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Abstract: Rheo-NMR velocimetry was used to study shear
banding of a 6 wt.% cetylpyridinium chloride (CPCI) worm-
like micelle solution under shear startup conditions with
and without pre-shear. 1D velocity profiles across the fluid
gap of a concentric cylinder Couette shear cell were mea-
sured every 1 s following shear startup for four different
applied shear rates within the stress plateau. Fitting of
the velocity profiles allowed calculation of the shear band-
ing characteristics (shear rates in the high and low shear
band, the interface position and apparent slip at the in-
ner rotating wall) as the flow transitioned from transient
to steady state regimes. Characteristic timescales to reach
steady state were obtained and found to be similar for all
shear banding characteristics. Timescales decreased with
increasing applied shear rate. Large temporal fluctuations
with time were also observed and Fourier transform of the
time and velocity autocorrelation functions quantified the
fluctuation frequencies. Frequencies corresponded to the
elastically driven hydrodynamic instabilities, i.e. vortices,
that are known to occur in the unstable high shear band
and were dependent upon both applied shear rate and the
pre-shear protocol.
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1 Introduction

Newtonian fluids show linear responses under deforma-
tion as their structure is not affected by flow. In contrast,
complex fluids can often display nonlinear, heterogenous
or anisotropic properties when subject to applied stress
due to the coupling between the microstructure of a fluid
and its flow [1], usually associated with microstructural re-
organization of the system. One of the most interesting ex-
amples of such a non-linear response is the phenomenon
of shear banding which has been reported in complex flu-
ids such as polymer solutions, foams, emulsions, colloidal
glasses and wormlike micelles [2-5]. The simple picture
of shear banding is the formation of flow into two macro-
scopic bands with different local shear rates [6].

Among complex fluids that exhibit shear banding,
wormlike micelles have attracted considerable theoretical
and experimental attention due to their wide use in dif-
ferent applications; including as household and personal
care products, viscosity modifiers, electrospun tissue scaf-
folds, and in oil extraction applications [7-10]. Worm-
like micelles are elongated and flexible cylindrical, or rod-
like, aggregates typically formed by self-assembly of am-
phiphilic molecules in an aqueous medium [11]. These flu-
ids possess unique viscoelastic properties due to their en-
tangled network, similar to flexible polymer solutions, but
with an ability to break and reform continuously under
flow. Hence, they are sometimes called “living polymers”
[12]. In the fast breaking limit, these systems behave as
monodisperse polymers and obey a Maxwellian viscoelas-
tic model with a single relaxation time Ap at small defor-
mations [2].

The rheological signature of shear banding in worm-
like micelle systems is the presence of a stress plateau in
the steady state flow curve that occurs between two critical
shear rates. This phenomena was first pointed out experi-
mentally by Rehage and Hoffmann [13]. They showed that
the flow is homogeneous below the first critical shear rate
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4; and beyond the second critical shear rate +;. In these
regions the shear stress increases monotonically with in-
creasing shear rate. On the other hand, between the two
critical shear rates in the stress plateau the flow becomes
heterogeneous and the shear rate varies spatially, form-
ing shear bands. In this shear banding region, stress stays
nearly constant or varies slightly depending on the curva-
ture of the flow geometry [14]. The wormlike micelles are
found to be aligned with respect to the direction of the flow
in the high shear band; however, in the low shear band
they are entangled and randomly oriented [15, 16]. When
wall slip is negligible, the shear banded flow is usually as-
sumed to follow a simple lever rule, in analogy with first-
order equilibrium phase transitions, ¥ = a4, + (1 — a)¥;,
where 7, 4, and 4, refer, respectively, to the applied, high
and low shear rates and «a is the interface position between
the high and low shear rate bands. The high and low shear
rates, 9, and +;, correspond to the start and end of the
stress plateau in the flow curve. In systems obeying stan-
dard lever rule behavior, a increases linearly with an in-
creasing applied shear rate [17, 18].

