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Abstract

An optical method was developed to measure the viscosity and first normal stress coeffi-
cient of polymer melts containing volatile components. This method suppresses foaming
of materials and provides results on-line. The shear-rate-dependent viscosity of a LDPE
melt was measured in a channel die by combining the shear rates calculated from the
velocity profile with shear stresses calculated from the pressure profile. The first normal
stress coefficient was measured from the local shear rates and normal stress differences,
which were in turn calculated using the stress-optic rule. The necessary birefringence and
extinction angle profiles were measured by using a point-wise birefringence technique.
The effects of the finite beam cross-sectional area and the end walls on the results were
analyzed. The viscosity and first normal stress coefficient measured from LDPE using this
method agreed with those obtained from parallel-plate rheometry and capillary viscometry
to +25% and +33%, respectively.

To demonstrate an application of this method to a material which foams at processing tem-
peratures, the viscosity of two kinds of PMMA were measured with the optical method.
PMMA depolymerizes at processing temperatures under atmospheric pressure to form
methyl methacrylate, which foams the material. The viscosity of PMMA measured by
using the optical method was compared to that obtained by using capillary viscometry.
Mcasurement of the first normal stress coefficient was also demonstrated.

Thesis Supervisor: Robert C. Armstrong
Title: Professor, Chemical Engineering
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Chapter 1
Introduction

Rheology is the study of the relationship betwecq stress and deformation cf aggﬂjd; Poly-
mer rheology in particular captures the attention of many scientists and engineers because
of both the interesting physics involved and the need of rheological information to under-
stand and control a wide variety of commercial processes. Rheological information is usu-
ally expressed in terms of material functions. Common material functions include
viscosity and the first and second normal stress coefficients. They describe the viscous and
elastic properties a polymer, respectively, in steady simple shear flow. Although many
methods have been developed to measure these functions for both polymer solutions and
polymer melts, there are still a number of unsolved problems. This thesis is concerned
with developing a method to measure these material tunctions for polymer melts. Specifi-
cally, this method aims at a class of materials whose rheology is difficult to study by con-
ventional means because of their tendency to foam under ambient pressures.

Section 1.1 discusses the significance of rheology in polymer science and processing.
Section 1.2 describes a problem associated with studying polymer melts. The method of
approaching this problem is detailed in Section 1.3. The goals of this thesis are then stated

in Section 1.4 along with an outline of its organization.

1.1 Rheology in Polymer Characterization and Processing

Rheology is important both in material characterization and determining process vari-
ables. In material characterization, the zero-shear-rate values of viscosity 1 and first nor-

mal stress coefficient ¥, are useful because they are very sensitive to large-scale

16



structures in the fluid (Bird et al., 1987). Thus they can be used to give information about
molecular weights. The longest relaxation time of the polymer can be approximated by the
reciprocal of the shear rate at the which the material begins to shear-thin. An accurate
characteristic relaxation time is necessary to define a meaningful Deborah number which
determines the dynamics of molecular relaxation and the onset of elastic instabiiities.

Rheological properties also play a crucial role in the area of materials processing.
These properties are the parameters which relate the power input to macroscopic variables
such as throughput per hour and other variables such as velocity and molecular orienta-
tion. Mechanical properties are functions of molecular orientation, and surface smooth-
ness on the melt depends on the Deborah number which characterizes the onset of elastic
instability. Key rheological properties like viscosity and firsi normal stress coefficient
strongly depend on processing variables such as shear rate and temperature. Therefore, in
order to optimize cost and material properties, it is necessary to have a good understanding
of the material rheology. The following example, adaptcd from Dealy & Wissbrun (1990),
illustrates how rheological information is used in a common polymer processing operation
- extrusion.

As a first approximation to relate the output of the extruder conveying zone and the
process variables, it is convenient to assume the polymer melt has a Newtonian viscosity
N . The two driving forces for the flow of polymer inside the extruder barrel are the drag
force exerted by the screw surface and the pressure gradient along the length of the chan-
nel. In Equation 1.1 the first term describes the contribution from the drag flow while the

second terms describes the pressure-driven flow.

_ n'ND;Hcos8sin® mnD,H'9P

0= 5 - 12n ﬁsme (L.1)
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where Q is the volumetric flow rate, N equals the screw speed in rpm, D, is the screw base
diameter, H equals the depth of the gap in which polymer flows, € is the screw flight
angle, c%) equals the pressure drop and, 1 is the Newtonian viscosity. It is convenient to

group several parameters together and simplify the equation in the form of Equation 1.2:

Q= Qd—CP, (|2)

where Q, is the flow rate due to drag flow, C is the constant product which depends

inversely on viscosity, and P, is the exit pressure at the end of the extruder barrel.

Melt is supplied to the extruder die at che exit pressure of the barrel P, . For a Newto-

nian viscosity approximation, the output is related to the exit pressure and the viscosity by:

0 = (1.3)

where K is a constait that characterizes the resistance of the die to flow. For instance, if
4
the die were a iong pipe of radius R and length L, the K would bc% .

It is common to use an operating diagram to determine the operating e:tit pressure and
flow rate for a system with certain characteristics. Figure 1.1 is such an operating diagram
with the output versus exit pressure. The intersecting point between the screw curve and
the die curve is the operating point. For non-Newtonian viscosities, both the screw and the
die characteristic curves are shifted and distorted. Figure 1.2 shows how the screw charac-
teristic curve is altered for different power-law indices n on a plot of the dimensionless
throughput against dimensionless pressure. Throughput is made dimensionless by the drag
flow rate Q,, and the pressure is non-dimensionalized by the maximum pressure gener-

ated by the screw given by P,,,, = 6“;;';"“ , where 1 is the viscosity at a shear rate equal
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Figure 1.1: Operating diagram for extruder (Dealy and Wissbrun, 1994).

. ND, . . ..
to the characteristic shear rate il (Iinear velocity of the barrel divided by the channel

H
depth). Increasing shear-thinning shifts the screw characteristic curve to the left, indicat-
ing a lower die pressure will be achieved with the same flow rate. How the die characteris-
tic curve is repositioned strongly depends on the geometry of the die and the rheology of
the melt. But it should be clear that the operating point is not the same as that in the New-

tonian case. In general, numerical methods with detailed rheological information provide

the most accurate estimation of the operating pressuvre and flow rate.
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Figure 1.2: Screw characteristic curve for non-Newtonian fluid with power-law index n
(Dealy and Wissbrun, 1990).

1.2 A Problem in Rheometry

Rheometry is a branch of rheology which concerns with developing and using experimen-
1al techniques to measure rheological properties. In particular, pelymer melt rheometry
represents quite a challenge because the melts have to be maintained at a sufficiently high
and uniform temperature; furthermore the stresses they exert on the transducers cover a
wide range, and the instrument transducers have to be sensitive at both the upper and

lower limits.
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1.2.1 Conventional Methods

The two material functions investigated in this study - viscosity and first normai stress
coefficient - are strong functions of shear rate and temperature. The parallel-plate and cap-
illary arrangements are common geometries used in measuring these functions. Figure 1.3
shows a schematic diagram of the parallel plate mode of a Rheometrics Mechanical Spec-
trometer (RMS-800). The sample is sandwiched between the two circular plates. When the
bottom plate is rotated at a fixed angular velocity, the viscosity and first normal stress
coefficient can be calculated from the measured torque and normal force exerted by the
sample on the top plate.

A schematic diagram of a capillary viscometer is shown in Figure 1.4. Molten poly-
mer, melted under pressure and high temperature, is extruded through a fine capillary with
a plunger. By measuring the volumetric flow rate of the extrudate and the amount of force
needed to extrude the material at that flow rate, the viscosity of the material at the capillary
wall can be calculated.

In general the parallel-plate geometry is suitable for low shear rate measurements
whereas the capillary is more appropriate for high shear rate measurements. This is
because for parallel-plate rheometry, melt fracture and other free surface instabilities
occur beyond certain criticai Deborah numbers which generally correspond to moderate
shear rates. In capillary viscometry, the frictional drag between the plunger and the barrel
becomes significantly large compared to the net force required to extrude the sample at
low shear rates. For common polymer melts such as low density polyethylene, the critical

shear rate which determines which method to use turns out to be about 3 st
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Figure 1.3: Parallel plate rheometry.

Figure 1.4: Capillary viscometry.

The first normal stress coefficient can be measured with the parallel-plate geometry
but not with the standard capillary viscometer. Therefore, most first normal stress coeffi-
cient data exist in the literature were obtained at low shear rates. Besides the range of
shear rate studied, a further distinction between the two geometries concerns with their

readiness to be implemented for studying rheological functions in real time. The capillary
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can be more readily incorporated into polymer processing equipment because most pro-
cesses involve polymer melts flowing continuously through a channel. However, the paral-
lel-plate measurement cannot be naturally fitted into common processes. As a result, low

shear rate data are difficult to obtain on-line.

1.2.2 Measurement Difficulties with Foaming Materials

A number of polymeric materials tend to foam at processing temperatures and atmo-
spheric pressure. The foaming renders the sample inhomogeneous and thus prevents any
meaningful rheological measurement from being made at atmospheric pressure. Recall
that low shear rate data are generally obtained with rotary devices operating at one atmo-
sphere. Therefore, there is a lack of low shear rate viscosity and first normal stress coeffi-
cient data for such materials. Two common examples which fall into this category are
poly(methyl methacrylate) and starch-containing polymers. Their chemical structures are
shown in Figures 1.5 and 1.6, respectively. Poly(methyl methacrylate) or PMMA foams
because of the depolymerization reaction which occurs at high enough tempe: ures. Th:
kinetics of this reaction are detailed below. Starch nornally contains a subst
of water. The water boils above 100°C and foams the sample during meas.
{Weigand, 1992). Both of these polymers are investigated in this study, and the results are
discussed in Chapter 4 and Appendix A of this thesis. The first paragraph in Appendix A
details the compositions of the starch/EVOH blends studied in this project. The problem at
hand is how to successfully measure the rheology of materials which tend to foam. Before
explaining the method of approach to this problem, the following paragraphs explain why

it is important to study the rheology of PMMA and starch-containing polymers.
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Figure 1.5: Poly(methyl methacrylate) in equilibrium with its monomer - methyl meth-

acrylate.
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Figure 1.6: A glucose chain - the building block of starch.

PMMA is widely used in sheets and molds. It has high thermal stability, weatherabil-
ity. and optical clarity. Common brand names of PMMA include PIexiglasTM. PerspexTM,
and Lucite™. Rheology of PMMA is important in injection molding and extrusion, but
not so in bulk casting. The importance of rheology to extrusion has been explained in Sec-
tion i.1 of this thesis. For bulk coasted objects such as lens and prisms, optical clarity is
often the main concern. However, optical clarity will be compromised if either the mono-
mer of PMMA, methyl methacrylate, vaporizes or the cast has non-uniform properties due

to a different time-temperature history. The polymerization of methyl methacrylate is

highly exothermic, producing about 140 cal of energy per gram. To avoid monomer evap-
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oration, polymerization is usually carried out in a high-pressure autoclave. To avoid non-
uniform properties induced by a different time-temperature history, the thermal gradients
within the cast have to be kept to a minimum by maintaining a very low reaction rate (I1CI
Acrylics, Lucite Embedment description).

At atmospheric pressure, PMMA is observed to foam at processing temperatures in the
range of 180°C to 260°C. The phenomenon of bubbling in PMMA is caused by unzipping
(depropagation) of the polymer with monomer release (Rempp and Merrill, 1991). The
following discussion outlines the kinetics of this reaction.

PMMA can be made in bulk, suspension, or emulsion by radical or anionic polymer-
ization, although radical polymerization is the most common polymerization mechanism.

Considering the propagation and depropagation for a chain of length i monomer units,

kP
-l M*+M 4_' _i__M*
ku
where _i__M?* is a polymer chain of i monomer units with an active site M*. The active

site in radical polymerization is a radial with an unpaired electron, and k,, and k,, are the
rate constants of the forward and reverse reactions respectively. The equilibrium concen-
tration of monomer in the solution [M], is important since polymerization will not go for-
ward once the monomer concentration drops to this equilibrium value. At equilibrium,
both reactions proceed at the same rate, and the equilibrium monomer concentration can

be calculated as:

—d——-[M]E(k,,[M],—k,)[M*], =0 (1.4)
dt
-~ ku
[M],=k— (1.5)

P
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where [M*] represents the concentration of the polymers with active sites. Strictly speak-
ing, [M*] should be a sum of concentrations of polymers with different lengths. The reac-
tion rate constaits k, and k, depend on temperature in an Arrhenius manner. [M], is the
equilibrium concentration of monomer in the solution. Alternatively, [M], can be
expressed in terms of the reaction enthalpy change AH and entropy change in tﬂc standard
state AS, |

aH_as’
RT, R

In({M)./[M],) = (1.6)
where [M] is the monomer concentration in the standard state, T is the so-cailed “ceiling
temperature.” Each ceiling temperature has to refer to a stated monomer concentration
[M],. Since the heat of reaction AH is negative, the equilibrium monomer concentration

[M], increases as the temperature increases (Rempp and Merrill, 1991).

