant mechanism of intermolecular interaction are the
entanglement “points.” Chain segments are the sections of the high MW polymer between entan-
glements, with an average MW of M,.

Ideally, the solvent affinity should be that of the high MW polymer in the melt state. Styrene
monomer, plus oligostyrene, plus the high MW polymer should be such a system as proposed
by Williams and co-workers [28, 29]. However, for optical measurements, the photoreactivity of
monomeric styrene excludes such a type of solvent blend for optical measurements, especially
when a highly focussed laser beam is used. The use of toluene permits birefringence studies upon
one sample for long periods of time without noticeable changes of its rheo-optical characteristics.
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precisely upon the dominant polymer relaxation mechanisms that exist under large
deformations. For the sample used here, the use of the oligostyrene should have a
minimal effect on the storage and loss moduli for the range of frequencies in the
flow and the rubber regions [39], apart from a trivial shift in the frequencies due to
the change of viscosity. In particular, the oligostyrene molecules in this system act

only as diluent [40] molecules.®

5.4.1 Linear and Non-linear Viscoelasticity

The viscoelastic properties of a material are modeled by constitutive equations
which related the stress tensor and the velocity gradient tensor by means of a

non-linear functional [31],
gap(t) = Fap(VU()) , (5.3)

where VU is the velocity gradient prescribed by the linear relationship (5.1). How-
ever, in the special case that the velocity gradient is small, and/or slowly changing
in time, equation (5.3) can be simply rewritten as a linear equality [31, 41]

ous(t) = /t G(t — ¢)(VU(¥) + VUHE) e (5.4)

-0

where G(t — t') is known as the relaxation modulus [41]. Although the range of

applicability of equation (5.4) is limited, it has been extensively studied and is well

" understood.

For the case of a highly entangled polymeric fluid, ¢.e., one with a concentration
¢ > c*, the relaxation from a nonequilibrium conformation can be understood in
terms of a set of relaxation mechanisms, each of which has a unique and distinct
relaxation time-scale. The fastest relaxation mechanism, with characteristic time

T, corresponds to the so-called wriggling of the chain segments about their state

8The rubber-glass transition region may be affected by the use of the oligostyrene with the
extent of these effects—towards slower frequencies—depending upon the polydispersity of the
MW distribution of the oligostyrene sample, in relation to the lowest MW fraction between
entanglements.
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of equilibrium. It is independent of the MW of the polymer, and is usually very
fast compared to the time-scales of typical flow experiments and is therefore of
little relevance to this work. For ¢ > ¢,, the reptational dynamics prescribes two
relaxation mechanisms: the relaxation of the contour length, with characteristic
time-scale 7g, and the reptation of the molecule away from its deformed tube, with
74 > Tg as its characteristic time.? In the limit of lnear viscoelasticity (LVE), i.e.,
of small 4 and/or 4, the change of the contour length is an even function of the
deformation, and can be neglected to first order [31]. Consequently, the contour
relaxation does not contribute to the relaxation dynamics. In this case, reptation
is the only relaxation mechanism for ¢ > t,. The non-linear viscoelastic (NLV)
behavior, occurs whenever the contour length is greater than the equilibrium length
and this is the case if YV > 77!, At this point, the anisotropy of the fluid has
two contributions: most of the chain segments are strongly aligned, and in addition
some of these segments are significantly stretched. As a consequence, the dominant
relaxation mechanism is no longer pure reptation but whenever AV ~ 77!, the
so-called mechanism of “tube contraction” from the highly stretched state, for the
polymer chain is equally important [37, 38].

The relaxation mechanisms of the polymer molecules prescribed by the repta-
tional models can explain the inflection point for the birefringence trace in steady
flows (as seen in Figures 3-7). For steady flows where 4v/X < 77!, and according to
the reptational models, the only relaxation mechanism is reptation. The anisotropy
of the fluid is due only to the inner fraction of the polymer chain which becomes
strongly oriented and relaxes with a characteristic time proportional to 7;. When

1 is of the order of the eigenvalue 4/},

the inverse of the disengagement time 7,
the stresses of the fluid now have two opposing contributions: one due to the ori-
entation of the chain segments and the second one due to retraction of the some of

the chain segments. Therefore, the strain rate must increase accordingly, in order

9The linear viscoelasticity of polydisperse polymer samples is not completely explained by
assuming only a reptational model. All of the “tube renewal” reptational models tend to address
this specific discrepancy see for example references [35, 27] and references therein.
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to accommodate for the stresses due to the polymer orientation, and the “new”
relaxation due to changes of chain length.