The simple lever rule picture of the shear banding phe-
nomenon is not always observed [19, 20], instead, unex-
pected and complex fluctuation dynamics are often seen
[19, 21, 22]. Early 1D velocimetry studies connected flow
fluctuations to the interplay between wall slip and shear-
banding [18, 23, 24]. 2D flow visualizations of shear banded
flow explained fluctuations in the main flow by the occur-
rence of interfacial instabilities [25, 26] that caused undu-
lations in the interface position along the vorticial direc-
tion and, at higher shear rates, the occurrence of turbu-
lent bursts [27]. Perge et al. used two-dimensional ultra-
fast ultrasonic imaging to spatially map both radial and
azimuthal velocity components, showing a vorticial flow
structure in the high shear rate band and suggesting that
previous observations of temporal oscillations were linked
to the secondary flow features [28]. It became clear that
elastic instabilities were manifesting in the high shear
band as pairs of Taylor vortices, which cause undulations
along the interface in the vorticial direction. The vortices
are due to elastic instability in shear banded WLM solu-
tions [26], unlike the traditional Taylor vortices seen in
Couette flow that are of inertial origin [29].

2D studies suggested that the periodic or chaotic fluc-
tuations observed previously in 1D velocity measurements
could be attributed to the 3D nature of the flow field. In
other words, spatial heterogeneity contributes to the tem-
poral dynamics of the shear banded flow. The work of
Fardin and co-workers [26] have made clear that the us-
ing of 1D velocimetry alone is not enough to definitively
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deduce the presence of instabilities in the shear banded
flow or quantitatively characterize them.

In a previous study [30], we have used Rheo-NMR ve-
locimetry, a technique that incorporates rheometric shear
cells into a nuclear magnetic resonance (NMR) spectrom-
eter, to show that high temporal resolution 1D velocity
measurements have the potential to provide valuable in-
formation in spite of, and even informing about, the 3D
flows. 1D velocity profiles were acquired across the fluid
gap of a concentric cylinder shear cell as a function of time
following shear startup to a single applied shear rate in
order to analyze the evolution of the shear banded flow
from transient to steady state regimes and study the im-
pact of pre-shear protocols on the fluid response [30]. The
Fourier transform of the time and velocity autocorrelation
functions were used to quantify the fluctuation frequen-
cies related to the presence of flow instabilities [30]. In
the present paper, we extend this technique and analy-
sis under shear startup conditions for four different ap-
plied shear rates within the stress plateau, in order to fur-
ther connect temporal fluctuations in 1D measurements
to 3D hydrodynamic instabilities. We extract quantitative
timescales of the shear banded flow to evolve from tran-
sient to steady state regimes and analyze the impact of
pre-shear protocols and shear rate on the shear band-
ing characteristics and fluctuation frequencies following
shear startup.

2 Materials and methods

2.1 Sample preparation

A 6 wt.% cetylpyridinium chloride (CPCl) and sodium sal-
icylate (NaSal) solution with a molar ratio [NaSal]/[CPC]]
= 0.5 in 0.5 M NaCl-brine was used in this work. In order
to acquire NMR velocity profiles more quickly, 0.2% GdCls
was added to reduce the 'H NMR relaxation time. From
rheological measurements, the addition of 0.2% GdCl; did
not change the mechanical behavior of the sample. All the
materials were purchased from Sigma-Aldrich. To prepare
the samples, all components were mixed for 120 min at a
temperature of 45°C and then stored at 30°C for at least
one month before experiments were conducted. To pre-
vent degradation of the samples, they were stored in a con-
tainer preventing ambient light exposure conditions. This
system has been extensively studied and is well-known to
form elongated wormlike micelles [31].
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2.2 Rheometry

The linear and nonlinear rheological measurements were
performed at 25°C under controlled strain using a TA in-
struments AR-G2 rheometer equipped with a steel cone-
and-plate geometry with a 60 mm diameter and a 2° an-
gle. The linear viscoelastic measurement (data not shown)
exhibits a single mode Maxwellian behavior with charac-
teristic relaxation time Az = 0.436 s and plateau modulus
Go =100 Pa, consistent with the literature [26]. The steady
flow curve (Figure 1) shows a stress plateau from 4; ~ 2.6
s~ to 4y, ~ 24 s7L. The values of 4; and 4, were found fol-
lowing the procedure of Salmon et al. [24] and agree with
values reported in the literature [26]. In the flow curves, the
torque at each applied shear rate had reached steady state
to within 5% tolerance for 3 consecutive data points (col-
lected every 10 s) by the time of data collection.

100
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Figure 1: Stress vs applied shear rate for 6% CPCl/NaSal wormlike
micelle solution, exhibiting a stress plateau characteristic of shear
banding that extends from 4, = 2.6 s to4, ~ 24 s7! (region
between the two dashed lines). The red symbols correspond to

the four different applied shear rates [s~!] used in shear startup
experiments, demonstrating where these shear rates fall in the
stress plateau.

