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ABSTRACT

This paper reports on the effect of three-dimensional oriented particles on birefringence introducing "Rheo-optics",
one of the concepts to reveal changes in the internal structure and flow behaviour of complex fluids from changes in
optical anisotropy. We applied the photoelastic method (polarization imaging technique), to a Cellulose nanocrystal
(CNC) suspension under shear flow to visualize the internal orientation structure induced by the applied shear stress.
For the shear flow, a rheometer that can be easily combined with a birefringence measurement system was introduced.
In the experiments, birefringence was measured and compared from different directions, horizontal and vertical to the
shear. According to the experimental results, the measured birefringence followed the power law of the applied shear
rate with the same power exponent regardless of the direction of polarization measurements. It is also indicated
that the value of the exponent is likely to vary depending on differences in the interaction behaviour between the
CNCs. Furthermore, the intensity of the birefringence of the CNC suspension depended strongly on the direction of
measurement relative to the shear. Specifically, birefringence in the horizontal direction of shear, i.e. the transverse

rotation orientation of the CNCs, was found to be more sensitive to (shear) stress than the vertical rotation orientation.

1. Introduction

Fluids with internal structures larger than the atomic and molecular scale are called "Complex
fluids" and are widely used as industrial materials. Optimising the alighment of these particles
enables the production of structurally ordered soft materials with mechanical, thermal, optical
and electrical properties (Hakansson et al., 2014; Thiruganasambanthan et al., 2022). However,
complex fluids exhibit flow behaviour that differs significantly from that of Newtonian fluids due
to changes in the internal structure caused by the flow alignment of particles in shear flow, ex-
tensional flow or combined flow. Therefore, the unravelling and understanding of the structures
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induced by the flow of complex fluids is of great importance in large-scale industrial processing
operations.

The theory describing the non-Brownian motion of non-spherical particles goes back to work by
Jeffery (1922). Representative work by Hinch & Leal (1976) also details how Brownian motion af-
fects the statistical distribution and rheology of axisymmetric ellipsoids, i.e. long and elongated
spheres. Numerical simulations of these equations are valuable for predicting the orientation dis-
tribution and rheology of dilute suspensions of non-spherical particles. However, it still lacks good
explanations for particle interactions at high concentrations. Also, the important Doi-Edwards the-
ory (Doi & Edwards, 1978) describes the Brownian motion of high aspect ratio polymers well, yet
the understanding of the dynamics of non-spherical nanoparticles in a crowded environment is
incomplete. The key to the development of these particle orientation models is a reasonable char-
acterisation of the orientation distribution and comparison with simulations.

Direct visualization of particle orientation is extremely challenging. Therefore, the particle orienta-
tion has been quantified via the degree of birefringence and dichroism in rheo-optical techniques
(Rheo-optics), which clarify changes in the internal structure and flow behaviour of fluids from
changes in optical anisotropy caused by the orientation of particles (Wagner, 1998; Calabrese et
al., 2021). The birefringence 4, is related to applied stress by the stress-optic law (SOL) described
below (Doyle, 1982; Aben & Puro, 1997; Nakamine et al., 2024);
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Here, ¢ is the orientation angle, C; and C, are the stress-optic coefficients. Note that the z-axis
is defined as the direction of the camera’s optical axis (hereinafter, simply the optical axis). In
previous studies, the structural and rheo-optical properties of complex fluids have been studied
by applying SOL (Ito et al., 2016; Muto & Tagawa, 2022; Worby et al., 2024). However, the property
measured is the anisotropy in the plane perpendicular to the optical path, providing a projected
system representation. Therefore, when observing particle orientation and structural changes due
to shear flow, different information is obtained depending on the direction of the observation,
i.e. the direction of the light irradiation. Consequently, comparisons with eventual simulations
require measurements from at least two directions for shear to obtain information on the three-
dimensional (3D) orientation.