The observed behavior for the steady flow must also correlate with the ob-
servations of the birefringence in transient flows. For example, overshoots in the
birefringence trace for inception of flow are a result of non-linear viscoelasticity.
Hence, we can define the characteristic eigenvalue for the onset of non-linear vis-
coelastic behavior as the smallest eigenvalue capable of inducing overshoots in the
inception of steady flow. For A = 0.249, the non-linear viscoelasticity, based on
start-up of flow, occurs around 0.35 s~!. For steady flow, we can also define a char-
acteristic eigenvalue for the “inflection” point at which the relaxation dynamics is
no longer determined by pure reptation. This characteristic eigenvalue is at the
intersection of two asymptotic lines, the first tangent to the birefringence trace at
low 4v/X, and the second tangent to the linear region of the birefringence trace at
high eigenvalues (shown in Figure 4). For rollers H, and based on the change of
slope of the birefringence trace versus the eigenvalue, the non-linear domain begins
in the neighborhood of 0.41 s~1.

Looking back at the onset of the non-linear domain of viscoelasticity as seen in
Figures 3 and 8, the orientation angle is still far away from the final asymptotic value
—~which should approach the outflow axis when the molecules are highly deformed.
That is, the onset of non-linear viscoelasticity (NLV) appears when the anisotropy
of the fluid is still rather small and the vorticity effects are limited. The molecules
tend to be aligned along the principal strain axis, where the polymer is easily
deformed from its equilibrium conformation. This behavior is, in fact, found for all
A’s; i.e., the anisotropy of the fluid is small at the onset of NLV and the orientation
of the molecules appears to be mainly along the principal strain axis.

The correlation between the onset of non-linear behavior in the transient data
and the inflection point in the steady birefringence data also occurs for other values
of X. For the case of rollers F, with A = 0.151, the change of slope for the steady

state flow (see Figure 3) occurs at approximately 0.36 57! with an almost linear



186

increase of the birefringence beyond eigenvalues of 1.0 s™!. As seen in Figure 10,
the transient data becomes clearly non-linear for eigenvalues larger than 0.33 s~1.
These characteristic times for A = 0.15 are slightly slower than those measured with
rollers H (A = 0.25). For A = 0.06, the onset of non-linear viscoelasticity occurs at
0.33 s~! based on the steady flow data, and for transient start-ups at 0.30 s~ (see
Figures 3 and 12). Finally for A = 0.02, the onset of nonlinearity appears to occur
at an even lower value of the eigenvalue. For the experiments reported with rollers
B, the linear to non-linear transition occurs at a shear rate that is very close to the
lower limit possible with the stepping motor used for these experiments. Therefore,
at the present time, the number of experimental “points” covering the transition
between the linear and the non-linear domains, is most limited and only a least
upper bound for the linear viscoelastic domain can be inferred as seen in Figure 14.
However, when all the data is taken together, it is clear that smaller eigenvalues
are necessary for smaller values of A.

Thus, based on the range of A values of 0.25 to 0.06, this study suggests that the
eigenvalues for the onset of NLV decreases as a function of A (for 0 < A <1). The
eigenvalue for the onset of NLV was observed to decrease approximately by 30%.
On the other hand, this decrease in the eigenvalue corresponds to an increase of the
shear rate 4 of almost three times. That is, the linear viscoelastic dbmain should
be expected to prevail for significantly higher shear rates for flows where A — 0,
with the highest values occurring for the case of simple shear flow. For the four
sets of rollers used in this study, the determination of the “reptation” time is given
in Table 5.2, together with the critical shear rate for the onset of NLV in transient
flows. The reptation time corresponds to the inverse characteristic eigenvalues
for the onset on non-linear viscoelasticity. Of course, these characteristic times
depend slightly on the methodology used for its determination, i.e., a slightly larger
eigenvalue is obtained for the time-scale based on steady flow data, compared to
the values determined by the onset of overshoots in inception of steady flow.