2.3 Rheo-NMR

A Rheo-NMR Couette cell with a glass stator and a
polyether ether ketone (PEEK) rotor with a roughened
cross hatched surface was used for all Rheo-NMR experi-
ments. The outer and inner radii of the shear cell were R,
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= 9 and R; = 8 mm, respectively, resulting in a fluid gap
of 1 mm and a radius ratio (k = R; / R,) of 0.89. All Rheo-
NMR measurements were carried out at T = 22°C, above
the Krafft temperature of 21.5°C. To control temperature,
a thermo electron corporation (Merline M25) recirculating
chiller was used. To monitor temperature, a thermocouple
inside the NMR probe at the base of the resonator coil and
bottom of the Rheo-NMR shear cell was used.

A Bruker AVANCE 300 spectrometer equipped with
a Micro-2.5 gradient system (maximum Gradient: 1.5 T/m
60A) and a 25 mm birdcage resonator coil, along with
Bruker Topspin software, was used to acquire Rheo-NMR
data. Prospa (Magritek, Wellington NZ) software was used
for data analysis. Pulsed gradient spin echo (PGSE) motion
encoding [32] with double slice selection and 1D image ac-
quisition, as depicted in Figure 2 [33], was used to acquire
1D velocity images. Rf pulse durations were 52 ps for the 90
degree excitation pulse and 104 ps for the two 180 degree
refocusing pulses. The echo time was TE = 55 ms and the
repetition delay was TR = 217 ms. 1D velocity profiles across
the fluid gap (velocity gradient direction; x-axis) had a spa-
tial resolution of 59 um (FOV = 30 mm and 512 points). The
imaging region (Figure 2b) was a slab with a 10 mm thick
slice selected along the vorticity direction (z-axis) and a 1
mm thick slice along the velocity direction (y-axis). Veloc-
ity was measured in the direction of flow (y-axis). The dis-
placement observation time was A = 11 ms, magnetic field
gradient pulse durations were § = 1 ms and two flow en-
coding gradient steps were done. For these repetition and
acquisition times, two signal averages and two flow encod-
ing gradient steps, the total experiment time for a single
velocity measurement was 1s.

The 1D velocity profiles were acquired every 1 s across
the fluid gap of the Rheo-NMR concentric cylinder Couette
geometry under shear startup conditions for four different
applied shear rates (¥ = 7, 9, 12, and 15 s71). The applied
shear rate for the small fluid gap used in this work can be
approximated as constant and equal to ¥ = vmax/e, where
Vmax is the velocity of the rotating inner cylinder and e
is the fluid gap [35]. To quantify the characteristics of the
shear banded flow, the high and low shear band regions of
the 1D velocity profiles were fitted linearly and the slopes
of the lines provided the values of the shear rate +;, and
4, for the high and low shear band respectively. The inter-
sect of the lines gave the interface position a. The velocity
profiles are plotted as a function of position x normalized
by e with x = 0 defined as the inner rotor wall while x =1
corresponds to the outer stator wall. To evaluate the appar-
ent wall slip, following Fardin and LeRouge [36], a “true”
shear rate ¥,,,,, was calculated as ¥, = |v(0) - v(e)|/e.
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Figure 2: (a) Timing diagram for PGSE motion encoding with double slice selection. (b) A schematic of the Couette. The imaging region,
consisting of a 10 mm thick slice along the vorticity direction (z-axis) and a 1 mm thick slice along the velocity direction (y-axis), is shown
in the shaded section. The 1D image had a spatial resolution of 59 um/pixel and was acquired across the fluid gap (x-axis). Velocity was
measured in the direction of flow (y-axis) with A = 11 ms and § = 1 ms. The inner cylinder, the rotor, is rotating and the outer cylinder, the

stator, is stationary.

2.4 Experimental protocols

Two different experimental protocols were used in this
work:

e Protocol 1 (no pre-shear): between each shear
startup experiment, the system was allowed to re-
turn to an isotropic equilibrium state by resting the
sample for a wait time t,, = 300 min.

¢ Protocol 2 (with pre-shear): prior to each shear
startup experiment, a fixed pre-shear of 10 s™* was
applied for 1 min, followed by 2 min of rest. This pro-
tocol has been used previously in the literature in an
attempt to ensure homogenization [34].