The objective of this study is to quantify the internal structural changes of complex fluids under
applied stress by polarized light imaging techniques (photoelastic method). Specifically, the orien-
tation of non-spherical particles under shear is extracted as polarization information to character-
ize the 3D particle orientation dynamics. As a first step, a dilute cellulose nanocrystal suspension
with properties similar to Newtonian fluids, where the presence of particle-particle interactions
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is small, was chosen for the study. Determining the relationship between deformation and mate-
rial structure is important, and the flow provided for this purpose must be simple and controlled.
In many cases, rheometers have been reported to be used to reproduce shear flow. Concentric
cylinder-type (Lane et al., 2022), parallel plate-type (Hausmann et al., 2018; Worby et al., 2024) and
cone plate-type (Oba & Inoue, 2016) theometers have been reported due to their simple installa-
tion in an optical anisotropy measurement system. In the present study, we utilized two different
rheometers with different measurement methods, a concentric cylinder-type and a parallel plate-
type. The flow field in concentric cylinder-type rheometers, also known as Taylor-Couette flow,
has no flow along the optical axis. In contrast, the latter flow field in parallel plate-type rheome-
ters has a shear velocity distribution along the optical axis. This paper reports on the construction
of rheo-optical measurement systems utilizing rheometers and a polarization camera. Based on
a comparison of the birefringence measurements of each measurement system, the effect of 3D
orientation on the optical anisotropy of the particles is also discussed.

2. Methodology

The present experiment used a stress-controlled rheometer (MCR302, Anton Paar Co., Ltd.) with
two different measuring systems: a concentric-cylinder (CC)-type and a parallel plate (PP)-type.
Unless otherwise stated, all measurements were taken at least three times and the temperature
was maintained at 25°C. The shear rate applied to the suspensions was confirmed to be a con-
dition which satisfies the limitation “Experimental window” proposed by Ewoldt et al. (2015).
Therefore, the measurements described in the following section are assumed to be unaffected by
surface tension or secondary flow. The details of each experimental setup are given below.

2.1. Experimental setup
2.1.1. CC-type rheometer

A schematic of the experimental setup utilizing a CC-type rheometer is shown in Fig. 1(a). In
this setup, polarization measurements were conducted from a direction where there is no velocity
gradient along the optical axis (horizontal to shear). The rheometer is equipped with a rotat-
ing inner cylinder (CC39, Anton Paar Co., Ltd., radius r; = 19.4 mm, length L = 60.0 mm) and
a self-constructed Taylor-Couette flow cell (A5052, radius 7, = 21.0 mm). Shear flow is induced
by rotating the inner cylinder and the shear stress and torque are logged. The left-handed circu-
larly polarized light was generated by attaching a polarizer and 1/4 wave plate to an LED light
source (SOLIS-525C, Thorlabs Co., Ltd., wavelength A = 543 nm). The circularly polarised light
is reflected from the top of the inner by a mirror and emitted as elliptically polarised light with
a retardation A. The transmitted elliptically polarised light was directed into a polarization cam-
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Figure 1. Schematic of rheo-optical system using (a) CC-type and (b) PP-type rheometer, where () is the angular
velocity, L is the length of the inner cylinder, and H is the gap height, z is the coordinate axis parallel along the
camera’s optical axis.

era (CRYSTA PI-5WP, Photron Co., Ltd.) with a built-in 543 nm band-pass filter. The shear rate is
defined from the deformation rate tensor D as follows:
202 1
4 =2 D) = —°_ where D = 5(Vut vuh). 3)
To — T

Here, (2 is the angular velocity and u is the velocity gradient tensor for the Taylor-Couette flow.
In this experiment, all measurements were made at 424 pixel x 340 pixel (spatial resolution:

14 um/pixel) and the shear rate was setto 4 = 1 — 455",

2.1.2. PP-type rtheometer

A schematic of the setup using a PP-type rheometer is shown in Fig. 1(b). In this setup, polar-
ization measurements were conducted from a direction with a velocity gradient along the optical
axis (vertical to shear). As with CC-type, shear flow is induced by rotating the plate and the
average shear stress and torque are logged. A ring-shaped circularly polarized light source (LDR-
70SE2, CCS Co., Ltd., A = 543 nm) was mounted on the rheometer. The incident polarized light
enters the polarization camera (CRYSTA PI-5WP, Photron Co., Ltd.) through the glass stage and
the transparent glass plate (PP43/GL-HT, Anton Paar Co., Ltd.). All measurements were made at
424 pixel x 340 pixel (spatial resolution: 80 pm/pixel). For PP-type, the shear rate is a function of
the plate radius 7. We defined the shear rate by reintroducing the deformation rate tensor D,