A poly(methyl methacrylate) chain is subject to unzipping reaction upon cleavage of a
C-C bond induced by, for example, UV irradiation. The methyl methacryiate monomer is
commonly copolymerized with a small percent of ethyl acetate to inhibit the unzipping
reaction along the polymer backbone. However, unzipping will still take place at high
enough temperatures. From the results obtained in this study, it was found that a pressure
of 8.5 x 10° Pa should enable the rheology of PMMA to be measured to a temperature of
215°C.

Within the past five years low-moisture starch/polymer blends have become a subject
of great interest because of their potential to substitute for certain types of common plas-
tics. Starch is considered for this purpose because it is both biodegradable and comes from
renewable, sustainable, and inexpensive resources as compared to petroleum resources as

explained below.
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Increasing energy and environmental concern from the government and the general
public prompts the developmen: of biodegradable materials from sustainable resources.
Since plastics come mainly from refinement of petroleum, plastic disposal represents a
drain on petroleum resources. Although the idea of burning plastics to recover the energy
value has been advocated, the infrastructures for residential and commercial heating still
favor using oil or gas as the main sources of fuel. Because solid waste made out of plasticé
cannot be naturally decomposed, landfill and incineration become the main plastic dis-
posal means. Landfill sites, however, are running out quickly. The toxicological effects of
gases resulting from incineration of plastics is not ciear yet (Doane et al., 1991). Recycling
of plastics has been enforced for many kinds of plastics but there are still many plastic
products such as dinnerware and bags that are not being recycled. Using renewable biode-
gradable material has advantages for both energy saving and environmental protection. On
the one hand, plastics made from natural resources could ease pressure on oil supplies if
their price soars. On the other hand, biodegradable plastics can be decomposed into
benign components quickly and completely after use.

The main reason why conventional plastics are not biodegradable is that many of their
monomers are not found in nature, and thus few organisms have adapted to feed on them
(The New York Times, 1990). But when plastics are formed from material found in living
plants, they become easily digestible food sources for microorganisms in the soil. Ztarch is
onc of the most abundant materials produced in nature, and it is easily recovered from
plant organs holding it. That is why starch is a favorite material to be studied for its poten-
tial to be used as a common plastic substitute. It also has the advantage of being relatively
low in cost and is readily converted chemically, physically, and biologically into useful

low molecular weight compounds or high molecular polymers.
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The main problems that prevent siarch from being widely used as a plastic substitute
include a lack of understanding in how to process low-moisture-content starch and the
mechanical instability of starch-based plastic articles caused primarily by variations in
their moisture content. Thus it is important to understand the rheology of these materials
before they can be more widely used. The feasibility of processing starch using standard
thermoplastic processing equipment is evident frora patents in the literature (Tomka et al.,
1987 European Patent Applications 88810130.0 and 88810548.3). However, understand-
ing and controlling processing variables such as how much and when plasticizers should
be added have not yet been mastered. Although blending non-volatile plasticizers
improves the mechanical properties of the product by making it less sensitive to moisture
content, lots of improvements in formulation and processing are needed to produce high
quality blends with mechanical properties and stability competitive to those of existing
thermoplastics. For instance, many utensils rade from mostly starch are siill too brittle to
be considered functional. Moreover, the relatively short shelf life of existing products is

aiso problem.

The potential benefit of exploring new uses for starch is huge. The degradability of
starchy pioducts makes them a probable candidate for replacing conventional packaging
materials such as polystyrene foams. It was calculated that there is an over one billion
pounds per year polystyrene market which is excellent candidate for biodegradabie mate-
nals (Narayan, 1994). Other major target markets for biodegradable polymeric materials
include food handling producis such as cups, plaies, cutlery, containers, etc. and certain
disposable materials like diapers, personal care and feminine hygiene products, and cer-
tain medical plastics. To realize fully the potential of starch as a raw material, the first step
is 10 gain a better understanding of its various properties. In particular, it is important to

understand tke relationship between starch type, molecular structure and molecular
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weight, and composition of blends of starch with other polymers and additives on the
mechanical and chemical properties of products. At the same time the relationship
between these characteristics and the processibility of the starch and/or starch blends must
be u_nderstood for these materials to be exploited commerciaily. Rheological information
of starch and starch blends strongly depends on the melecular structure, and is crucial in
determining process parameters. Therefore, there is a need to measure the rheological

properties of these materials.

1.3 Method of Approach

The mechanical techniques described so far suffer from a lack of low shear rate viscosity
and first normal stress coefficient data due to the problem of sample foaming. A suitable
device should allow viscosity and first normal stress coefficient to be measured at a high
pressure so that foaming is suppressed. A high-pressure environment can be realized
inside a die. Consider the cross-sectional diagram of a polymer melt flowing down a rect-
angular channel (Figure 1.5). The velocity continuously changes from the centerline to the
wall, and likewise does the shear rate. Viscosity, defined as the ratio of shear stress to shear
rate, varies across the gap due to its strong dependence on shear rate. To measure the shear

rate at each position, laser Doppler veiocimetry (LDV) is used in this study. LDV is an

LDV Pressure Birefringence
Transducers

: - ([

Figure 1.7: Optical method.
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optical method that measures the velocity of fluid particles at a certain position in space.
Its principle and implementation in this study are discussed in detail in Section 3.3 of this
thesis. After the velocity profile v, is recorded by scanning the laser beams along the gap,
differentiating the velocity with respect to position in the gradient direction (y) yields the
shear rate profile Y. From a momentum balance, the shear stress 1, is well known to be
proportional to the pressure gradient and to vary linearly across the gap:

_ _d_P)
Ty = ( ax y (1.7)

where Z—’; is the pressure gradient along the flow direction and y is the distance along the
velocity gradient direction. Monitoring the pressure drop gives the shear stress at any posi-
tion across the gap. Taking the ratio of shear stress to the shear rate at a specific location
yields the viscosity 1 at that location.

The first normal stress coefficient ¥, is the ratio of negative of the first normal stress
difference -(T44-Ty,) to the square of the shear rate Y*. The first normal stress difference
profile is probed by using the birefringence technique coupled with the stress-optic law.
This law states that the stress tensor of a polymer solution or a polymer melt is linearly

related to and coaxial with its refractive index tensor:

n=Ct+Al (1.8)

where n is the refractive index tensor, C is the stress-optical coefficient, T is the stress ten-
sor, A is a constant, and I is the identity tensor.

The principle and implementation of this technique will be detailed in Section 3.4 of
this thesis. The first normal stress coefficient can be studied as a function of shear rate and

by relating the first normal stress difference and the shear rate at different positions in the
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flow field. Temperature dependence can be studied by extruding the polymer at different

temperatures.

1.4 Thesis Goals

The goal of this thesis is to develop and demonstrate an optical technique for measuring
the viscosityland first normal stress coefficient of polymer melts, especially for those
which foam at ambient temperature and processing temperatures. First, the accuracy of the
optical method is quantified by comparing the optical results from low density polyethyl-
ene to those obtained from the conventional methods. Next, the optical method is applied
to study the rheology of poly(methyl methacrylate). To accomplish these goals, the organi-
zation of this thesis is outlined below.

Current development in the areas of PMMA and low-moisture starch rheology, LDV,
and birefringence were reviewed in Chapter 2. A brief background of birefringence is pro-
vided in this chapter to help readers understand the relevant literature. Chapter 3 details
the experimental system. It explains the principles and implementation of the two optical
techniques used in this study - LDV and birefringence. It also discusses the specifics of the
fluid transport system and how this system is coupled with the optical instruments. In
order to verify the measured flow field, a commercial fluid mechanics package FIDAP™
was used to simulate the experimental flow condition. The theory and implementation of
this simulation exercise is explained in Appendix B. Chapter 4 summaries all the results.
Section 4.1 focuses on rheological data obtained with LDPE by using conventional
mechanical instruments. Section 4.2 focuses on the viscosity measurement of LDPE by
the optical method. Prior to that all the supporting data, namely the velocity, shear rate,

and shear stress profiles are presented. The first normal stress coefficient measurement of
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LDPE by optical methods is discussed Section 4.3. This section also explains the data
regression scheme which is essential for interpreting point-wise birefringence data. A case
study of applying the optical method to PMMA is detailed in Section 4.4. Observatiorns
during application of the optical method to starch-polymer blends are described in Appen-

dix A. Major conclusions and are summarized in Chapter 5.

32



Chapter 2

Literature Review

This chapter summarizes the important prior research related to this thesis. It is divided
into three sections. The first section details the development of optical techniques for poly-
mer flow studies. The second one highlights litc rature on the rheology of PMMA. The last

one focuses on the rheology of low-moisture starch melt.

2.1 Optical Techniques

The two optical techniques, laser Doppler velocimetry and birefringence, have been
widely used in studying fluid mechanics and polymer rheology. To provide the necessary
background for understanding the various contributions on birefringence measurements,
Section 2.1.1 is devoted to a discussion of the principles behind measuring flow induced
birefringence, Section 2.1.2 is a review of the important works in using optical techniques
to study polymer melts, and Section 2.1.3 discusses two issues associated with birefrin-
gence studies. They are the difficulty in calculating the orientation angle when the retar-
dance is equal to a multiple of 27, and the effects of tiie side walls of a flow cell which are

normal to the beam propagation direction.

2.1.1 Principles of Birefringence Measurements

Birefringence techniques have been used to study the stress fields of polymer flow
with the help of the stress-optical law. This law states that the refractive index tensor is lin-

early related to and coaxial with the stress tensor. This relationship and the relevant termi-
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nology are briefly explained below. For a more detailed explanation, Quinzani (1991)
provides an excellent discussion in her thesis.

The principal axis system of a tensor is an axis system in which the off-diagonal terms
of the tensor are zero. The stress-optical law states that in the principal axis system, the
stress tensor and the refractive index tensor are linearly related with a constant C, the

stress-optical coefficient:

n, 0 0 ™ 0 0 100
0n, 0]=C-lor,0/+A4-]010 @1
0 0"33 0 0133 001

where n;|, ny;, n33 are the principal values of the refractive index tensor, Ty, 79,733 are
the principal values of the stress tensor, and C and A are constant scalars.

Generally, the principal axis system does not coincide with the laboratory axis system.
For instance, when they are offset by an angle % in the 1-2 plane around the 3 axis (Figure
2.1), then the components of the stress tensor in the laboratory coordinates are related to

those in the principal axis system by the rotation matrix R(x ).

3,z

Figure 2.1: Principal axis systems (1-2-3) and laboratory axis system (x-y-z).
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Txx T_\'x Tu Tll 0 O
Ty Ty Tyl = R(X){ 0 1 O [R(X) (2.2)
Tu T,vz Tzz 0 0 tJJ

Combining Equations 2.1 & 2.2 leads to:

- ny—"np . 23
T = —5E sin(2%) _ (2.3)

_ Ny —ny

C

cos{(2x) (2.4)

The terms birefringence, retardance, and extinction angle are frequently used in
describing the results. First, birefringence is defined as the difference in refractive indices

between the two orthogonal principal directions in an anisotropic medium:

An = n,-—n) (2.5)

Retardance is an angular measurement of the birefringence. Consider the change in polar-
ization state for plane-polarized light traveling through a birefringent medium of thickness
d as illustrated in Figure 2.2. Before entering the sample, both components of the light
wave have the same wavelength A. Inside the anisotropic sample, the wavelength of the
horizontal component and that of the vertical component are retarded differently because
of the two different refractive indices n; and n,. After the wave comes out of the sample,
the wavelength of each component returns to A. However, there is now a phase shift
between the two orthogonal components in the | and 2 directions. The polarization state of

the wave has changed from linear to elliptical.
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Figure 2.2: Retardance as a measurement of the phase difference.

The retardance, 6, is an angular measurement of this phase shift:

d d
S = 27‘(17',—“ —7\./nn) (2.6)

The extinction angle % is the angle made by the principal stress axis system with the
laboratory axis system, which is usually defined by the direction of the flow. Polymer mol-
ecules orient themselves with the direction of the principal stress, so the extinction angle is
also a measure of how the polymer molecules align themselves with the flow. Figure 2.3
shows two examples of a shear flow. On the left the fluid is sheared between a stationary
plate and a moving plate. The shear stress is uniform across the gap, so that all the polymer
molecules between the piates are oriented at one single angle with respect to the flow
direction. On the right there is a pressure-driven flow with a changing shear stress across

the channel. Thus, the extinction angle % changes from the ceaterline to the walls.
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Figure 2.3: Extinction angles in planar shear flow and pressure-driven flow.