3 Results

Representative velocity profiles at steady state for all ap-
plied shear rates are shown in Figure 3, showing shear
banding. Linear fitting of each 1 s velocity profile was per-
formed as described in the methods and in previous work
for 12 57! [30] and the resulting shear banding characteris-
tics (@, Ay, Y1, and 74,.) are shown in Figure 4 as a function
of time following startup for an applied shear rate of 1557}
using shear startup protocols without pre-shear (protocol
1) and with pre-shear (protocol 2).

éé + 7 S-l
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Figure 3: 1D velocity profiles across the normalized fluid gap y/e
at steady state for different shear rates, showing shear banding,
where e refers to the fluid gap width of 1 mm.

As shown in previous work [30], the velocity and there-
fore shear banding characteristics exhibit large temporal
fluctuations following an abrupt startup. As indicated in
the literature and supported by the results of this study pre-
sented below, these fluctuations are due at least partially
to a fluctuating slip at the inner rotor wall and the presence
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Figure 4: (a) the interface position a, (b) the shear rate in the high shear band 4, (c) the shear rate in the low shear band 4; and (d) the true
shear rate 4, obtained from 1D velocity profiles acquired every 1 s as a function of time following shear startup to 15 s. The black line is
protocol 1 (no pre-shear) and the green line is protocol 2 (with pre-shear). The evolution from transient to steady state values is visible in
the first 50 seconds (shown in the insets) as well as large fluctuations with time for the entire acquisition duration.

of secondary flow components due to flow instabilities that
manifest as fluctuations in a 1D measurement [26, 28].

All the shear banding characteristics follow behavior
similar to that reported in the literature [18, 25] and our pre-
vious work [30] and was consistent for multiple trials. Im-
mediately following startup, the velocity profile is linear
in the initial few seconds prior to shear band formation,
corresponding to the large stress overshoot in the bulk me-
chanical response. This is reflected in Figure 4(b) and (c)
insets where 4, and 4; have the same value initially, as
would be expected from a linear velocity profile.

As the shear bands form, the interface position be-
tween the shear bands a migrates into the fluid gap un-
til it reaches its steady state position (Figure 4a). During
this same time period, ¥} increases and -, decreases until
reaching a fluctuating behavior in time about an average
value.

Figure 4 also shows that at applied shear rate of 15571,
there are clear differences between the two protocols. For
protocol 1 (no pre-shear), the interface position (Figure 4a)
reaches an average value of a = 0.33 at steady state, while
for protocol 2 (with pre-shear), the steady state average in-
terface position is « = 0.21. When pre-shear is present in
the sample, the interface position is located nearer the in-
ner rotor wall. The value for the shear rate in the high shear
rate band (Figure 4b) for protocol 1 reaches a steady state
average of 29 s™!, roughly consistent with where the stress
plateau ends in the flow curve (24 s™1; Figure 1). For proto-
col 2, the average high shear rate is lower at 20 s~*. The dif-
ferences here are tied to the amount of slip present. From
the values of the true shear rate, we can see that in protocol
1, less slip is present. The average true shear rate for proto-
col 11is 13.2 s71, while for protocol 2, it is 10.4 s71. If there
was no slip then a true shear rate equal to the applied shear
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Figure 5: The interface position a obtained from 1D velocity profiles acquired every 1s as a function of time following shear startup to (a) 7
s71,(b)9sL, (c)12s 1 and (d) 15 s71. The black line is protocol 1 (no pre-shear) and the green line is protocol 2 (with pre-shear).

rate of 15 s~! would be observed. As expected, for protocol
1 with less slip the true shear rate is nearly equal to the ap-
plied shear rate and the high shear rate is predicted well
by the lever rule and from the flow curve. The differences
between protocols are smaller for the low shear band val-
ues. The steady state average for protocol 1is 4.4 s*, while
for protocol 2it is 4.9 s~1. This is somewhat higher than the
4, =2.6 57! that would be expected from the flow curve, as
has been seen previously in the literature [25].

Choosing to focus on interface position a (Figure 5), we
see that for all four applied shear rates, protocol 1 results
in an interface position farther into the fluid gap than for
protocol 2. The difference gets larger as the applied shear
rate increases.