4(r) = V2D D) = . @
H [m] is the gap height. The shear rate set on the rheometer is defined as r = R,, i.e.,, ¥ = R,/ H.
Considering the requirement to satisfy the experimental window (Ewoldt et al., 2015), 7 = 100 —
5300 s! were set in the present experiments.
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For more details (e.g. derivation of the deformation velocity gradient tensor) of Taylor-Couette
flow and simple Couette flows in rotating parallel plates, please refer to the literature (Taylor,
1923; Schlichting & Gersten, 2016).

2.2. Polarization camera

The polarization camera (CRYSTA PI-5WDP, Photron Co., Ltd., 250 fps) was used to detect the retar-
dation A which is the integrated value of birefringence 4,, along the optical axis of the light trans-
mitted through the apparatus. Based on the phase-shifting method (Onuma & Otani, 2014), A was
obtained from the radiance through linear polarizers oriented in four different directions (0°, 45°,
90° and 135°) in an area of 2x2 pixels. Defining the light intensities detected at each of these pixels
as Iy, Ioo, I135 and I15p (as shown in the inset of Fig. 3(a)), A can be given as follows (Onuma &
Otani, 2014):

A / A 2v/(Loo — Io)? 4 (Lus — [135)2‘

0,dz = —sin

5
2m Iy + 15 + Igo + 1135 ©)

Here, A [m] is the wavelength of the light source. As one A is calculated from 4 pixels, the spatial
resolution of the A is 1/4 of that of the intensity image. It is important to note that the A is
measured as the integration of the birefringence along the optical axis. Therefore, as long as there
is no stress distribution along the optical axis, or if the stress is uniformly distributed, the A can be
calculated as the product of the birefringence 4,, and optical path length. In the present study, 6,
was calculated by simply dividing the A measurements by L or H.

2.3. Suspension preparation

In the present experiment, suspensions of Cellulose nanocrystals (CNC-HSFD, Cellulose Lab Ltd.)
with different concentrations were studied: 0.5, 0.6 and 0.7 wt%. CNCs are rod-shaped crystals
with a high aspect ratio and induce birefringence when dispersed in water (Calabrese et al., 2021;
Lane et al., 2022; Worby et al., 2024) CNC suspensions were prepared by dispersing CNCs to dis-
tilled water with a stirrer (CHPS-170DE, ASONE Co., Ltd.) at 25°C, 350 rpm for 24 hours. The sus-
pensions were then homogenized using a sonicator (UX-300, Mitsui Electric Co., Ltd.) equipped
with a 12 mm probe to enhance the dispersibility. The present process was performed at 40%
PWM mode for 10 minutes. The fully prepared CNC suspension’s shear viscosity n was measured
by rheometer with a cone plate (CP50-0.5, Anton Paar, Co., Ltd.) and is shown in Fig. 2. The ab-
solute value of the shear viscosity increased with increasing concentration and the shear-thinning
nature started to appear more strongly. Against a change in  of O(10°) s™!, the change in variation
of 7 is considerably smaller as O(0.1) mPa-s. In addition, the rheometer also measured the normal
stress (Weizenberg effect) during the measurement, however, the values were sufficiently small to
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Figure 2. Steady-shear viscosity 7 for each CNC suspension as a function of Shear rate 4, where the black dashed line
represents the low torque limit. The inset shows the enlarged region at 10? — 10* s~

be regarded as a measurement error. Consequently, in the present study, CNC suspensions are
regarded as a Newtonian fluid for 4 > 10s™".