Two optical configurations are commonly used to study birefringence. One configura-
tion involves illuminating the entire flow field which is located between two crossed polar-
izers. This method is called the full-field birefringence method in this thesis. If white light
is used, then color fringes will be seen. In most cases experiments are performed with a
monochromatic light source, so that bright and dark fringes of one color are seen instead.
The birefringence pattern is studied and the stress field can be calculated with the stress-
optical law. The method to study this pattern is explained in the next paragraphs. The
another optical configuration is to use a fine light beam (usually a laser) to measure the
birefringence at one well-defined position in the flow field. This method is called the
point-wise birefringence method. With this method, the intensity of light at each position
in the flow is related to the birefringence and extinction angle at that position. The birefrin-

gence field can be measured by scanning the light beam across the location of interest.

Two kinds of fringes, isochromatics and isoclinics, are seen from the illumination
scheme used in the full-field birefringence method. From Equation 2.7, dark fringes of the

isochromatics are observed when the intensity of light is nullified at places where the
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retardance & is equal to a multiple of 21. The other kind of dark fringes, the isoclinics,

appear when the extinction angle is aligned with the one of the crossed polarizers, i.e. x =

0.

I= I—(’sinz(§)sin2(2(x—9))' ' .7
4 2

where I is the intensity detected, I is the original light intensity before the light hits the
first polarizer, and @ is the angle made by the polarizer with respect to the flow (laboratory
axis system). To distinguish between the isochromatics and the isoclinics, one needs to
rotate the polarizer and the analyzer by the same amount at the same time. This way the
isoclinics move as the angle 0 is changed while the isochromatics should stay still. In prac-
tice, however, it is very difficult to discern the exact locations of the isoclinics since a
moving thick dark band, instead of a fine line, was usually observed when the polarizer-
analyzer pair are rotated (Mackay, 1985; Wales, 1976; McHugh et al., 1987).

The isoclinics can be eliminated from the illumination pattern through crossed polariz-
ers by modifying the optical train as follows. One quarter-wave plate, oriented at 45° with
respect to the first polarizer, is placed between the first polarizer and the sample. The sec-
ond quarter-wave plate, oriented 90° with respect to the first one, is inserted between the
sample and the second polarizer. The intensity detected becomes (Mackay and Boger,

1986):

1 g—’sinz(

8) (2.8)

N
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2.1.2 Review of Birefringence Studies on Polymer Melts

The full-field birefringence method has been a very popular method for studying poly-
mer melts. This subsection summaries the more important and innovative contributions in
this field. Some of the pioneering work was done by Wales (1976). He extensively investi-
gated the stress-optical relationship with a number of flow geometries, including truncated
cone-and-plate, slit, and cylindrical capillary. The working principles of these apparatuses
are briefly described below, followed by some important discoveries he obtained by using
them. Detailed accounts of these experiments can be found in Wales (1976) and Janes-
chitz-Kriegl (1983).

The shear rate of a fluid is constant in the region confined by the cone-and-plate geom-
etry for small cone angles. In Wales’ cone-and-plate apparatus, light entered radially into
the gap between the plate and the cone after passing through the incident polarizer. It then
came out along the axis through a prism mounted at about the center of the structure
before hitting the analyzer. Retardance was determined by the insertion of an appropriate
compensator aligned 45° with respect to the polarizer and the analyzer. The compensator
reversed the effect of the flow on the polarization state of the light, so a dark field was
observed again after the light passed the analyzer. Extinction angles were measured from
the position of the crossed polarizers when a dark field was observed as the two polarizers

were rotated simultaneously.

The coordinate system used to describe the slit flow apparatus that Wales used 1is
defined as follows: 1 denotes the flow direction; 2, the direction of the velocity gradient,
and 3, the neutral direction. Wales reported difficulty in measuring the birefringence in the
1-2 plane. He attributed his problem to the absence of a clear and narrow fringe that

should represent the isoclinic line. A broad shadow instead of a fine line was observed. He
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also reported very large amount of scattering as polystyrene and polyethylene were
extruded through the slit at high stresses. In view of those difficulties, he designed an algo-
rithm to calculate the birefringence in the 1-3 plane (n;-n33) at the wall from the averaged
birefringence he measured by sending the beam in the 2 direction. The birefringence (n;;-
n33) is known to be changing along the velocity gradient direction. A variable called the
path difference P was defined, which was related to the retardance & defined earlier in this

chapter by:

) (2.9)

For an infinitesimal thickness dy, the birefringence (n;-n33) can be approximated as con-

stant.

dP = (n,, —ny)dy (2.10)

where P is the path difference, and y is the distance in the velocity gradient direction. Inte-
grating along the velocity gradient direction from one end wall (y=0) to the other (y=a),the

total path difference P, between the two end walls is:

/2
P = 2 0 ("n-"n)d)’ (2.11)

Using the proportionality of shear stress T(y) to distance y in the velocity gradient direc-

tion, P, can be expressed by:

a (-
P = ,?'J‘O (n)y - ny)dt ) (2.12)
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where 1, is the wall shear stress. The measured averaged birefringence ¢, is equal to Pyy,1/
a. Differentiating Equation 2.12 with respect to the wall shear stress T,,, an equation relat-
ing the birefringence at the wall ¢,,, the measured averaged birefringence, and wall shear

stress can be established:

0w = (1 —ngs)e = ¢(1 + “”““’) 21

dint,

The cylindrical capillary device was used to measure the birefringence between the
velocity gradient (2) and the flow (3) directions (njy-n33). Light was directed along the
flow axis of the capillary. By using a microscope, a Maltese cross was seen (Figure 2.4
left). During compensation, the compensator was placed at 45° to the crossed polarizers,
the cross split into two fringes (Figure 2.4 right) which moved toward the edge formed by
the wall of the capillary. Compensation was achieved when the apex of each fringe was

judged to be at the wall of the die.

Maltese cross Two fringes

Figure 2.4: Fringe patterns observed by Wales (1976) with his cylindrical capillary
device.

With these three pieces of equipment, Wales was able to study in detail the stress-opti-

cal law for melts. Some of the key results are summarized here. First, the validity of the
An - sin2y
21y,

shear stress. It was found that the ratio was constant up to a shear stress of 10% Pa, beyond

stress optical law was investigated by measuring the ratio as a function of
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which “depolarization due to the parasitic gradients at the windows” prevented accurate
measurements (Wales, 1976). As required by the theory (Lodge, 1955), the stress-optical
coefficient was found to be independent of shear rate, molecular weight, and molecular
weight distribution.

Next, Wales compared the extincticn angle y = atanlﬂ obtained from mea-

27, 1
surements using both the optical (truncated cone-and-plate) and mechanical (Weissenberg
cone-and-plate). The ratios calculated from these two methods were in good agreement.
This study was conducted for both polypropylene (PP) and polyethylene (PE). The maxi-
munm shear rates achieved by both methods for PP and PE were 2.3s! and 0.2 57!, respec-

tively; and the extinction angle at the highest shear rates was about 23° for both polymers.

The edge effect for a slit channel was also studied with his slit apparaius. Channels
with different aspect ratio 30:1 to 10:1 were found to give the same (n;;-n33) over a range
of shear rates. Recall that no results were reported from measurements in the 1-2 plane, so
there is no direct evidence to support the independence of (n;-n;) on the aspect ratio,
when this ratio is larger than 10:1. However, most researchers have ignored the effects of
the end walls on the measurement of n;-ny; when the aspect ratio in their slit geometry is
larger than 10:1. In this study, the effects of the end walls in a slit channel is examined, and
the analysis is detailed in Section 4.3 of this thesis.

Wales™ experimental results provided the only reliable proof, that the author is aware
of. for the proportionality and coaxiality between the stress and refractive index tensor of
polymer melts under shear flow up to a centain shear stress. The maximum shear stress
achieved in his experiments, 10* Pa, has been quoted as the benchmark shear stress under
which the stress-optical relation is expected to hold in a shear flow. However, Wales did

not explicity give a measure of tise accuracy of the data he obtained. Also, the scheme he
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used to determine when complete compensation was achieved, though might be consis-
tent, was subject to a certain level of arbitration.

Han and Drexler (1973) measured stress field of HDPE in slit dies with both sudden
and tapered die entrances by the full-field method. With a white, diffused light source, the
isoclinic fringes appeared as sharp dark bands over the colored isochromatics. It was not
clear from their publications how they managed to quantify the positions of both the isoch-
romatics and the isoclinics despite the broadening of the isoclinics. To convert the optical
data (isochromatics and isoclinics) to stress data, the stress-'optical coefficient was needed.
It was measured by using Equation 2.3 by comparing the shear stress calculated from the
pressure drop along the downstream slit to the quantity 0.5 An sin 2¥. In addition to mea-
suring the stress fields of sudden and tapered contraction by using full-field birefringence,
these researchers also estimated the velocity profiles by photographing the streak lines
{Drexler and Han, 1973).

A plot between 0.5 An sin 2) and the shear stress for a polymer under shear flow in a
slit channel should reveal whether the stress-optical relation holds at a known shear stress.
However, as pointed out by Mackay (1985), most publications of fuli-field birefringence
experiments in a slit channel did not include any plot of 0.5 An sin 2 over shear stress to
show how the stress-optical coefficients were obtained. Also, usually no uncertainty esti-
mate for this coefficient was given. Therefore, it is difficult to assess the reliability of these
results.

The stress measurement by using birefringence was often coupled with flow kinemat-
ics measurements by using streak photography or laser Doppler velocimetry (LDV).
Kramer and Meissner (1982) showed that laser Doppler velocimetry could measure veloc-
ity in polymer melt flowing at high temperature and pressure. In their planar contraction

flow cell x was the flow direction, y was the velocity gradient direction, and z was the neu-
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tral direction. The contraction ratio measured from the y dimensions upstream and down-
stream was 10 to 1. The velocity profiles across the gradient v,(y) and neutral v,(z) direc-
tion were measured at many positions along flow axis of a sudden contraction die. The
volumetric flow rate was calculated by integration by combining profiles-of v,(y) and
v.(z). However, many of the velocity profiles v,(y) at z #0 were not measuraBle because
of the way the flow cell was designed. They were calculated by assuming that the proﬁlés
of v,(y) off the centerline had the same shape as Vx(y) on the centerline (z=0) but scaled
down by v,(z) at y=0. The flow rate calculated this way agreed with that measured by cut-
ting and weighing the extrudate to within 3.4%. For the flow with a downstream wall shear
rate ¥, of 13.7 s°, the fully developed velocity profile was achieved at 15 slit heights
down the channel. For the case with 7, = 65 s™!, the fully developed velocity profile was
not achieved at the end of the die, which was 20 slit height down the channel. The assump-

. : v, . : :
tions of a constant density and = = 0 were verified at the die entrance by calculating

0z
o, nd o, from v,(x) and v, (y)
=— and == .
dx dy X Y
The smoothness of the polymer melt velocity profiles measured by Kramcr and Meiss-
ner was not frequently seen in other results in the literature. These researchers showed that
relatively smooth velocity profiles could be obtained by careful temperature and flow rate

control, so that the shear rate profiles could be determinated by differentiating the velocity

profiles. Unfortunately, no estimate of uncertainty was shown in the paper.

Mackley and Mocore (1986) measured the velocity profile of HDPE in a sudden con-
traction die. They discovered the LDV instrument measured a non-zero velocity right at
the wall. To find out the origin of this non-zero velocity, a numerical simulation was car-
ried out to predict the velocity measured by the LDV instrument using the same auto-cor-
relation algorithm used by the LDV spectrum analyzer and a power-law velocity profile. It

was found that because part of the finite beam cross-sectional area was blocked, a non-



zero average velocity was expected when the velocity covered by the partially blocked
beam was averaged with the beam center right at the interface. Moreover, it was suggested
that the power-law model was adequate in general to describe the velocity profile. By mea-
suring the centerline velocity v,(0) along the length of the flow direction (x), a characteris-
tic shape of elongation rate profile %(x) , peaking right before the entrance, was found.
The profiles obtained at different temperatures, flow rates, and for different moleculér
weights all showed the same characteristic features.

Stress field measurement using full-field birefringence were coupled to the flow kine-
matic measurements using LDV with the aforementioned experimental system (Mackley
and Moore, 1986) by Aldhouse et al. (1986). The aim was to test whether the corotational
Goddard-Miller type constitutive equation (Equations 2.14 and 2.15) was sufficient to

describe the stress-strain behavior alony the centerline.
T;(1) = "_r G(1-1)y,(r)dr (2.14)

Tu—Ty = _4LG(1— I')(g—i—’)(t')dt' (2.15)

where T,;(1) is the ijlh component of the stress tensor as a function with time, G(t-t') is the
relaxation function, y;; is the ij"‘ component of the corotation rate-of-strain tensor as a

function of time along the centerline.

The relaxation spectrum was estimated from the storage and loss moduli (G' and G")

measured with parallel plate rheometry (Rheometrics System Four Mechanical Spectrom-
. dv, . :

eter). The rate of strain I was calculated from the velocity data obtained by laser Dop-

pler velocimetry. The stress field was determined by full-field birefringence measurement.