A Reynolds decomposition approach [37], where vari-
ables are decomposed into a time-averaged quantity and a
fluctuation about the time average, was used. The velocity
profiles were averaged over 25 s and the interface position
for these time-averaged profiles was found. The results are
plotted in Figure 6. The coarse-grained time averaged val-
ues of a are represented by the closed symbols. The solid
lines are the average a over the entire experiment. This

approach allowed extraction of timescales of the system
that were obscured by the fluctuations, so the evolution
from the transient to steady state regime could be charac-
terized. In coarse graining approaches, the averaging time
must be carefully selected to be longer than the fluctua-
tion timescale 77, but shorter than any other timescale that
would yield information. The red closed symbols in Fig-
ure 6 show the standard deviation of the 25 s time aver-
aged values from the overall mean. The standard deviation
captures the variation of the fluctuations from the mean
and more clearly reveals the initial transient regime. When
the standard deviation plateaus to a constant value, we
can assume the system has reached a steady state and the
values are minimally fluctuating about the mean. Fluctua-
tions that remain after steady state has been reached are
likely to be due to 3D vorticial flow structure in the high
shear region. The time it takes for the standard deviation
to plateau gives us a timescale for the transition from tran-
sient to steady state and the establishment of the 3D vor-
tices. It is not possible to extract this timescale from the
data itself due to the fluctuations obscuring the underly-
ing trends.
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Figure 6: The interface position « averaged over 25 s, a timescale larger than that for the fluctuations, for (@) 7 s7, (b) 9571, (c) 12 s~ ! and
(d) 15 s71. Protocol 1 (no pre-shear) is closed black symbols and protocol 2 (with pre-shear) is open black symbols. Solid lines represent the
average values for the entire experiment. Red symbols are the standard deviations within each 25 s period (closed symbols are protocol 1
and open symbols are protocol 2). Solid red lines correspond to where the standard deviations plateau. The solid black line over the closed
red symbols in (c) demonstrates the data smoothing process used to extract timescales. The dotted blue lines correspond to the steady

state timescale 7ss.
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Figure 7: Timescales to reach steady state 7ss as a function of ap-
plied shear rate for the interface position (squares), high shear rate
(circles), low shear rate (triangles), and true shear rate (diamonds).
Protocol 1 (no pre-shear) and protocol 2 (with pre-shear) appear
with filled black and open black symbols respectively.

By smoothing the standard deviation data, as shown
with the black line over the closed red circles in Figure 6c,
we can see where the end of the transient regime occursi.e.,
when the standard deviation reaches a plateau as shown
by the solid red line. The dashed vertical blue lines show
visually when the plateau in the standard deviation is
reached for each shear rate and indicate that the timescale
toreach steady state decreases as the applied shear rate in-
creases. The exact values for this timescale were extracted
using a data smoothing fitting algorithm and are shown
more clearly in Figure 7 where timescales for all four of the
shear banding characteristics (a, ¥y, ¥;, and ¥4,,) and the
two protocols are plotted at each applied shear rate. There
is a negative correlation between the timescale to reach
steady state and the applied shear rate.

With the exception of 7 571, all the shear banding char-
acteristics (a, 4y, ¥;, and 44,,,.) have roughly the same char-
acteristic time to reach steady state values at a given ap-
plied shear rate, consistent with previous results in the lit-
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Figure 8: Shear banding characteristics averaged over the last ~120 s of the shear startup experiment, where the flow is at steady state, as
a function of applied shear rate for protocol 1 (filled symbols) and protocol 2 (open symbols). Error bars of the standard deviation reflecting
the fluctuations in time are smaller than the symbol size. (a) the interface position a (b) the shear rate in the high shear band 4, (c) the

shear rate in the low shear band 4; and (d) the true shear rate 4,,,., which is a measure of apparent wall slip. The dashed red line is where

Ytrue = Yapp @nd values on this line indicate no slip occurring.

erature for 10% CPCl [25]. There is little difference in this
timescale between the protocols, indicating that pre-shear
does not impact the time it takes for the flow to reach a
steady state.

As noted above, the biggest spread in values occurs
at7s L. For example, the longest timescale is for the true
shear rate for protocol 2 (~525 s) and the shortest timescale
is for the high shear rate for protocol 2 (~225 s). This is
likely because at an applied shear rate of 7 s™1, we are
near the onset of the stress plateau. The high shear band is
fairly small (average interface position is 0.20 for protocol
1 and 0.16 for protocol 2) and there is significant variation
from the mean, which can be seen in “noisiness” of the
time averaged standard deviation. Also, with the longest
timescales (~500 s), they are almost on the order of the ex-
periment time (~600 s). Therefore, the timescales obtained
using the process of smoothing the data show more dispar-
ity.