2.4. Data acquisition and analysis

The area bounded by the yellow dotted line in Fig. 3 was defined as the region of interest (here-
after, ROI). The ROI was chosen to ensure the uniformity of the lighting system, as the polarizers
used the light intensity itself to calculate A, as described in Sec. 2.2. The software (CRYSTA Stress
Viewer, Photron Co., Ltd.) was used to obtain the A field during the flow by background sub-
traction. This background-subtraction process is based on the presence of a certain degree of un-
evenness on the plate surface or birefringence in the plate or stage itself, which can cause a spatial
distribution of retardation even when there is no flow. In addition, the concentricity or parallelism

Figure 3. Representative intensity image and birefringence ,, field for (a) CC-type and (b) PP-type setup. The areas
bounded by the yellow dotted line were defined as ROL
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of the plate to the stage is not perfect, and therefore the measured A may also vary over time. To
avoid this effect, A measurements were taken after a sufficient time had passed since the start of
the inner cylinder or plate rotation, and 250 frames were averaged (1-second time average).

3. Results and Discussions

3.1. Characterization of birefringence

The birefringence §,, induced in response to the shear rate in the CC and PP-type system is shown
in Fig. 4. In the CC-type system (Fig. 4(a)), the birefringence J,, increased proportionally to the
shear rate, which is the same tendency as in the previous study using milling yellow suspensions
(Peebles et al., 1964). However, the obtained birefringence 4, intensity was about 1/10 of that in the
previous study, where 8, ~ O(107%). Using an apparatus similar to the present CC-type system,
Lane et al. (2022) reported that the birefringence intensity of CNC suspensions was &, ~ O(107?),
which is a relatively large value compared to the present results. The response sensitivity of flow
alignment to shear as birefringence is considered to be caused by differences in CNC morphology.
Flow birefringence has often been reported to approach a constant value at high shear rates due
to the perfect alignment of the particles (Decruppe et al., 1995; Santos et al., 2023). As the exper-
imental window limited the shear rate, the tendency of birefringence for 4 > 45 s™' is uncertain,
although it is expected to eventually reach a constant value as the advection forces the alignment
to be further aligned (Lang et al., 2019).

The PP-type system (Fig. 4(b)) showed different trends with a threshold value of 4 = 2000 s~ '. For
4 > 2000 s7', it showed a tendency to increase non-linearly with the shear rate. This non-linear
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Figure 4. Measured birefringence §,, with (a) CC-type and (b) PP-type rheometer organized by applied shear rate.
Error bars and red shading indicate standard deviations. The dashed line represents the fitted Eq. (6), respectively.
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increase in birefringence has also been reported for various birefringent fluids, including xanthan
gum and micellar solutions (Decruppe et al., 1995; Detert et al., 2023). In addition, the obtained
birefringence intensities were comparable to previous studies with 4,, ~ 0(10_5). Meanwhile, for
4 < 2000 s~*, the measurement accuracy could be low due to the resolution of the intensity values
that the polarization camera image sensors can detect. We assume that the birefringence therefore
temporarily exhibited a different trend for the shear rate.

As expected, the birefringence induced for the same shear rate increased with increasing concen-
tration of CNC suspensions. The rotational diffusion coefficient of the CNCs is decreased as the
suspension concentration increases (Maguire et al., 1980). This is due to the interaction of the
CNCs with each other and their rotational motion being inhibited or restricted by neighbouring
particles (Tao et al., 2005). Therefore, the shear rate required for CNCs to align decreases with the
concentration.

Next, the trend of birefringence for the shear rate was investigated. Lane et al. (2022) proposed the
following empirical equation can describe the relationship between shear rate and birefringence:

bn = (A )" ™ 6)

Here, A [s], m [-] and n [-] are fitting parameters and c [-] is suspension concentration. It should
be noted that this equation may not have direct physical meaning. The experimental results were
fitted using Eq. (6), and the black dash-line in Fig. 4 shows the results. The fitting parameters are
shown in Table 1. Interestingly, the values of n and m are identical in both systems, while the
magnitude of A differs by a factor of 10. The contribution of the different directions of polariza-
tion measurement to the shear is indicated in the fitting parameter A. In the case of simple shear
flows, which have been widely studied, rod-like particles such as CNCs move along orbital tra-
jectories known as Jeffery orbit (Jeffery, 1922). Based on this theory, CC-type systems measure the
orientation of CNCs rotating in the plane perpendicular to the incident polarization, as birefrin-
gence. In contrast, the PP-type experimental system can be understood as measuring the rotating
orientation of the CNCs in the plane perpendicular to the incident polarization as birefringence.
Thus, differences in the magnitude of the fitting parameter A can be considered to correspond to
the contribution of optical anisotropy from the direction of rotation (orientation) of the particles.
The present results indicate that regardless of the direction of polarization measurement to shear,
there seems to be a common physical background that leads to the flow birefringence producing

Table 1. Fitting parameters used in the present study.