Only the isochromatics were recorded, and the first principle normal stress difference
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T,, — T,; along the centerline was calculated based on the stress-optical coefficients mea-
sured by Wales (1976). The principle stress difference calculated by the constitutive equa-
tion agreed reasonably well with the measured stress at lower temperatures (150°C -
170°C) for the material with lower molecular weight (HDPE 17,, =14.000 and
M.,,=65,000), but not so well at higher temperatures and with the higher molecular weight
sample (Temperature = 190°C - 210°C, A7,,=20,000 and AT,,=130,000). The researchers

found that the calculated stress profiles were highly sensitive to the relaxation times used

to fit the linear viscoelastic data G' and G".

McHugh et al. (1987) tried to explain and use the broadened isoclinics observed when
a polymer meit was flowing along a slit channel die. They found that the isoclinics became
thick dark bands once a critical extinction angle was reached. Recall that Wales (1976)
suggested the broadening of isoclinics might be due to the parasitic shear stress in the 1-3
direction (T;3). However, the state of polarization of light traveling in the x5 direction
should not be directly affected by the stress in the 1-3 direction 1,5 (Frocht, 1941). It was
proposed that viscous heating might divert the beam (Wales, 1976). McHugh et al. did not
give an estimate of the importiance of viscous heating by calculating whether the change in
~ refractive index along the beam propagation direction is significant to cause beam bend-
ing. Instead, they calculated that a shear raie exceeding 500 s! would be needed to raise
the melt temperature by 10°C in order to affect significantly the velocity and shear rate
profiles. At those shear rates, secondary flow would become important.

Using the computational fluid dynamics software package FIDAP, McHugh et al. were
able to calculate the variation in shear stress 1,, along the direction of the beam (x;). They
pointed out that in deriving the equation which described the light intensity (Equation

2.16), a constant shear stress had been assumed.
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T =z -

l(sinnLAn
2

)2[1 —cos(x-o)] (2.16)

where T is the transmittance, L is the depth of the optical path, An is the birefringence, A is
the wavelength, % is the extinction angle, and o is the angle between the polarizer axis and
the flow direction.

Using both a Newtonian and a power-law {luid model, the researchers showed that 1),
changed along x3, the neutral direction. The strong functional dependence of T;; on x;
near the wall led to a range of x, values over which a given stress level and associated
ellipsoid orientation would occur that satisfied the conditions for a dark isoclinic fringe
(McHugh et al., 1987). From piots of shear stress versus distance in both the velocity gra-
dient and beam propagation directions (x, and x3 respectively), there was a smaller varia-
tion in shear stress at the position (a certain x,) which corresponded to the inside edge of
the isoclinic band (the edge closer to the centerline). Therefore, the inside edge of the dark
band should be used to locate the extinction angle. Using this guideline, the McHugh et al.
showed that the data which they used to calculated the stress-optical coefficient seemed to
scatter less than the ones obtained by using the center position of the dark band. Also,
from the simulation, they showed that changing the flow rate or the zero-shear-rate viscos-
ity would not change the width of these bands.

Mackay (1985), who was one of the authors in the paper by McHugh et al., admitted
that using the inside edge to focate the extinction angle did not always yicld a constant
ratio of An ;in2 at different shear stresses across the gap for all the materials that he

12
studied. Moreover, McHugh et al. did not show any extinction angle profile across the gap
determined by using their scheme. Theretore, the results they reporied cannot be taken as a

proof for the validity of the stress-optical rule at the stress levels of their experiment.
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Baaijens (1994) studied the flow of LDPE around a cylinder by using both LDV and
fuli-field birefringence. Photos of birefringence fringes were compared to finite element
simulation of the flow obtained for both the Phan-Thien Tanner and Giseskus models.
Good qualitative agreement was obtained, but the measured isochromatic contours were
closer to the cylinder than the calculated ones, and the measured downstream relaxation
was slower than that in the simulation. The discrepancy poinis to the fact that their simula-
tion did not accurately describe the stress field. Possible explanation include the incapabil-
ity of these fluid models to describe the stress field in complex flows, and the lack of a

proper account for the end wall etfects on the birelringence pattern.

2.1.3 Two Problems with Using the Bireifringence Technique

There are two main problems associated with interpreting the results from birefrin-
gence experiments. The first one is the difficulty in calculating the orientation angle when
the retardance is equal to a multiple of 2x. The second one is the issue concerning the
effect of the side walls of a flow cell which are normal to the beam propagation direction.
These walls make the flow field three-dimensional in reality. Before discussing the
approaches in tackling these problems, it is necessary to explain briefly how a point-wise
birefringence experiment is conducted since most studies summarized below were carried
out using this optical configuration instead of the full-field configuration.

A typical point-wise birefringence apparatus is shown in Figure 2.5. Plane-polarized
light is obtained by passing a light source with a small beam diameter (usually a laser)
through a plane polarizer. This light then goes through a modulation element to acquire a
time dependence. Common examples of this modulation element include a rotating quar-

ter wave-plate and a photoelastic modulator, The sample, with its unique retardance and
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extinction angle, further alters the polarization state of the light. Finally, the light passes
through an analyzer before its intensity is recorded by the detector. Because of the
imposed modulation, the intensity of light detected contains some time-dependent compo-

nents:

I(t) = L.+ 1,08, y)sin(wt) + 1,,(8, x)sin(2wt) + ... (2.17)

where I(t) is the time-varying intensity detected, Ly is the time-invariant component of the

intensity, 1,,(8,%) is the first harmonic, and I5,(8,x) is the second harmonic.

1 ]
J

— e

Y

Polarizer = Rotating wave-plate or  sampie analyzer
photoelastic modulator

Figure 2.5: Typical pointwise birefringence apparatus configuration

By using locked-in amplifiers or other numerical FFT methods, the constant part I,
and the coefficients of the time-dependent terms I(8,x) and I,,(8,x) can be obtained.
These coefficieats are then used to calculate the unknown retardance & and extinction
angle x. Some configurations include one or two extra quarter wave-plates. The unknown
retardance and extinction angles will then be different functions of the measured coeffi-
cients.

The first problem, namely the ambiguity of the extinction angle when the retardance is

a multiple of 2m, is a problem for both full-field and pointwise birefringence measure-
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ments. Equations 2.18 and 2.19 show that when the retardance is close to a multiple of 2,
then the intensity for both full-field and point-wise birefringence measurement will be
equal to zero, nullifying the terms containing the extinction angle. Thus the extinction
angle x cannot be determined from these equations. (Note: Equation 2.18 is true for a
pointwise birefringence system with a photo-elastic modulator vibrating at a frequency ®

as the modulation element).

= Iosinz(g)sinz(Z(x—O)) 2.18)

I(t) = 1y/2 + J,(A)]o[sindcos2y]sinwr + J,(A) o[ (1 — cosd)sin2ycos2y]cos2wr + ...
(2.19)

Larson et al. (1988) reported that it was difficult to obtain reliable orientation angle
data at specific times during the stress relaxation experiment of a polystyrene solution
using a Couette cell. He attributed the lack of reliable data to the high sensitivity of noise
of the extinction angle at specific times when the retardance went through different orders.
Abetz and Fuller (1990) tried to solve this problem by using two laser beams with differ-
ent wavelengths simultaneously to study the sample. The experiment was conducted with
a double Couette cellv with two concentric cylinders. This two-color setup was different
from the original two-color birefringence experiment (Chow et al., 1985) because both of
the bcams in this experiment were phase-modulated. When the retardance of one color is
equal to 2r or its multiples (a change order), the other should not be close to an order
change. However, in the paper where Abetz and Fuller showed the results for a shear

inception experiment, it was not clear what the maximum retardance achievable was.

The idea of using multiple wavelength was further exploited by Hongladarom and

Burghardt (1993). They studied the molecular alignment of polymer liquid crystals in a
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shear flow between two parallel plates. After passing through the sample sandwiched
between parallel or crossed polarizers, the white halogen light used was directed into a
grating spectrograph before being measured by an array of photodiodes. Accounting for
the dependence of birefringence and light intensity on wavelength, the researchers were
able to measure the polymer orientations at a wide range of shear rates (0.02 s't0100s
1). No modulation technique was used in this study. While the birefringence was deter-
mined through analyzing the intensity at different wavelengths, the orientation angie was
calculated from the absolute incident and resultant intensities.

Instead of changing the wavelength, Zhang et al. (1994) used two different optical con-
figurations to soive the problem of measuring the extinction angle at multiple order retar-
dation. In one configuration a quarter wave-plate and an analyzer were used between the
sample and the detector. In another only an analyzer was used in that position. These iwo
configurations yielded different dependencies of retardance & on the coefficients: one as a
sine function and the other as a cosin function. Because sine and cosine have zeroes at
even and odd multiples of /2 respectively, the two measurements would not go to zero at
the same time. Unfortunately, the researchers only showed retardance data that barely
exceeded 2m.

The second problem in using the birefringence technique is primarily caused by the
edge effects of the side walls of a flow cell. Although Wales (1976) has shown that the 1-3
birefringence (n|-n33) between the flow and neutral direction (z) does not change with
aspect ratio when this ratio is bigger than 10, many researchers believe that the edge effect
should not be ignored. Burghardt and Fuller (1990) used the three dimensional equiva-
lence theorem to calculate the error induced by using the stress-optical law directly in a
Couette flow by a numerical simulation. They showed that the continuous variation of

birefringence and orientation in the beam propagation direction can be approximated by a
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series of discrete retarders G(§;) at discrete orientations );. With the composite sample

retardance (U) represented as a product of Jones matrices,

U=JIRQIGE@IR(-1) (220)

i=1

The product U can be expressed as the product of a pure retarder of retardance  oriented

at angle x, followed by a rotation matrix R{0) at angle 6,

U = R(X)G(8)R(-X)R(6) 221

The researchers defined a “symmetric” flow to be one whose composite sample retar-
dance U can be represented by U = R(%)G(8)R(-Y), or 6=0; whereas an asymmetric is
one whose composite sample retardance has to be expressed as

U = R(x)G(8)R(-x)R(6) with a non-zero 8. One example of such a symmetric flow
is a generated by a Couette cell with both windows being stationary, whereas an asymmet-
ric flow is produced by having one of the two windows moving with the moving cylindri-
cal wall. Galante and Frattini (1991) pointed out that it was impossible to assign any
physical meaning to %, 8, and 6, since there was no single representative y or & for the
sample. Using a finite difference method, Burghardt and Fuller nonetheless calculated the
x and & variation along z for the whole flow field from the velocity field with an upper-
convected Maxwell model. They then compared them with the ¥ and & using the stress-
optic law directly and calculated the discrepancy as functions of position along the veloc-
ity gradient direction and Weissenberg number (We), defined as N,/1,,. It was found that
the errors were largest near the intersections of moving and stationary boundaries, for

example, in the vicinity of the moving cylinder wall and the stationary windows. They also
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found that the error in retardance increased as We was increased, but the error in extinction
angle was smallest at intermediate We. With the symmetric flows, measuring the first nor-
mal stress coefficient N, at a position midway between the moving and stationary cylinder
walls showed no end effects for aspect ratios bigger than 3. For shear stress, increasing the
aspect ratio from 10 to 20 reduced the error from 5% to 3%. Therefore, it was recom-
mended that for Couette flows, the measurements should be made at midway across the
gradient direction (y=0.5) for symmetric flows, and closer to the stationary cylinder wall
(y=0.36) for asymmetric flows in order to minimize the edge effect. In their paper the
researchers did not suggest any physical phenomenon that would have explained their

observations.

Galante and Frattini (1991) used the differential propagation Mueller matrix formal-
ism developed by Azzam (1973) to trace the polarization state of light along the neutral (3)
axis in a slit geometry. Again, the flow axis is (1), the velocity gradient axis is (2), and the
neutral axis is (3). Before going into their results obtained from a three-dimensional slit
geometry, it should be peinted out that these researchers showed with an upper-convected
Maxwell fluid model that assuming no variable changed along the neutral direction, the
extinction angle profile () versus x,) changed only by seven degrees toward the lateral
walls as the Weissenberg number increased beyond 3. The Weissenberg number was
defined as We = t{ g(—%)} , where T is the wall shear stress, B is the gap half width,
n is the viscosity, and -dp/dx, is the pressure drop along the flow direction. Therefore, a
broadening of isoclinic band was predicted even though there were no edge effects. Note
that this Weissenberg number was not related to that defined by Burghardt and Fuller
(1990).