There are also a few outlier timescales that don’t
follow the general decreasing trend with increasing ap-
plied shear rate. The true shear rate and high shear rate
timescales for applied shear rate 125! are longer (450 and
375 s respectively). In previous work [30] showing the 12

s~! data, we had identified a transient timescale 7;r4ns and
a steady state timescale 7ss based on the rate of decrease
of the standard deviation. However, evidence of multiple
timescales is not seen in the other applied shear rates. As
such, we discuss only one timescale 7ss here.

Figure 8 shows the average steady state values of the
shear banding characteristics as a function of applied
shear rate. For protocol 1, we see behavior as expected
from the literature, where the interface position is located
further into the fluid gap as the applied shear rate in-
creases farther into the stress plateau (Figure 1). The shear
rate in the low shear band (Figure 8c) stays largely con-
stant, behavior also observed in the literature [25]. Follow-
ing standard lever rule behavior [38], we would expect the
shear rates in the low and high shear bands to stay at
constant values corresponding to the start and end of the
stress plateau respectively (4, ~ 2.6 s 1 to 4, ~ 24s71, as
obtained from the flow curve in Figure 1), while the inter-
face position increased linearly. Here, the shear rate in the
high shear band increases with increasing applied shear
rate. The true shear rate correspondingly also increases
with increasing applied shear rate. This behavior has been
observed previously [25, 27]. The dashed red line indicates
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Figure 9: Frequency images from the Fourier transform of the time correlation functions for interface position. The scale bars correspond
to amplitude (intensity normalized by the maximum intensity) in arbitrary units (a.u.). The top panels are protocol 1 (no pre-shear) and the
bottom panels are protocol 2 (with pre-shear) with increasing shear rate (7, 9, 12 and 15 s™1) from left to right. The dominant frequencies in

the spectra are shown with blue arrows.

the case where true shear rate equals applied shear rate
and values on this line indicate no slip is present. There is
a small amount of slip present only for applied shear rates
of 9 and 15 s~ and the amount of slip does not scale with
applied shear rate.

For both the high shear rate and the true shear rate,
there is little difference between the two protocols. It is
only at the highest applied shear rate (15 s™1) that we see
any difference. However, both interface position and low
shear rate are significantly different for protocol 2 where
pre-shear occurs. In protocol 2, we see a much more grad-
ual increase in interface position with increasing applied
shear rate and there appears to be a corresponding de-
crease in the low shear rate that is not seen in protocol 1
(with the exception of applied shear rate 9 s™! which is the
same as protocol 1). In general, it appears that pre-shear,
which disrupts and homogenizes equilibrium structure, in-
fluences the steady state values of low shear rate and loca-
tion of the interface.

Temporal fluctuations of the four characteristics of
shear banding were analyzed by applying a Fourier Trans-
form of the time autocorrelation functions [30] to obtain
power spectra. The time domain data were divided into 64
s time intervals following shear startup and time autocorre-
lation functions were calculated, which were then Fourier
transformed to obtain the spectra shown in Figure 9. The
fluctuations are not entirely random but reflect the coher-

ent 3D nature of the flow that is due to flow instabilities.
Therefore, the fluctuation frequencies may be correlated
with the instabilities in the 3D flow. Instabilities manifest
primarily as pairs of Taylor vortices in the high shear band,
which cause undulations along the interface in the vorti-
cial direction [25, 26, 39]. The vortices are known to travel
along the vorticial direction, as opposed to remaining sta-
tionary, and their size increases with size of the high shear
band as the applied shear rate increases [26]. A 1D mea-
surement cannot fully capture the 3D flow patterns, but
full 3D spatially-resolved NMR velocity measurements are
too limited in time and spatial resolution to capture the dy-
namics of the instabilities, such as traveling vortices [40].
Analyzing the fluctuation frequencies as they scale with
applied shear rate could be a way to lend insight (or de-
tect) the presence of vortices without the need of a 3D mea-
surement. In Figure 9, as an example we show the spec-
tra for the interface position as a function of flow rate and
flow protocol. The blue arrows correspond to the dominant
frequencies observed. As can be seen, the amplitude of
frequency and also the number of frequencies present de-
pends on both applied shear rate and protocol, but are sta-
ble in time. In Figure 10, we have extracted the dominant
frequencies for all shear banding characteristics and plot-
ted them against applied shear rate.