Finally, we consider the percentages of overshoot and undershoot as a function
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of the flow parameter and eigenvalue. The relative magnitude of the undershoots
decreases as function of A, to the point of almost disappearing for the case of A =

0.02. On the contrary, for the case of A = 0.249, the undershoots are clearly larger

Rollers A . (8) [ 7 (s) | ¥ (s71)
B 0.0196 | 2.44 2.86 2.50
D 0.061 | 2.78 3.03 1.34
F 0.150 | 3.03 | 3.33 0.77
H 0249 |~34| ~34 0.59

Table 5.2: Characteristic time-scales for the transition of linear to non-linear vis-
coelasticity. 7t corresponds to the estimated reptation time as the inverse of 4v/X
based on inception of steady flow. 7. is the inverse of the eigenvalue at which the
birefringence changes its slope as a function of the 43/X. % (s~1) is the shear rate
needed to reach the non-linear viscoelastic domain.

Roller A AV A %+ %~
B 0.0196 0.396 7.2 -
B 0.0196 1.19 25.0 -
B 0.0196 2.76 36.8 -
B 0.0196 4.76 31.1 -
B 0.0196 5.95 34.2 -
D 0.061 1.77 13.8 3.5
D 0.061 2.36 12.0 6.6
D 0.061 3.54 11.0 9.3
D 0.061 4.72 13.5 104
F 0.151 1.32 10.3 10.3
F 0.151 1.96 13.4 15.5
F 0.151 3.29 17.5 23.9
H 0.249 3.60 21.3 35.1
H 0.249 4.8 25.2 43.8

Table 5.3: Relative magnitudes for the overshoots (%), and undershoots (%)
normalized by the steady state birefringence values for different magnitudes of the
principal eigenvector of the velocity gradient, as well as values of the flow parameter.

than the overshoots; see Table 5.3. The above characteristic, we suggest, is a result
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of the outflow axis orientation being largest, and hence, for a constant eigenvalue
the rate of strain also faster for larger A\ values. The effect of different flow types
on the polymer conformation is therefore, to enhance the relative importance of
chain stretching as compared to tube disengagement; tube stretching being minimal
as A — 0. For the smallest )\ value, the steady state value after the overshoot,
is reached mainly by contour retraction, without significant stretching, while as
A — 1, the steady state value is reached only after significant stretching of the
polymer chains. The behavior for the smallest A value is quite similar to the simple

shear data given by Zebrowski and Fuller [26] for an equivalent solution.

5.4.2 Characteristic Strains for Inception of Flow

Characteristic strains have been shown to be another useful parameter for the
determination of the transition of linear to non-linear viscoelastic behavior [27,
42, 43]. Menezes and Graessley [42] have proposed that the departure from finite
linear viscoelasticity occurs approximately at a strain that is the same regardless of
the molecular weight of the polymer, or whether data for shear or normal stresses
is used to determine this characteristic strain. This so-called departure strain -4
has been found to have a value of 0.9 for polybutadiene, and is equal to 1.0 for
polystyrene. In contrast to 74, the strain at the peak of the stress overshoot in
simple shear flow depends both on the shear rate and the solution, but converges
to a constant value at low shear rates, with the strain at the overshoot of shear stress
being v = 2.2, and the corresponding value for the first normal stress difference
being 7% = 5.1. At higher shear rates, the strains necessary to reach the peak in
the overshoot starts to grow very rapidly. For example, from the data presented by
Fuller and coworkers [26], it is clear that the total strain to reach the birefringence
overshoot can be several times larger than the values measured at low shear rates,
with the initial value at low shear being close to 3.4. In Figure 16, the strain at the
birefringence overshoot y*(4, A) found in the present experiments is shown for all

four rollers.
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As seen in Figure 16, the strain at the overshoot peak for small values of the
shear rate is of the order of those reported by Menezes and Graessley [42] for the
breakdown of the “finite” linear viscoelasticity. Based in birefringence measure-
ments, Koyama and Ishizuka [43] have found a strain of 0.7 for the onset of NLV in
extensional flow which corresponds very closely to the values reported here for the
largest values of A\. However, for the data presented in Figure 16, it appears that the
low shear rate strain 4} depends on the flow type, i.e. on A, with lower v} values
occurring for larger A’s. At the higher eigenvalues, all data points deviate from the
low shear values v} () in a similar manner to what was previously found for the
case of simple shear flow [42, 27]. The pattern of departure suggests that the same
macromolecular mechanism exists for the data presented in Figure 16 as originally
proposed by Graessley et al., where the increase in the peak strain ‘7+("7, A) begins
near