To investigate edge effects, the main assumption the Galante and Frattini made was

that only the shear stress 1), could affect the polarization state of light. The fluid model
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used was again the upper-convected Maxwell fluid model. For low retardance levels (8, of
order 1), and low Weissenburg number (of order 1), neither the retardance nor the extinc-

tion angle profiles were affected in the velocity gradient direction. The characteristic retar-

A N dx,
cient and W is the length of the optical path. For higher We (We of order 10), they found a

dance 8, was defined as §, = AnCW. {B( dp )} where C is the stress-optical coeffi-

uniform reduction in retardance across the channel, but the extinction angle was ndt
affected. They proposed a sandwich model to describe the optical properties of the fluid
along the 3 direction where there were two optically isotropic layers sandwiching the
anisotropic core. Therefore, the “effective optical path™ was shorter than the real optical
path, as indicated by the uniform reduction in retardance. At high retardance level, the
simulation showed dramatic spikes in the extinction angle profiles in the vicinity of
3=2nm, where n is an integer. The error introduced by these spikes was not reduced by
using a higher aspect ratio like 20:1, where the retardance profile had the same shape as
the ideal 2-D profiles. The origin of these spikes in the extinction angle profiles was not
explained in their paper (Galante and Frattini, 1991). For a non-elastic power-law fluid, it
was found that as the power-law index n decreased, the shear stress changed less along the
neutral direction. This is because as n decreased, the shear-thinning increased and the

boundary layer thickness decreased, so that the resultant edge effect was also smaller.

Both the edge effect and the difficulty in determining the ..tinction angle when retar-
dance passes through multiples of 2t were experienced during the study described in this

thesis. The details of how the data were interpreted are explained in Chapter 4.
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2.2 Rheology of PMMA Melts

The rheology of poly(methyl methacrylate) has been studied for decades. Berry and Fox
(1968) used a capillary device to measure the apparent viscosity of PMMA. In such an
experiment the melt was pressured to flow through a capillary 2t a very low Speed. The
flow rate was measured by the recording the time t required for the melt to go between two
marks along the length of the capillary. If the fluid were Newtonian, then the viscosity 1

could be calculated by:

n = ktp (2.22)

where p is the pressure difference between the two ends of the capillary, k is a‘constanl
determined by repeating the same experiment with a fluid with known viscosity. One limi-
tation of this method is that Equation 2.22 is only valid for a constant-viscosity fluid.
Since viscosity generally starts decreasing with shear rate beyond a certain shear rate, this
capillary experiment has to be repeated many times to ensure that the fluid is still in the
Newtonian region. Moreover, moving the fluid at such low shear rate demands a very
small pressure difference as the driving force. It is difficult to measure such a small force
accurately. For example, if a plunger is used to provide the driving force, the frictional
drag becomes comparable in size to the net force required itself.

Capillary viscometry has been successful in measuring the viscosity of PMMA at high
shear rate. Nagal et al. (1984) used a capillary viscometer to measure a brand of PMMA
copolymerized with 2% methy! acrylate (polydispersity index = 1.7). They observed no
Newtonian plateau at all temperatures between 182°C and 272°C. The viscosity was found
to decrease with shear rate with a slope n of -0.63 at all temperatures. In the experiinents

the shear rate ranged from 6.7 s™! to 1330 s”! and length-to-diameter ratio of the capillary
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ranged from 5 to 40. The Bagley correction was found unnecessary because no entrance
pressure drop was observed.

Wippler (1991) estimated the zero-shear-rate viscosity of PMMA from a Cole-cole
diam of the data obtained from the oscillatory mode of parallel-plate geometry. A Cole-
cole diagram is a plot of n" versus 1’ at different osciilation frequencies. The zero-shear-
rate viscosity T is estimated by the 7)' value at the position the curve intersects the 'q
axis. This method is not as direct as a plot of n'(w) and take the value at the limit of ®
goes to zero.

Other researchers estimated 1y using Cox-Merz rule. It states that the magnitude of the
complex viscosity is equal to the viscosity at corresponding values of frequency and shear

rate:

D = 1@, = w1 +(’nl)z]° 229

w=y

where 1* is the complex viscosity, 1’ and ©" correspond to the in- and out-of-phase part
of the compliex viscosity, ® and y are the frequency and the shear rate, respectively.
Bousmina and Muller (1993) measured the storage and loss moduli of PMMA copoly-
merized with 4% ethyl acetate with a parallel-plate geometry from 0.01 to 100 rad/s over a
temperature range of 151.1°C to 288.8°C. Using Cox-Merz rule they estimated 1, at a ref-
erence temperature of 200°C. Ir. a subsequent study (1996) they found that the viscosity
measurement by capiliary viscometry at high shear rates agreed with the data calculatcd
from dynamic measurements. All these experimental studies of PMMA illustrate ihe diffi-
culty of obtaining directlv low shear rate viscosity and first normal stress difference data

with standard methods.
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Hieber and Chiang (1992) found that the Cross viscosity model fitted the viscosity-
shear rate data obtained at high shear rate better than the Carrcau model, but not as well as
the Carreau-Yasuda model for a number of polymer melts. Specifically, comparing the
averaged root-mean-square deviation between the calculated viscosity from the model and
the experimental data for 17 sets of PMMA viscosity measurements, the averaged devia-
tion of the Generalized Carreau model, the Cross model, and the Carreau model were
found to be 4.6%, 5.1%, and 9.5% respectively. The different models are summarized as

follows:

Carreau-Yasuda model

N = no(! + (A7) * (2.24)
Cross model
N = N1+ (AN (2.25)
Carreau model
n-1|
N = no(1+(A7)) (2.26)

where 1 is viscosity, g is the zero-shear-rate viscosity, A is a time constant, n is the
power-law index, and a is a parameter. The authors attributed the difference to the high
“stiffness™ of the Carreau model. That is, the Carreau model generally predicted a too
rapid transition from the Newtonian regime to the power-law region compared with exper-
imental data. This problem was significantly reduced by using introducing the parameter

“ "

a” as in the Carreau-Yasuda model (Yasuda, 1979).
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Nagal et al. (1992) investigated the shear rate dependence of the viscosity of PMMA
by using a capillary viscomeici, and the birefringence pattern between crossed-polarizers
flowing through a 1 mm wide slit die. At 220°C, the zero-shear-rate viscosity was not
observed for shear rates as low as about 7 5™'. With the crossed polarizers, the isochro-

matic fringe patiern was observed and the birefringence An was caiculated by:

An = — (2.27)

where A is the wavelength of light, N is the fringe order, and T is the optical path length.
The authors found that the birefringence An and the shear stress T formed a straight
line on a log-log plot independent of molecular weight and temperature. A dark band cov-
ering the entire slit was seen when the pair of polarizers was rotated so that their axes were
45° with respect to the flow direction. Conciuding that the extinction angle y was 45° for
the entire domain, the researchers calculated the stress-optical coefficient C from the fol-

lowing equation:

2-C-1T = An-sin(2y) = An (2.28)

The stress-optical coefficient for PMMA at 220°C calculated in this way was 1 x 10°!°
Pa'. However, it should be pointed out that occurence of such a thick dark isoclinic band
when the polarizer pair was rotated to 45° with respect to the flow direction did not mean
the extinction angle over the slit was uniform at 45°. For an idealized one-dimensional slit
flow with an infinite aspect ratio, the extinction angle should decrease monotonically from
45° at the centerline toward the walls. Wales (1976), McHugh et al. (1987) and Galante

and Frattini (1991) each explained the origin of this dark band as detailed in Section 2.1.2
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of this thesis. Therefore, the stress-optical coefficient calculated by assuming a uniform

extinction angle profile is questicnable.

Retting (1979) measured the change in birefringence and tensile stress over time for
PMMA and other polymers during a tensile test at constant crosshead speeds. Birefrin-
gence was measured using a pair of crossed polarizers with an optical compensator. He
found that the ratio of birefringence to stress for PMMA was not constant with increasing
level of strain. He nonetheless computed stress-optical coefficients of 9.3 x 10" Pa™! at
120°C and 1.11 x 10719 Pa! at 140°C for a sample with M, = 1.8 x 10° g/mol. For another

sample with M, =5x10° g/mol, the stress-optical coefficient was calculated to be 1.14 x

1019 pal,

2.3 Rheology of Low-Moisture Starch

There have been numerous reports on the rheology of starch solutions and cereal doughs
due to the extensive use of starch in food and non-food related applications. However, the
amount of rheological information on low-moisture starch or starch blends is limited.
Low-moisture starch is characterized by a smaller than 50% water content. As starch is
heated in the presence of limited amount of water, gelation that typically occurs at about
60°C - 80°C does not occur. Instead, the crystallites are melted, leading to a molten phase
(Vergnes and Villemaire, 1987). Heating and/or mechanical shearing is needed to destroy
the native granular structure of starch. The process of extrusion usually provides enough
heating and mechanical treatment to destructure the starch. This review focuses on
“destructurized”, amorphous, and low-moisture starch melts.

Two kinds of instruments are commonly used to study the rheology of low-moisture

starch: the capillary viscometer and the slit die viscometer. As explained in Section 1.2, a
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capillary viscometer measures the viscosity of polymer melts by recording the force need
to ram-extrude the sample thrcugh a capillary at a certain flow rate. A slit die viscometer
provides a simple way of studying low-moisture and “destructurized” starch rheology
because the heat and shearing during extrusion destroy the starch granules (Verges and
Villemaire, 1987). Figure 2.6 shows a typical setup for such a viscometer (Senouci and
Smith, 1988). It essentially consists of a long rectangular or cylindrical die with pressurc;:
transducers mounted along the length of the die connected to an extruder which melts and
pumps the material. Working with the same principle as a capillary viscometer, the slit die
viscometer measures the viscosity by recording the pressure drop required to extrude the
melt at a certain flow rate.

Similar to a capillary viscometer, the thermo-mechanical history experienced by the
starch sample is not constant at different shear rate. This is because a higher screw speed is
necessary to increase the flow rate in order to achieve a higher wall shear rate. Therefore,

the viscometer die also introduces a changing history to the sample.

Figure 2.6: Die viscometer (Senouci and Smith, 1988)



Harper et al. in 1971 first proposed a constitutivc model to fit the data on viscosity
obtained by using a single-screw extruder and a cylindrical die viscometer (Harper et al.,
1971). The model described the shear-thinning behavior with a power-law dependence on
shear rate and an exponential dependence on temperature and moisture content (Equation
2.29). This viscosity model was found to be valid for a blend of corn and oat ﬂoﬁr for arel-

atively limited shear rate range (10 - 100 s-1),

n = 3607 exp(“—TSg)exp(-o.lolMC) (2.29)

where MC equals the moisture content on wet basis, 1} is the viscosity in Pa s, y is the

shear rate in ™!, and T is the temperature in K.

Other viscosity data on low-moisture extrusion-cooked starch have been measured
since this early study for different kinds of starch using either a slit or a cylindrical die vis-
cometer (Cervone and Harper, 1978; Bruin et al., 1978; Fletcher et al., 1985). All of the
proposed correlations follow a very similar form as the one originally put forward by
Harper et al. (1971). The shear rate always follows a power-law type dependence on vis-
cosity. Viscosity varies with temperature in an Arrhenius manner and exponentially with
moisture content.

A significant advance in the characterization of low-moisture starch meit was the
introduction of a rheometer by Vergnes and Villemaire (1987), which they called the
"Rheoplast”. This rheometer consisted of a Couette cell which gave the starch a well-char-
acterized pre-shearing history and a plunger which forced the starch melt to go through a
cylindrical tube where the viscosity was measured (Figure 2.7). The model they developed
was still essentially a power-law model in shear rate, but it had a more complicated func-

tional dependence of viscosity on temperature and moisture content. It also included an
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exponential dependence of the mechanical energy input W, which was defined as the

mechanical energy provided per unit volume of starch (Equation 2.30, 2.31, and 2.32).

n=my"" (2.30)

m = moexp[g(%—%—)—a(MC—MCo)—B(W— Wo)] (231
0

(2.32)

n(T, MC) = G.,T+(!.2MC+(13(T MC)

where MC equals the moisture content on wet basis, T is temperature in °C, and W is the

amount of mechanical energy provided in Jm3. Kg, To. MCp, Wo, @, 0, 0, O3, E/R, and

B are all constants.

Figure 2.7: Rheoplast rheometer (Vergnes and Villemaire, 1987). The labels are defined as
follows: (1) hopper, (2) annular piston, (3) inner piston, 4) thermostated barrel, (5) shear-
ing chamber, (6) injection pot, (7) pressure transducers, (8) capiliary, (9) thermocouple.
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Senouci and Smith (1988) fed the starch with an independent weight feeder with a
controlled rate independent of extruder speed. They used this starved-feed technique to
single out the effect of screw speed on viscosity. Notice the incorporation of the screw
speed (N) the viscosity expressions. They found the following two different expressions
for the viscosity for corn grits and potato powder:

Corn grits

n = 215?0'75"exp(g)exp(—O.OﬁMC)No'” (2.33)
Potato Powder
4,045 1 860 6l
n = 94x10y exp| = exp(—0.083MC)N° (2.34)

where T is temperature in K, and N is screw speed in rpm. Similar to Vergnes and Ville-
maire (1987), they suggested that the specific mechanical energy (S.M.L..) was also an
important process variable related with the flow rate Q, and the screw speed N although
they provided no quantitative relation between S.M.E and viscosity.