L Als] nl-1 ml

CC-type 3.03 x 107* 0.93 1.76
PP-type 7.40 x 1075 0.92 1.77
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a power law for the shear rate. Calabrese et al., conducted experiments with dilute CNC suspen-
sion of 0.1 wt% and reported 4, ~ 4°? (Calabrese et al., 2021). Lane et al. (2022) also provided
that 6, ~ 4"%7 in part of an investigation into whether CNC suspensions (0.7-1.3 wt%) can be
used for studies of flow birefringence. Our obtained exponents are close to the values reported
by Calabrese et al. (2021), however, they differed significantly from those reported by Lane et al.
(2022). Several reasons can be given for this difference, although it can be explained by differences
in the interaction behaviour of the CNCs due to differences in suspension concentration and rod
lengths (Maguire et al., 1980).

3.2. Calibration of stress-optic coefficient

The fitting parameter A is also considered to correspond to the sensitivity of birefringence to shear
stress. Therefore, the stress-optic coefficients were calibrated using the torques logged in the CC-
type and PP-type systems. The stress tensor o of a z-axis symmetric Taylor-Couette flow is given
by using the cylindrical (rfz) coordinate system as below:

I Tro 0 ( )
(9 Vo\T
Occ = Tor I 0 5 where ;7‘9(;97‘) nr < ’ >|7"*7’i' (: )
87’ r

Here, vy is the azimuthal velocity component of the Taylor-Couette flow and P is the atmospheric
pressure. Between torque 7" and shear stress 7,9, 1" = 2w Lr;-7,¢|,—, hold, and substituting the stress
components into SOL (Egs. (1) and (2)) after transforming the coordinates to the Cartesian (zyz)
coordinate system yields:

0T

The same assumptions can also be made in the case of the PP-type, which finally yields to

Ci

—-P 0 0

0
op= 10 —P 7, |, ,where 7p.(70) = n%. )
0 T»0 -P
—6—”<7TR04)2(R-<r<R) (10)
AT Y P ek

Here, 0,, is the stress tensor of Couette flow in the PP-type system. By substituting the torque
logged by the rheometer and §,, measurements into Egs. (8) and (10), the stress-optic coefficients
can be calibrated experimentally.

The variation of the stress-optic coefficient with shear rate is shown in Fig. 5. In Fig. 5(a), the (4
increased with increasing shear rate for the range 1 st < 4 <10 s~!. This can be the effect of the



21st LISBON Laser Symposium 2024

5 R
@  ,5x10° ~ ~ ~ ® 59 —yg\éo : :
O 0.5 wt%
O 0.6 wt%

0.7 wt% (4

20t

@
0o O 05wt% of g, 1
O 0.6wt% O
(((((((((((((

0.7 wt% @@

05 : ‘ : - - - - -
0 10 20 30 40 50 0 1000 2000 3000 4000 5000

Shear rate 7 [s7!] Shear rate 7 [s7!]

Figure 5. Calibrated stress-optic coefficients (a) C; and (b) Cs. The dashed line in (a) represents the average value for
each suspension concentration.