In Figures 10(a) and 10(b) we can see there is a fre-
quency that appears in both 4, and a for both proto-
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Figure 10: The dominant frequencies in the spectra for protocol 1 (filled symbols) and protocol 2 (open symbols) plotted as a function of
applied shear rate for (a) the interface position a (b) the shear rate in the high shear band 4, (c) the shear rate in the low shear band ;
and (d) the true shear rate +,,,.. Red dashed lines show rotation frequencies corresponding to the applied shear rates, while black dashed
lines correspond to the linearly varying rotationally correlated observed frequencies.

cols and varies linearly with the applied shear rate (indi-
cated by the dashed black line). This frequency scales with
the velocity of the inner rotating cylinder, it is equal to
Vmax/64. Due to small mechanical imperfections, the ro-
tation can be slightly asymmetrical. In this Couette cell,
these imperfections are very small, well below the spa-
tial resolution of the images, and do not impact measure-
ments in Newtonian fluids. Shear start-up experiments un-
der these exact conditions were conducted with water and
fluctuation frequencies were not observed. However, since
the WLM samples are viscoelastic and hydrodynamically
unstable, a frequency dependent upon the rotation arises
in the data. Note the observed frequency is not equal to
the frequency of rotation (f = v,,,,/27R;), shown by the
red dashed lines in Figures 10(a) and (b), but is correlated
with the rotation rate, and deviates more as the applied
shear rate increases. Henceforth this will be referred to as
the rotationally correlated frequency. Such a rotationally
correlated frequency has also been observed previously.
Lerouge et al. observed time periodic oscillations in inter-
face position following shear start up for 11% CTAB and
attributed one frequency of oscillation to rotation [41].
While the fluctuations are influenced by the rotation
rate because the flow is highly elastic and unstable, other
frequencies are also amplified and appear at specific shear
rates. The fluctuation frequencies will be influenced by ef-

fects due to the presence of three-dimensional flow, i.e. the
vortices in the high shear band, interacting with the fre-
quency of rotation. It is the interplay between the rotation,
the vortex size and the movement (traveling) of the vor-
tices that causes fluctuations in the 1D measurement with
time. Note that for both protocols, the low shear rate and
the true shear rate have nearly all the same frequencies
(Figures 10c and d). For CTAB solutions, Decruppe et al.
have shown that low shear rate and the amount of slip is
correlated for time averaged velocity profiles as a function
of applied shear rate [42]. It is not surprising therefore that
the fluctuations in these characteristics with time at a con-
stant applied shear rate would be coupled as well.

In Figures 11(a) and (b), dominant frequencies for
all shear banding characteristics are plotted against each
other for protocol 1 and 2 respectively. We can see that pre-
shear, as would be expected, does not impact the rotation-
ally correlated frequency seen in interface position a and
high shear rate 7, (dashed lines). However, the trends in
other frequencies with increasing applied shear rate for
41 and 4, differ with pre-shear. For both protocols, we
see a transition from frequencies lower than the rotation-
ally correlated frequency to higher as applied shear rate
increases. When pre-shear is present (protocol 2), this tran-
sition occurs at a lower applied shear rate. It is clear that
pre-shear and the corresponding disruption to the equilib-
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rium wormlike micelle microstructure impacts the fluctua-
tion, more specifically the fluctuation in the low shear and
true shear rates and their trend with applied shear rate. As
we have discussed, with pre-shear the high shear band is
smaller, i.e. the interface position is located closer to the
inner rotating wall, and therefore vortex sizes are smaller,
possibly impacting the interplay between vortex size and
traveling rate and altering the resultant frequencies. The
differences in frequency trends with applied shear rate
between the protocols may be further evidence of more
complicated instability due to the presence of pre-shear.
Further investigation is required to elucidate such connec-
tions.

We can also do this Fourier Transform analysis directly
on the time velocity autocorrelation functions [17], rather
than the characteristics obtained through fitting of the ve-
locity profile. Figure 12 shows the extracted dominant fre-
quencies obtained with this analysis as a function of ap-
plied shear rate, comparing protocol 1 (the closed circles)
and protocol 2 (open circles), for a velocity located in mid-

dle of the high shear band (Figure 12a) and in the middle
of the low shear band (Figure 12b).