In order to obtain different shear rates, it is generally necessary to change the extrusion
screw speed. Therefore, the material receives different thermo-mechanical treatment at
different shear rates (Della Valle et al. 1992; Vergnes et al. 1991). Della Valle and Vergnes
(1991) designed a rheometer which they called "Rheopac” with two channels to get
around the problem of different thermo-mechanical history (Figure 2.8). This device was
able to measure viscosity at a range of shear rates by moving two gate piston valves, but

keeping the total flow rate and exit pressure constant. They found that their data were fit by
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the model they previously described (Equations 2.30, 2.31, and 2.32) using the “Rheo-

plast” rheometer.

Figure 2.8: Rheopac rheometer (Della Valie et al., 1992).

Padmanabhan and Bhattacharya (1993) also pointed out that the use of screw speed,
especially for a single-screw extruder, to vary the flow rate through the die could result in
erroneous flow curves. They employed a side-stream valv: '« ~ry the flow rate for a given
screw speed. They also argued that the extent of starch degradation increases with resi-
dence time in the extruder. With the side-stream valve, the power-law parameters m and n
found by their method were not significantly different from the standard capillary viscom-

etry, however.

Della Valle et al. (1996) studied the influence of amylose content on the viscous behav-
ior of starch. They proposed an even more elaborate formula to describe the interaction of

temperature, moisture content, and specific mechanical energy (SME) on viscosity:

n=Ky"' (2.35)

K = Koexp[ﬁ(%— Tl) - 0(MC = MC,) - B(SME - SME,)] (2.36)
0

n=ny+0,T+0,MC+0,SME+0,»(T-MC)+0,,(T - SME) + 0,3(MC - SME) (2.37)

where ng, 0.}, 03, and 0,53 are constants. All other labels have the same meanings as in

previous equations. The quantity SME was defined as the power input to the extruder



motor drive.

The researchers still found it difficult to describe quantitatively the effect of amylose
content on viscosity because of their limited number of samples and the non-monotonic
trends. For instance, neither the variation of E/R nor 8 was monotone with respect to amy-
los= content. It was shown that the mechanical energy input, characterized by SME, had
the greatest influence on the starches without amylose but had no significant effect on the
70%-amylose starch. The difference in molecular weights was suggested to explain this
trend.

Mackey and Ofoli (1990) modified the model for protein doughs (Morgan et al., 1989)
to make it suitable for low-moisture starches. The new model allowed for the existence of
a yield stress, the temperature-time history, and the strain history, but it contained similar
shear rate, temperature, and moisture content dependence of viscosity as other models pre-

viously discussed.

Go\™ .Ay-n, AE
Ny.r.MCyo = [(7") TR ]exp(T(T'—T;')+b(MC—MC,))

X[1+A(l-exp(~k,y))°1[1 -B(1 - exp(-d9))] (2.38)
_ -AE

Yy = LTexp(RT(’))dr for T>Ty (2.39)

Y =0 forT<Ty (2.40)

¢ = fo"{(f')dl' (2.41)

where y characterizes the temperature-history, ¢ characterizes the strain history, nj, n,,
H.. O ka. d, B, AE/R, T, MC,, and T are all constants. The material tested was native
corn starch. The time ¢ = 0 was defired as the time when the material entered the extruder.

Parameters accounting for the temperature, moisture content, shear rate dependence, and
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temperature time history were evaluated with a capillary viscometer. A twin-screw
extruder die viscometer assembly was used to quantify the strain history dependence on
viscosity.

Novon and Novamont are two companies that have studied the rheclogical properties
of starch polymer blends. They developed techniques that blended EVOH (polyethylene-
co-vinyl-alcohol) into pure starch with plasticizers. Villar et al. (1991) measured the vis'-‘
cosity of the blends they compounded at Novon with a capillary viscometer. He calculated
the parameters of the power-law model for blends with different starch-to-EVOH and
amylose-to-amylopectin ratios. The compositions of these blends are detailed in Appendix
B of this thesis. The shear rates attained ranged from 1 to 1000 s-1. He found that the vis-
cosity increased with amylose content. He attributed the increase to the more entangled
structure of the linear amylose than the more branched amylopectin.

Bastioli et al. (1994) studied the rheological, morphological, and mechanical proper-
ties of starch/polymer blends made by Novamont. The blend used was Mater-Bi AFO5H
which contained about 60% of maize (corn) starch and additives and 40% of EVOH.
Using a slit die rheometer, they found that their blends followed a Equation 2.42 with a
yield stress. The yield stress reported was ~10* Pa. For shear rates larger then 10 s, the

viscosity curve was similar in shape and magnitude to that of LDPE:

n=m-y (2.42)

where ¥ is the shear rate, and m and n are the pre-exponential factor and the power-law
index, respectively. In addition, the normal stress N was also estimated as a function of
shear rate by using the exit pressure. It was found to follow a power-law type relationship

with shear rate:
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N, = o7 (2.43)

where o and B are material constants.

It is important to notice that all the viscosity results reported so far have the same
form. At high shear rate (Y 2 O(1s™')), viscosity and shean; rate are related by a' power-law
function with functional dependence of the pre-exponential factor m and the index n én
temperature, moisture content, and specific mechanical energy. The power-law model,
although seemingly satisfactory for predicting cxperimental results, is not a complete
model. First of all, it lacks a zero-shear-rate viscosity. This feature is not assessable by
researchers because they are not able to obtain data in the low shear rate region using a
conventional viscometer die. Zero-shear-rate viscosity is an important piece of informa-
tion about the polymer itself since it is a more sensitive function of the molecular structure
than the high shear rate viscosity. Secondly, the power-law model also cannot describe any
normal stress difference. Many important polymeric phenomena like die swell are the
result of the non-zero normal stress difference and memory effects. Lastly, this model does
not have any time dependence. As a result, a Deborah number cannot be defined to

describe process behavior.
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Chapter 3

Experimental Systems

This chapter describes the experimental details of the optical system. The way in which
viscosity and first normal stress coefficient were calculated from velociiy and stress mea-
surements has been explained in Section 1.3 of this thesis. The design of the test geometry
and the melt transport system are detailed in Section 3.1. Section 3.2 is devoted to a dis-
cussion of the necessary steps to maintain temperature uniformity within the test geome-
try. Laser Doppler velocimetry was used to measure the velocity profiles from which the
shear rate profiles were calculated. The principle and implementation of LDV are detailed
in Section 3.3. The stress-optic law and the difference between full-field and point-wise
birefringence measurements have been discussed in Sections 2.2 and 2.3 already. A phase-
modulated birefringence system was used in this study, and its working principic and
implementation are explained in Section 3.4. The two conventional methods of rheological
measurement, the paraliel-plate rheometry and capillary viscometry, are described in Sec-

tions 3.5 and 3.6.

3.1 Test Geometry and Melt Transfer System

The idcal two-dimensional flow can be approximated by a three-dimensional rectangular
slit channel flow with a large width-to-gap ratio. Wales (1976) showed that a slit die with a
width-to-gap ratio of 10:1 gave the same <n,;-n33> data as the one with a ratio of 30:1
over two decades of shear rates. Thus it has been inferred that a depth-to-width ratio of
10:1 is enough to minimize the edge effects because no further reduction of edge effects

was observed with a higher aspect ratio. The current flow channel also has a depth-to-
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width ratio of 10:1. Thke length, depth, *1d width of the channel are 230 mim, 40mm, and 4
mm respectively. Figure 3.1 shows a diagram of the die, with the x-axis aligns with the
flow direction, the y-axis with the velocity gradient direction, and the z- axis with the neu-
tral direction. Thus the two-dimensional picture in which the shear rate, viscosity, and first
normal stress coefficients change from the centerline to the walls (Figure 1.6) can be

observed from the x-y plane midway between the top and the bottom surfaces.

Pressure Transducers

From

Extruder

.

Figure 3.1: Slit die design.

The die was made of stainless steel with holes machined for mounting the pressure
transducer probes and the glass windows for velocity and birefringence measurements.
Polymer melt pressured by the extruder was pumped into the channel from the left. Four
pressure transducers (Dynisco TPT4635) of ranges O - 3000 psi, 0 - 3000 psi, 0 - 1500 psi,
and 0 -500 psi were flush mounted to the channel along the length of the die. Two cylindri-

cal glass windows (Schott SF-57 with MgF, ccating) were mounted on the top and bottom
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of the die for birefringence measurements. These windows were positioned such that the
birefringence profiles were measured at a distance of 38 gap widths from the entrance in
order to minimize the entrance effect. A mushroom-shaped window (Schott BK-7) was
mounted on the side for velocity measurements.

A single-screw extruder (Randcastle RC-1250) melted‘ and pumped the poiymer into
the die. The screw diameter was 1-1/4 inch, and the length-to-diameter ratio (L/D) was 24
to 1. The throughput of the extruder increases with the screw diameter, and the residence
time of the material in the barrel increased with L/D. The screw was divided into three sec-
tions: the feeding zone, the compression zone, and the pumping zone. In the feeding zone
solid pellets or powders were drawn from the hopper into the space between the barrel and
the screw. They were heated and began fusing together as they were transported to the
compressing zone. In the compressing zone melting, pumping and mixing took place.
Since the root diameter of the screw in this section increased toward the exit, the melt was
compressed, typicaily by a ratio between 2 to 5 (Luker, 1993). In the pumping zone the
melt was convected to the exit hole at the highest pressure. Three heating and cooling
zones controlled the temperatures of the barrel with PID controllers (Syscon REX-C400).
A 7.5 horsepower motor drove the screw with a 15:1 gear box. The maximum screw speed
was about 117 revolution per minute, which corresponded to an throughput of 3.4 g/s or
27 Ib/h for LDPE at 160°C.

The vertical configuration of the screw provides two advantages. First, the gear box
turns the screw by grabbing the last sectior: of it, which had a much larger root diameter. In
most horizontal single-screw extruders, the gear box turns the screw close to the feeding
section, which has a smaller root diameter. More torque is transferred to the screw through
the gear box in the vertical configuration because the stronger part of the screw is being

turned. Second, material feeding from the hopper is enhanced by gravity in the vertical
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configuration. Common feeding problems such as bridging (the solid power forming
“bridges” in the hopper and not falling into the screw properly) is greatly reduced (Luker,
1993).

Figure 3.2 shows how the different components of the optical system were fitted
together. A static mixer (Koch KMB-100) mechanically connected the extruder to the die.
The extruder, mixer, and the die were mechanically decoupled from the optics which were
standing on a 3’ x 5’ optical table (Newport XSD-35). Both the laser probe of the laser
Doppler velocimeter and the optical elements of the birefringence apparatus were
mounted on translation stages (Daedal 106062C-20E & 106063C-20E) which in turn were
secured on the optical table. The stages controlled minute movements of the laser beams
as they scanned across the channel. The accuracy of the positioning system was 0.00008

mm per mm of movement.

3.2 Temperature Controls

The temperature of the polymer melt has to be maintained constant across the channel
because of two reasons. First, the rheological properties under investigation are strong
functions of temperature. Failing to maintain a uniform temperature will compromise the
reproducibility of the measurements. Second, the success of the optical measurements
depends on the accurate positioning of the laser beams. The beams will be diverted or bent
as they travel into regions of changing refractive index because of the changing local tem-
perature.

The temperature of the melt was controlled by controlling the temperature of the die.
There are three separate zones in die for temperature control. The temperature of each

zone was measured by a J-type thermocouple (Omega JMQSS-062G-6) with its tip
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Figure 3.2: Experimental arrangement of extruder, slit die, and measurement apparatus.
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located 0.125 inch from the channel wall. The measured temperature was fed to a PID
temperature controller (Dynisco Model 1330) which in turn determined the frequency
ofthe heating cycle of the cartridge heaters. Separate groups of cylindrical cartridge heat-
ers (Industrial Heaters C3740D) maintained the temperature of the die in each zone. Fig-

ure 3.3 shows the location of the heaters and the different zones.

From
Extruder

~a

Zone | heater %}
Zone 2 heater \
Zone 3 heater %D

Figure 3.3: Heater distribution in the die.

It was found that without adequate insulation of the metal die, the temperature of the
inner die surface or the channel walls could not be well-controlled. This was because heat
was lost through the surface of the die by natural convection, the heaters had to be cycled
to turn on at a very high frequency (about 50% time on). Whenever the heaters were
turned on there was a local temperature gradient established across the thickness of the die

wall (Figure 3.4). The temperature decreased significantly from the surface of the car-
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tridge heaters (the heat source, at least 40°C higher than the setpoint of the controller), to
the outer surface of the die wall (at equilibrium with the local ambient temperature). As a

result, the temperature of the channel wall at the inner die surface at was not well con-

trolled.
Th _
Ts= Temp at /OTC
die surface Ts
Tt
Th= Temp at N
heater surface
Tc= Temp at
channel wall O O
|
Tt= Temp at
thermocouple tip
(set-point)

Figure 3.4: Temperature profile across die thickness when the heaters are turned on.