non-Newtonian nature of the CNC suspension at low shear (Fig. 2). On the other hand, in the range
4 >10s~"! where the CNC suspension exhibited properties similar to Newtonian fluids, the C; were
almost constant values. Specifically, the averaged values (dashed lined shown in Fig. 5(a)) were
1.23 x 107°, 1.60 x 107" and 2.06 x 10" [Pa~'] at 0.5, 0.6 and 0.7 wt%, respectively. The validity
of the stress-optic coefficients C is discussed and compared with values reported in previous
studies. () is also known as the photoelastic coefficient, and although it is less reported than
for solids, there are some examples of reported photoelastic coefficients for fluids. For reference,
stress-optic coefficients of worm-like micellar were 0(10_7) [Pa—!] (Shikata et al., 1994; Ito et al.,
2016), xanthan gum solution was 3.3 x 10~% [Pa™'] (Yevlampieva et al., 1999). The particles in both
fluids are of chain-like geometry, which is different from rods such as CNCs. In the case of chain-
like particles, the effects of particle-particle interactions (bending, elongation and tangling) due to
flexibility differ from those of CNCs. Another case study using crystalline suspensions, where the
effect of particle flexibility seems to be small, is KaleidoFlow, a plate/flake vermiculite dispersion.
Noto et al. (2020) estimated the stress-optic coefficient of KaleidoFlow to be 4 x 10~* [Pa~'], which
is of a higher order than for CNC suspensions. The degree of particle-particle interaction also
changes with different geometries, even for non-flexible crystalline suspensions. Therefore, it is
considered that the difference in the effect of particle-particle interaction is one of the reasons for
the difference in the order of C;. Nakamine et al. (2024) also used CNC suspensions provided by
the same supplier (Cellulose Lab. Co., Ltd.) as the CNC used in the present study, and reported
C; ~ 1.0 — 3.0 x 107° [Pa™']. These values were close to the values of C, calibrated in the present
experiment. From the comparison of C, it can be concluded that the CNC suspensions used in the
present experiment, excluding KaleidoFlow, have a greater degree of optical anisotropy to applied
stress than the materials covered in previous studies.
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C, decreased as a power of the shear rate in the range 4 >2000 s~! (Fig. 5(b)). For 4 <2000 s™*

the birefringence measurements of the polarization camera may be less accurate, as described in
Sec. 3.1. Further investigation of the calibration value of C; in this region is necessary and is an is-
sue to be addressed. Additionally, C; increased with increasing concentration of CNC suspension.
This means that the sensitivity to stress (degree of optical-anisotropy) increased with increasing
concentration, which is a well-known trend. However, this result infers that C; appears to be a
physical quantity determined by the internal structure and the flow field. There have been very
few reports on the C; of fluids and, to the best of our knowledge, this is the first systematic mea-
surement report to identify the C, value of a birefringent fluid. Simple comparisons are difficult
because of the different units, i.e., Pa~' and Pa"?, the magnitude differed from C; ~ O(1077)
whether Cy ~ O(107°). This indicates that the birefringence due to the transverse rotational ori-
entation of CNCs is more sensitive to shear stress than the birefringence due to the longitudinal
rotational orientation. This difference in the magnitude of the stress-optic coefficient may explain
the difference in the magnitude of the fitting parameter A in Eq. (6) and could be a clue giving its
physical meaning.

4. Conclusions

In the present study, the flow alignment structure of CNC suspensions under applied shear stress
was visualized by introducing the concept of Rheo-optics. This study’s novelty lies in quantifying
the effect of the three-dimensional orientation of the CNCs on the birefringence by performing
polarization measurements from different directions for shear. The birefringence followed the
power law of the shear rate with the same power exponent, independent of the shear direction
of the birefringent measurement. However, the proportionality coefficients differed by a factor of
10, clearly showing the difference depending on the direction of the birefringence measurement.
These results suggest that there is a common physical background for birefringence to produce
a power-law velocity in shear rate. In addition, this exponent differed from the values given in
previous studies and is explained by differences in particle interaction behaviour depending on
the suspension concentration and the length of CNCs. The stress-optic coefficients C; and Cs,
corresponding to the first and second proportionality coefficients of the stress-optic law, were C; ~
O(107°) and Cy ~ O(107°), respectively. These results indicate that the degree of optical anisotropy
of the CNC suspension depends on the direction of measurement for shear, i.e. the direction of
rotation of the CNCs.
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Nomenclature

Birefringence [-]

¢ Orientation angle [deg]
Cy Stress-optic coefficient [Pa™']
Cy,  Stress-optic coefficient [Pa™?]
A Shear rate [s!]
Q Angular velocity [rad/s]
L Length of the inner cylinder [m]
i Radius of the inner cylinder [m]
H Plate gap height [m]
Ry Radius of plate [m]
A Retardation [m]
A Wavelength [m]
Steady-shear viscosity [Pa- s]
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