The low shear band velocity, which is stable and does
not have vortices, has only the rotationally correlated fre-
quencies. This shows that the impact of the periodicity of
the inner rotating cylinder is propagated through the en-
tire viscoelastic fluid, a memory effect not present in New-
tonian fluids. The velocity in the high shear band, which
is experiencing the actual three-dimensional flow (both 3D
vorticial structure and vortex traveling) shows multiple fre-
quencies, including the rotationally correlated frequency.

Considering Figure 12(a), we are observing fluctua-
tions in velocity at a particular position within the fluid
gap, rather than fluctuations of a fitted parameter covering
the entire high shear band and coupled with other shear
banded characteristics. Therefore, the fluctuation frequen-
cies directly depend on the secondary flow due to the vor-
tices and the traveling of the vortices within the 10 mm
slice, as well as the bulk rotation. The velocity in the more
stable low shear band, where no vortices are present, is
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not impacted directly by the vortices, unlike the low shear
rate fitted parameter. Again, the differences between proto-
col 1 and protocol 2 are evident at the higher applied shear
rates.

4 Conclusions

1D velocity profiles acquired every 1 s across the fluid gap
of a Rheo-NMR Couette geometry under shear startup con-
ditions for protocols without pre-shear and with pre-shear
were analyzed to quantify the characteristics of the shear
banded flow and the evolution from transient to steady
state shear banding. Timescales to reach steady state were
extracted for all shear banding characteristics (a, ¥y, Y}
and 44,.). There was little difference in timescale be-
tween the protocols, indicating that pre-shear does not im-
pact the time it takes for the flow to reach a steady state.
Timescales to reach steady state were found to decrease as
the applied shear rate increased.

General shear banding behavior was impacted by the
presence of pre-shear. When pre-shear was applied, the in-
terface position was consistently located nearer the inner
rotor wall than without pre-shear. There was also a more
gradual increase in interface position with increasing ap-
plied shear rate, as well as a corresponding decrease in the
low shear rate, than was observed without pre-shear. With-
out pre-shear, a more standard lever rule behavior was
observed with linearly increasing interface position and a
largely constant shear rate in the low shear band. For both
the high shear rate and the true shear rate, there was very
little difference between the two protocols, with both char-
acteristics increasing with increasing applied shear rate.
Pre-shear, which disrupts and homogenizes equilibrium
structure, influences primarily the values of low shear rate
and location of the interface.

The 1D velocity profiles and therefore shear banding
characteristics exhibit large temporal fluctuations. It is
well documented in the literature that in the high shear
band pairs of Taylor vortices stacked in the vorticial direc-
tion manifest in this system due to elastic instabilities [39].
The temporal fluctuations in the 1D measurement are at
least in part a reflection of the coherent 3D nature of the
flow. Frequencies of fluctuation were extracted for the four
characteristics of shear banding as well as for specific ve-
locities within the high and low shear band by Fourier
Transform of the time and velocity autocorrelation func-
tions.

The fluctuations with time in the shear banding char-
acteristics are coupled, i.e. secondary flow due to Taylor
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vortices would impact the fluctuating value of shear rate in
the high shear band obtained through fitting of the velocity
profile, but also causes undulations in interface position
along the vorticity direction that manifests as fluctuation
frequencies. We analyzed correlations between fluctuation
frequency and applied shear rate and concluded that fluc-
tuation frequencies depended on an interplay between ef-
fects due to rotation of the inner cylinder and effects which
are due to spatially averaged aspects of a time dependent
three-dimensional flow (i.e. vortex size and traveling of the
vortices) as has been observed in the literature. Depend-
ing on where in the stress plateau the applied shear rate
falls, different effects dominate, changing the value and
number of frequencies, as well as the correlation with ap-
plied shear rate. For the velocity fluctuations, the stable
low shear band showed only a single frequency, while the
high shear band, where the coherent 3D flow occurs, mul-
tiple frequencies were observed.

Further research is needed to investigate these trends
in fluctuation frequency in order to further quantify the
underlying mechanisms. Next steps would be to extend
this analysis to additional concentrations, different types
of WLM systems and other flow protocols with the goal
of identifying correlations between fluctuation frequency
and features of the shear banding and elastic instability.
This analysis could provide a way to detect and quantify
3D flow patterns from a 1D measurement.
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