Insulation was provided by wrapping the die with fiber glass wool (McMaster Carr
No. 9356K11). This material has a thermal conductivity of 0.40 W/(m K). The low ther-
mal conductivity lowered the rate of heat loss by conduction. With the insulation, the car-
tridge heaters were turned on a lot less frequently (less than 5% time on). The ideal case
was to keep the local heat source - the heaters - from turning on at all, but it could not be
realized since no insulation is perfect. With about one inch thickness of insulation the tem-

perature of the whoule metal die was very close to the set-point.

74



Even with the fiber glass wool wrapped around the die, it was found that the tempera-
ture of melt at the exit of the extruder (T,,) was higher than that at the exit of the die
(Texip)- When Ty, was 160°C, T,,;, was about 154°C. The temperature drop indicated a heat
loss from the melt as it traveled into and along the die. Putting more insulating material
around the die did not seem to reduce the temperature drop. Upon closer examination of
the heating mechanism along and at the exit of the extruder, it was proposed that the teh-
perature of the melt coming out of the extruder exit might not be uniform. Direct contact
temperature measurement of the me!lt with a hand-held thermocouple confirmed this
hypothesis. The melt temperature fluctuated over time and position because of two rea-
sons. First, it has been shown that depending on the shape and size of the extruder screw,
the temperature profile of the melt varies differently in the radial direction (Figure 3.5).
Therefore, there is a non-uniform lo~al temperature profile at the hole where the melt exits
the extruder barrel. Second, the extruder exit hole was located a few inches before the end
of the screw. The last section of the screw after the hole has reverse flights to transport the
melt which passes the hole back to the exit. This zone was found to be unheated and unin-
sulated (Figure 3.6). As a result, cooled polymer was blended into the hot polymer as it

wis brought back to the hole by the reverse flights.

constant depth 2.6:1 compression 5.0:1 compression
screw ratio tapered screw ratio taper/parallel
screw

Figure 3.5: Radial temperature profiles at the end of an extrusion screw for several differ-
ent screw designs and operating conditions (Stevens, 1985).
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Figure 3.6: Last section of the extruder screw and the exit hole

To solve the problem of non-uniform temperature, the first step was to control the tem-
perature of the last section of the barrel lower than the exit hole. In addition, a static mixer
was installed between the extruder and the die. A static mixer is typically composed of
cylindrical elements filled with stainless steel intertwining bars which divide and recom-
bine polymer melt regions with different temperatures in order to facilitate heat transfer.
Out of the many different types of mixing elements, the Koch SMX™ static mixing ele-
ments were selected because of the high numbers of subdivisions they generate at the
expense of a relatively short element length. For example, the four elements with eight
intersecting bars per element yielded 32768 subdivisions of the melt stream (Koch
Blender Catalog, 1986). Four one-inch-length elements were connected to the extruder

and the die by a mixer housing.

A 1/8" diameter thermocouple (Omega JMQSS-125G-6) was mounted at the short

converging section between the mixer and the die to measure directly the temperature of

76



the polymer melt going into the die. This temperature dictated how the temperatures of the
extruder zones and the mixer should be set. After adding extra insulation, controlling the
temperature of the last barrel section, installing the static mixer, and carefully tuning the
extruder and mixer temperatures, the melt temperature at the entrance of the die channel

finally matched with that at the exit of the channel to +0.5°C.

3.3 Laser Doppler Velocimetry
3.3.1 Basic Principles

The advantages of using laser Doppler velocimetry to measure fluid velocity are two-
fold. It is a non-evasive technique because the flow being studied is not disturbed in any
way. Also, the small size of the measuring volume enables one to measure the velocity at
many different locations in order to map out the velocity profile.

The principle of LDV is explained in sreat detail and clarity in Drain (1980). The fol-
lowing derivation of the basic equations is adapted from the discussion in Drain for the
heterodyne system used in this study. Doppler shift refers to the change in frequency of
wave motion due to the relative motion of the source and receiver (Drain, 1980). The
increase in frequency apparent to a observer moving at speed v at an angle 6 with respect

to a stationary source is:

vcosO

Av = (3.1

where Av is the change in the observed frequency, v cos0 is the component of the

observer velocity in the direction of the stationary source, A is the wavelength.

When the source of the wave is moving at a velocity v at an angle 8 with respect to the

observer, the frequency detected by the stationary observer is changed by Av,
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2
Av = v(gcose+“—2cos29+ ) (3.2)
c

where Vv is the unshifted frequency, v cos6 is the component of the source velocity in the
direction of the stationary observer, and c is the velocity of the wave. Equations 3.1 and
3.2 are different because in the moving observer case, the observed wave speed is changed
while the wavelength remains the same; whereas in the moving source case) the wave trav-
els at the same speed but the observed wavelength is changed.

In the case of laser Doppler velocimetry, the main concern is the frequency shift of
light scattered from a moving object, with the source and the observer being relatively sta-
tionary with respect to each other. This case can be considered as a double Doppler shift,
from the stationary source to the moving scattering object, and then from the moving
object to the stationary observer. The system used in this study measures the beating fre-
quency between two signals, one from the double Doppler shift of the first laser beam due
to the moving particle, and another one from the double Doppler shift of the second laser
beam due to the same moving particle. Figure 3.7 shows that the two incident laser beams
are separated by an angle . The scattering particle is moving at a velocity v, making an
angle B with respect to the line normal to the bisector line for the beams. The angle
between the velocity and the first laser beam is defined as 0, and the angle between the
velocity and the second laser beam is defined as 8’,. The detector is located at an arbitrary

angle 6, with respect to the velocity.
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first beam | p

second beam > detector

Figure 3.7: Configuration of the laser beams and the detector in a heterodyne LDV system

Using the relativistic equations, the Doppler shifts in frequency observed by the detec-

tor from the light scatiered from the first and second laser beams are respectively:

AvV

‘%’(cosel + co0s0,) (3.3)

AV’ = ‘%’(cose’. + c0s6,) (3.4)

The beat frequency, f, observed by the detector as a result of the beating between these two

Doppler shifted frequencies is:
f = (V+AV)-(V+AV') = Av-AV’ = %’(cosel —-cos0’)) (3.5)

= Ve [
f= A.sm(z)«.os[} (3.6)

where ot = (6°-0,) and B = 0.5(6,+0,’-m). It is important to note that the beat frequency

picked up by the detector is independent of the reception direction (no 8, dependence).
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The quantity v cosp is proportional to the measured frequency f through known constants
o and A. The fringe model is commonly used to illustrate the principle of LDV. However,
the fringe model is valid only at situations of low particle density and when the size of the
particles is small compared to the fringe spacing (Drain, 1980). The above derivation is
valid for most cases regardless of particle density and size, except when the fluid speed v

is close to the speed of light.

3.3.2 Spectrum fitting technique

The LDV system used in this study consists of a laser (Ion Laser Technology 5500A-
00, 300mW Argon ion), a beam splitter with a Bragg cell, a probe with focusing lens
(focal length 80 mm), a photomultiplier, and a spectrum analyzer (Dantec Burst Spectrum
Analyzer Model 57N 10). A schematic diagram of the system is shown in Figure 3.8. The
laser light is filtered and splitted into two beams. One of them passes through the Bragg
cell and its frequency is shifted by a known amount. The shifting of one beam is a com-
mon scheme used to resolve the direction of the scattering particles. That way a certain
velocity in one direction will produce a scattering frequency different from that produced
by the velocity with equal magnitude but opposite direction (McKinley, 1991).

A fiber optic cable carries the two beams to the probe. This flexible cable simplifies the
optical alignment between the laser beams and the flow system because only the probe has
to be mounted and oriented precisely with respect to the flow system. However, the align-
ment between the laser and the beam splitter still has to be done with great precision. The
two light beams are then focused onto the position of interest by the focusing lens on the
probe. Scattered light is detected by the same probe which transfers the scattered light by
the same fiber optic cable to the photomultiplier. This configuration is called a back-scat-

tering system which means that scattered light is detected from the same direction as the
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incident light. Figure 3.9 shows that the beams actually cross inside the flow channel at an
angle different from the original angle a due to the difference of refractive index between

air and polymer.

laser > Beam splitter )

\. Probe

(o
= T
Burst Photomultiplier
Spectrum Flow
Analyzer
Computer

Figure 3.8: Schematic diagram of laser Doppler velocimeter

The velocity is given by rearranging Equation 3.6:

veosP = ALY (3.7)

where Ap and ap are the wavelength and the beam separation angle of the light in the poly-

mer. The separation angle in polymer is related to that in air and glass by Snell’s law:

n,sin@, = ngsin®; = npsinG, (3.8)

where nu, ng, and np are the refractive indices of the air, glass, and the polymer respec-



tively, and 64, 8, and Op are the angles the beam makes with the interface in air, glass,
and polymer respectively. From Figure 3.9 9, = 04/2, so sin0tp/2 = (na/np) sin0.,/2. It is
also necessary to take into account the effect of refractive index on the wavelength. The
wavelength A, in air is reduced by a factor np in the polymer to Ap=A,/np, assuming ny =

1. As a result, Equation 3.7 can be rewritten as:

f‘}‘-P - .'_1:' f'}-A

. (O 1 . (o, . (O
sm(z) 1 sm(z) snn(z)

The effect of the different refractive indices in air and in the polymer is seen to cancel out.

(3.9)

vcosP =
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Figure 3.9: Top view of slit channel with laser Doppler velocity measurement

The photomultiplier is a vacuum tube in which electrons are released as a result of
light falling on a special photo-emissive surface (Drain, 1980). Amplification is achieved
by secondary emissions of photocurrent at successive elecirodes arranged inside the pho-

tomuluplier tube with successively higher voltages with respect to the cathode. The high



voltage between the cathode and the anode can be set by the user for the system used in
this study. The value of this “high voltage” correlates with the amplitude of the Doppler
signal and signal-to-noise ratio. It should be set at a value which gives a signal with high
enough amplitude to be analyzed but not too strong to incorporate an excessive amount of
noise.

The burst spectrum analyzer modifies and analyzes the signal it receives from the pho-
tomultiplier with a particular algorithm in order to calculate the velocity. The rapid execu-
tion of this algorithm enables a lot of data to be analyzed very efficiently, which gives this
particular spectrum analyzer an advantage over other LDV signal processing systems. This
algorithm is highlighted below. For a complete description of this algorithm, interested
readers are referred to the Dantec Burst Spectrum Analyzer User’s Guide.

The electrical signal generated by the photomultiplier is called a Doppler signal or
Doppler burst. In this study, each velocity value was averaged from the velocity calculated
from 1000 such Doppler bursts. The top diagram in Figure 3.10 shows the shape of an
ideal Doppler signal. How does the spectrum analyzer know that it has collected data from
1000 burst? It recognizes the beginning and the end of a burst by analyzing the pedestal or
the envelope of that burst. The pedestal is a low-frequency component of a Doppler signal.
It can be isolated by first clamping the baseline of the original signal to zero, and then fil-
tering out the high frequency components (Figure 3.10). The envelop is the outline of a
band-passed Doppler signal. It is obtained by rectifying and low-passing the band-passed
signal (Figure 3.10). In this study the envelop is used to identify the passing of a burst
because sometimes a distorted Doppler burst gives a high-quality pedestal but a wrong

Doppler frequency.
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Figure 3.10: Generating process for the envelope and the pedestal (Dantec Burst Spec-
trum Analyzer User's Guide)

The burst analyzer calculates the spectrum of the incoming signal by using the discrete

Fourier transform:
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fo= Y xe " (3.10)

where x,, is the n® sample in the time series incoming signal, N is the total number of sam-
ples, k enumerates the samplcs, i.e. fy is the k" sample, and n is the summation variable.
During the experiments the analog signal x(t) is sampled at regular intervals of period T,
so that x, = x(nTy). The resolution of the system can be cnaracterized by a quantity 1/f,,

where f, is defined as the sampling frequency f divided by the total number of samples N.

A
¢
F“
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N

Figure 3.11: Frequency domain

= = — 3.11)

From this equation it can be seen that the resolution of the spectrum can be increased by
increasing the sample number N, but increasing the sampling frequency will actually
decrease the resolution.