Yre 1, (5.5)

where 7, is the longest Rouse relaxation time (except for a mutiplicative factor) of
the polymer molecules. The determination of this second relaxation time-scale 7.,
based on the strains at the overshoot peak is independent of the damping function
and accordingly, should be insensitive even to molecular variables, such as polymer
type and/or its MW. However, as seen in Figure 16, the deformation history does
have an effect: the value of 7. appears to depend on A.

The presence of undershoots at high shear rates for simple shear flows (A = 0)
can also be explained by constitutive equations which explicitly take into account
a parameter related to 7. as suggested by Graessley et al. [42]. Our results clearly
show that the relative values of overshoots and especially undershoots depend on
A. For a given eigenvalue, the presence of undershoots strongly depends on A
regardless of whether 47, = 1. Therefore, although the undershoots in simple shear
flows may be related to the Rouse relaxation time, the precise relationship will be
rather complex since it is clear that the onset and magnitude of undershoots is

<*rongly dependent on the relative amount of vorticity of the flow.
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Figure 5.16: Strains at the peak of the birefringence overshoot. For rollers B (e),
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Based on our understanding of the effects of the two dominant relaxation pro-
cesses prescribed by the reptational rﬁodels, we can attempt to describe the optical
anisotropy as presented in this work. For inception of slow flow with 4v/A < !
we can expect that the the polymer will get monotonically aligned, until the chain
orientation is in equilibrium with the applied stresses. Macroscopically, the corre-
sponding birefringence although small, also increases monotonically and very fast
at the beginning since the polymer is in a conformation close to its equilibrium
state, and the resistance to orientation is minimal. The orientation angle also ro-
tates slowly from the principal axis of strain towards smaller angles in a similar
manner to the behavior of An, but is still aligned mostly along the strain axis. It
is now quite clear, that the level of optical anisotropy is due mainly to the reorien-
tation of chain segments without significant stretching taking place, as determined
by the small values of the birefringence. Therefore, the polymer conformation is
only slightly deformed from its isotropic equilibrium state.

For inception of steady flow with 4v/X > 77!, the time evolution of the polymer
conformation depends on the relative contribution of segmental orientation and
stretching of segments. The total strain necessary to reach the maximum value
of birefringence corresponds to y*. For strains less than v, the conformational
changes of the polymer are those observed for small eigenvalues. For v & 4%, the
contribution to the stress of segmental stretching is as important as orientation
of chain segments. That is, for longer times when v > 4% the fluid is “allowed”
a second relaxation mechanism that decreases the total number of entanglements
on the primitive chain. The decrease in the number of entanglements is macro-
scopically seen on the graphs for An as a decrease of the fluid anisotropy beyond
4+, with the fluid also becoming less elastic, by augmenting the mean MW be-
tween entanglements. For longer times, the effect of the flow is now to increase
the anisotropy of the fluid by segmental stretching, which is most efficiently done
along the principal strain axis of the flow, and then the polymer tends to aligned

itself with a larger orientation angle. Thus, based on the relaxation mechanisms
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prescribed by NLV as applied to flow fields generated by two-roll mill we can also
explain the “local” overshoot of the orientation angle as seen for fast eigenvalues
(and especially obvious in Figure 9).

The deep undershoot observed for An at high eigenvalues, is again a clear
indication of segmental stretching, which becomes more obvious for the flow cor-
responding to A = 0.249 as seen in Figures 9 and 10. Hence, after the undershoot
the polymer network is at its lowest value of entanglements possible with the de-
formation rate. For even larger deformations, the fluid is still capable of continuing
to stretch the polymer molecules to an even higher degree of deformation, and the
optimum angle rotates towards the principal strain axis. This change of direction
of the orientation angle corresponds to the “local” maximum before the final steady

flow orientation is reached.
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