The spectrum analyzer requires the user to enter a center frequency f, and a bandwidth
BW for the calculations. Figure 3.12 shows that the highest frequency being investigated
will be fy + 0.5 BW. Because of spectral aliasing, the sampling frequency has to be at least
twice as big as the highest frequency of interest in order to avoid distortion (Nyquist crite-

rion). Therefore, the sample frequency has to be as high as 2 times (fy + 0.5 BW). At such
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high sampling frequency, the resolution will be compromised. The spectrum analyzer uses
a zooming technique to increase the resolutton. This technique shifts the entire spectrum
to the negative side by a frequency f. Figure 3.12 shows that the highest frequency
becomes the bandwidth divided by two. Following the Nyquist criterion, the sampling fre-
quency is now 2 times BW/2, or BW. The analyzer samples the signal at a set frequency of
1.5 BW, which is usually much lower than the 2(fy + 0.5 BW) without the zooming tech-

nique.

o 1

Figure 3.12: Frequency spectrum of a signal with center frequency fo(Dantec Burst Spec-
trum Analyzer User’s Guide)

I I N

BW BW
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Figure 3.13: Frequency spectrum of the signal downshifted by fo(Dantec Burst Spectrum
Analyzer User’s Guide)

Suppose the signal is idealized to be a single-frequency cosine function cos(2nft). The

-jafyr

zooming technique requires multiplying this signal by e . The resulting signal after

PRI has a single frequency at f-fy. Sampling this signal for a duration of

filtering e
NT, is equivalent to multiplying a rectangular window function (Figure 3.13) with the

shifted cosine signal. In frequency space, the filtered signal can be represented by a delta
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SinitfNT,
nfNT,
these two functions in the time space is equal to convoluting them in the frequency space.
sin[nt(f - fo)NT,]
n(f - foINT;

between two frequency samples, or the resolution.

functior &(f-f), and the rectangular window function becomes . Multiplying

, where 1/NTj is the distance

As a result, the sampled signal becomes

t <> A [ \./I/\l‘ f
< NT > sintfNTs |
° nfNTs  NTs
Time domain Frequency Domain

Figure 3.14: The rectangular window function and its Fourier transform (Dantec Burst
Spectrum Analyzer User's Guide)

The most important job of the spectrum analyzer is to calculate the velocity from the

maximum frequ-acy in the processed spectrum. This frequency is identified by fitting the

sin[r(f - fo)NT,]
n(f - fo)NT,

trum analyzer uses a zero-filling technique that adds N zeroes to the N signal samples. The

function centered at f-f;; to the spectrum. To enhance fitting , the spec-

discrete Fourier spectrum is then calculated for these 2N samples. Figure 3.14 compares

the discrete spectrum of a cosine function before and after zero-filling.

o  original samples

« samples created by

zero filling f
|

f/N

Figure 3.15: Effect of zero-filling on the spectrum of a cosine function (Dantec Burst
Spectrum Analyzer User’s Guide)
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The last step by the specirum analyzer is validation. The two highest local maxima are
compared. If the ratio between them is larger than 4, then the spectrum is of good quality,
and thus the burst is validated. This factor 4 is chosen empirically. Too high a factor will
lower the data rate significantly, yet too low a factor will pass on too many low-quality
bursts which do not have a well-defined maximum. |

In running an LDV experiment, the high voltage between the two electrodes in the
photomultiplier, the gain in the spectrum analyzer circuit, the center frequency, the band-
width, and the number of samples per analysis N all have an impact on the data rate and
the validation rate. It is desirable to have a high input rate of high-quality burst, but more
often than not a high data rate corresponds to a low validation rate and vice versa. If the
experiment is steady over time, and there is an infinite amount of time to run the experi-
ment, then the goal should be to get the highest validation rate possible, at the expense of

the long time that the experiment may take.

3.4 Birefringence Apparatus

The principles behind using birefringence to measure the stress field hav been dis-
cussed in Section 2.2 and 2.3. This section focuses on the implementation of the phase-
modulated birefringence system used in this study.

Phase-modulation is a technique used to facilitate measurements of more than one
variable in real time. The two variables of interest are birefringence and extinction angle.
The phase-modulation technique provides an artificial time dependence to the intensity of

the detected light. The intensity can generally be expressed in a series:

1(t) = I+ 1,08, x)sin(®1) + I,,(8, x)sin2mr + ... (3.12)
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Except Iy, which is time-independent, each teim in the series is a unique function of the
birefringence & and the extinction angle . Independently measuring each term provides
more than one equation to solve for the two unknowns.

Two common methods are used to modulate the light intensity. One method is to insert
a rotating optical element with a constant retardance in the optical training immediately
before the sample. An example of such an optical element is a quarter or a half wave-plate.
The other method is to place an optical element with a time-dependence retardance in the
optical train immediately before the sample. A photo-elastic modulator is such an element.
In this study an octagonal fused silica plate subjected to time-harmonic strain by a piezo-

active crystal is used as the photo-elastic modulation unit.

Figure 3.15 shows the components of the birefringence apparatus used in this study.
All elements on the optical train except the sample were mounted onto a vertical rail
(Newport X95). This rail of elements was mounted on two translation stages (Daedal
106062C-20E) for precise movement of the beam in the flow field. A 10 mW HeNe laser
(Uniphase 1135P) produced a single wavelength (632.8 nm) light source to be focused
onto the sample by a 400 mm focal length plano-convex lens. The light then passed
through the polarizer (Karl Lambrecht MGT3E8) whose orientation defined the coordi-
nates of the optical axis system. The polarizer was mounted on a precision stage (Eifle) to
facilitate optical alignment. The light then passed through the optic head of the photo-elas-
tic modulator (Hinds PEM-90) to acquire a time dependence in its polarization state. After
the light passed through the sample, its polarization state was changed by the birefrin-
gence and the extinction angle of the sample. However, the light intensity did not contain
information about the sample’s birefringence and extinction a “he analyzer (Karl
Lambrecht MGT3ES) served to change the polarization state of light again so that the

intensity depended on the birefringence and extinction angle of the sample. The light
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intensity was recorded by a photodetector (Eifle). The photodetector was made of a photo-
diode with an order 1 ns response time. It had a low-pass filter circuit to isolate the time-

independent component.

laser
L
C ) focusing lens
polarizer
lock-in amplifiers .
— photoelastic
-—— modulator
= (] II |
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7 - | R sample
| |
| = ) |
| o 00 _ —L—1— analyzer
- [
| i 1l 1
| | multimeter collector lens
e
L = photodetector
translation stages ( [ -(l % l 8

Figure 3.16: Birefringence apparatus

The intensity of the light signal was analyzed as a voltage by two lock-in amplifiers
(EG&G 5110) and a digital multimeter (GoldStar DM 9183). The two lock-in amplifiers

multiplied the incoming light intensity signal with the reference signals (42 kHz & 84
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kHz) generated by the photo-elastic modulator control module. The coefficients for the
first and second harmonics of the intensity I,,(8,x) and I5,(6,x) were measured as a result.
The multimeter showed the time-independent part of the intensity signal Iy. The three
numbers Ly, I,(8,%), and I,,(8,x) were stored and analyzed by a computer (Macintosh
Quadra 800 with LabVIEW™,), | |

Out of the many components that the light passed through, only four of those changed
the polarization state of light. They were the polarizer, ploto-elastic medulator, the sam-
ple, and the anaiyzer, all shown in bold in Figure 3.15. Mueller calculus is a rigorous way
to calculate the how the intensity depends on the parameters of the system (Azzam, 1977).
This calculation is outlined as follows.

The polarization state of light can be represented by either a Jones vector or a Stokes
vector. The two components of a Jones vector represent the two orthogonal components of
the electric vector in the plane normal to the beam propagation direction. The intensity of
light is obtained by summing the squares of each component of the Jones vector. Although
simpler to understand, the Jones vector cannot represent partially polarized light. A Stokes
vector contains four components. The first component indicates the intensity and the
remaining three describe the polarization state. A stokes vector is used here to describe the
light propagation, because the intensity can be calculated more easily using this represen-
tation.

Afier light of a certain polarization state S, passes through a medium M, its new polar-
izaticn state S, can be calculated by muliiplying the Stokes vector of the incident light by

a Mueller matrix which describes the optical properties of that medium.

Si=M-S, (3.13)
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A Mueller matrix is a 4 x 4 matrix with components depending on both the retardance
or orientation of that medium. To calculate the Stokes vector of the light passing through a
series of optical elements, one simply multiplies the Stokes vector of the incident light by

a series of Mueller matrices in the order that the light encounters the elements.

S, = M, M;M,S5, (3.14)

where M,... M, are the Mueller matrices of the optical elements, and , is the resultant
Stokes vector that represents the polarization state of light after passing through the n ele-
ments.

In the birefringence system used in this study, the laser light with intensity L, passes
through the optical elements in the following order and orientation: a polarizer oriented at
90°, the photo-elastic modulator oriented at 45° the sample with unknown retardance &
and unknown extinction angle %, and the analyzer oriented at -45°. The intensity of the

light detected by the photodiode I(t) can be calculated by:

I(1) Iy

= [Ma(=45%)] - [Ms(8,%)] - [Mpcu(Asin(or), 45°)] - [Ma(90°)] - |7 @15)

(=)

()

where Mp, Mpgy, Mg, and M, are the Mueller matrices of the polarizer, photo-elastic
modulator, the sample, and the analyzer, respectively. The retardance of the photo-elastic

modulator is a sine function with amplitude A and frequency w.

The Mueller matrix of a polarizer oriented at an angle 0 is (Frattini and Fuller, 1984):
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[ 1 cos26 sin20 0-

1 [cos20 (cos20)’ sin20cos20 0 .16
2 |4in20 sin20c0s20 (sin20)’ 0
0 0 0o 0

The Mueller matrix of the sample with retarcdance d oriented at an angle Y is (Frattini

and Fuller, 1984):

1 0 0 0 3.17)

0 cosz(ZX) + sin2(2x)cosﬁ cos2ysin2y(1 - cosd) -sin2ysind
0 cos2ysin2y(1 - cosd) c052(2x) + sin2(2x)cosﬁ cos2ysind
0 sin2y sind —cos2ysind cosd

Upon multiplying the incident light Stokes vector by all the element Mueller matrices as

shown in Equation 3.15, the intensity of light can be expressed as:

(3.18)
Iy

i(r) = 1 + I—Z‘)J,(Ar)[sin8cos2x]sinmt + %’Jz(Ac)[(l - cosd)sin2ycos2y]cos2ms + ..
where Iy, I, and Iy, are the three quantities measured. J,(A;) and J,(A,) are the first and
second order Bessel functions of the first kind evaluated at A_. The amplitude of frequency
modulation, A, is chosen to be equal to 2.407. This is because the time independent term
in the intensity expression is %lo(l +Jo(A)sin2asind) and Jy(Ac=2.407) = 0. This way
the first term in Equations 3.18 do not depend on & or y and subsequent calculations is
simpiified.

Since both J{(A.) and J,(A,) are known constants (equal to 0.51907 and 0.43170,
respectively), there are only three unknowns in Equation 3.18: I, 8, and . The three equa-

tions to solve for them are found by equating Equations 3.12 and 3.18:
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I
Iy = 5" (3.19)

I, = J,(A)Io[sindcos2y] (3.20)

I, = J2(A)[(1 - cosd)sin2y cos2y] (3.21)

Since the absolute value of L is not of any practical interest, we first eliminate it by con-
sidering the following two ratios: Rw and R2@, which are defined as follows:

Ro> = 1,(5, %)

= = sindcos2 22
2’,;,];(:4) SINOCOS x 3 )

Rzm = 120)(80 X)

8 = - in2 2 23
31 T,(A) (1 - cosd)sin2ydcos2y (3.23)

The values of & and y are then obtained from the following equations:

—R20*t R*J(1 - R’ - R20?)

cosd = - : (3.24)
R +R2m
R®
2 = — 3.25
cos(2x) sind (3.25)

By scanning the laser beam across the width of the slit channel gap, the profiles of &
and x were obtained. The details of how these data were interpreted and the limits of the

system are discussed in Chapter 4 of this thesis.

3.5 Parallel Plate Rheometry

The viscosity and first normal stress difference at low shear rates were measured in the

paralle] plate mode of the Rheometrics Mechanical Spectrometer (RMS 800). The princi-
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ple and the specifics of the measurement are described in this section. Bird et al. (1987)
details the derivation of the equations listed below.

Consider a polymer melt being confined in the space between two parallel plates. The
radius of the plates is R, and they are separated by a distance H. When the bottom plate is
rotated at a fixed angular velocity W, the shear rate ¥ inside the melt changes along the

radial direction:

. rw '.YR"
= — = = 3.26

where Y, is the shear rate at the edge of the plate. The viscosity can be calculated by mea-

suring the shear rate and the torque T required to achieve this motion.

(3.27)

3 ~3

Yr diny

The first normal stress coefficient cannot be calculated directly. The difference

between the first and second normal stress coefficients can be expressed by:

oy = ()2 LR s
- dlnYR

where F is the total force required to maintain the plates at a separation H. Very often \¥'5 is
assumed to be small and negligible compared to ¥,. Therefore, Equation 3.28 is used

directly to calcuiate ‘.
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